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Editorial

We are pleased to present this issue featuring 11 accepted research articles that showcase recent
advances across a diverse range of topics in science and engineering.

The issue opens with Okeke and Eze's paper exploring the impact of self-regulated learning
strategies on the academic performance of physics students in secondary schools in Nigeria [1].
Using a quasi-experimental design, they found that students taught with self-regulated learning
methods had significantly higher test scores compared to those taught using conventional
teaching methods. These results highlight the potential benefits of self-regulated learning
approaches to improve physics education outcomes.

Shifting focus to the realm of online education, Lin and colleagues present a case study examining
student perceptions and learning outcomes using the game-based learning platform Kahoot in an
online crop production course [2]. Their findings indicated that Kahoot quizzes were effective for
reinforcing both theoretical knowledge and visual plant species identification, while also being
enjoyable for most students. This provides insight into effective online active learning tools.

In the computer science domain, Kadappan et al. introduce a novel framework of value trace
problems to support the self-study of code reading and comprehension skills in C programming
[3]. Through evaluations with university students across three countries, they found that these
problems allowed efficient independent practice and helped students overcome challenges in
understanding complex code snippets. Such resources have high utility for novice programmers.

Turning attention to space technology, Kiryushin outlines conceptual solutions for a sodium-
potassium-cesium cooled nuclear fission reactor designed for providing power on the Martian
surface [4]. Through modeling and simulations, the author proposes innovative cermet fuels along
with a two-circuit energy conversion system using carbon dioxide. This work lays important
groundwork for enabling long-term colonization of Mars.

Shifting focus to social issues in technology, Almaiah et al. provide a comprehensive review of the
numerous ethical concerns arising from increased use of social media platforms [5]. Ranging from
threats to privacy and questionable content to mental health effects and cybercrimes, the authors
highlight major areas society must address to develop solutions and policies that reduce adverse
impacts. This will continue to be a crucial area needing further research and discussion.

In applied materials science, Garcia-Valenzuela and colleagues report on the deposition and
characterization of amorphous carbon nitride thin films onto copper substrates using a DC pulsed
sputtering technique [6]. Through structural and morphology analyses, they demonstrate the
ability to synthesize CN films with island-like structures, elucidating the growth mechanisms. Such
coatings have potential uses in mechanical and electronic devices.

Moving to thermal-electric energy systems, Eleyinmi's article provides extensive theoretical
analysis alongside MATLAB simulations of thermoelectric generators (TEGs) and coolers (TECs)
[7]. Determining optimal operating points to maximize efficiency, the author highlights the
nonlinear relationships between currents, cooling/heating powers and other factors. The models
developed offer useful tools for designing efficient thermoelectric systems.

Targeting improved reliability of electrical grids, Abdelaziz and Valles propose a novel algorithm
for precisely locating faults in high-voltage transmission lines [8]. By leveraging electromagnetic
transient dynamics, their method overcomes limitations of impedance-based fault localization



approaches. Simulations demonstrate 98.9% accuracy in detecting distance to faults, enabling
rapid repairs and service restoration.

In another modeling contribution, da Silva Junior et al. present an approach to estimating
nonhomogeneous thermal conductivity along a metallic bar using Fourier's heat transfer equation
[9]. By propagating uncertainty from measurement errors, they obtain upper and lower bounds on
the estimated conductivity values. This demonstrates an effective data-driven strategy for inferring
material thermal properties.

Rounding out the issue, Boukhatem et al. examine integrating particle swarm optimization
techniques to enhance the performance of sliding mode controllers for maximum power point
tracking in photovoltaic systems [10]. Compared to classical sliding mode control, the particle
swarm optimization method achieved higher precision and faster convergence in simulations.
Hybridization of bio-inspired metaheuristics with conventional control methods shows strong
promise.

Gritti et al. present an improved publicly verifiable proof scheme for enforcing data replication and
retrievability in cloud storage systems [11]. By integrating verifiable delay functions, their method
enables any third-party auditor to efficiently validate that files and replicas are correctly stored by
cloud providers. This work enhances security and accountability for remote data storage services.

Overall, the excellent array of papers compiled in this issue exemplify high-quality research
contributing novel techniques, frameworks and solutions across STEM fields. We hope these
studies will inspire and inform future work by the research community to push forward the
boundaries of knowledge and technology innovation. We thank the authors for entrusting their
manuscripts to our journal and the reviewers for their diligent evaluations ensuring the highest
standards.
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The research investigated the consequence of self-regulated learning on students’ academic
performance in physics, using selected public co-education schools in Aguata Educational
Zone, Anambra State as the research area. The study became necessary as a result of the
observed persistent poor performance of the student in Physics in external examinations over
the years. The study made use of quasi-experimental research design method. The research
information was gathered from the control and experimental groups and was investigated
by mean, standard deviation and ANCOVA. The tests were conducted at 0.05 significant
levels. The results showed that students taught using self-regulated learning strategy had
more impressive mean success scores than those taught using conventional method. The
result revealed also that there was no substantial difference between the mean success scores
of the male and female students. However, there was substantial difference in the mean
scores of rural and urban students in favour of rural students. The interaction effects of
strategy and gender on one hand and strategy and location on the other hand, were not
statistically significant. The research concluded that self-regulated learning strategy has

great impact on students’ mean success scores in physics.

1. Introduction

Self-regulated learning is the capability to comprehend and
exert influence on the learner’s environment [1]. Self-regulation
talents include objective setting, self-instruction, self-monitoring
and self-reinforcement, according to the researchers. However,
they quickly added that this should not be mistaking for
intelligence or academic excellence; rather, self-regulation should
be viewed as a process and collection of behaviors that are self-
directed through which learners convert their mental facilities into
skills. In their individual efforts, [2] and [3] noted that habit, which
comes as a result of guided practice and feedback, is one of the
features of self-regulation. In their self-regulated learning research
in the classroom, [4] agreed wholeheartedly with the preceding
position.

Self-regulated learning (SRL) is a major characteristic of self-
regulation that is strongly associated with educational objectives
[5]. It is, in their perspective, about metacognition (discerning
about one's own reasoning), tactical approach (planning,
monitoring, and evaluating personal growth against a specified
benchmark), and drive to acquire knowledge. In more formal
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terms, self-regulated learning has three primary constituents:
cognition, metacognition, and motivation [6], as [5] have already
stated that self-regulated learning is contained within the domain
of self-regulation. He continued by emphasizing that the cognition
component covers the abilities and behaviors that are crucial when
encoding, learning, and recalling information, as well as critical
thinking. The metacognition component is made up of skills that
allow students to comprehend and follow-up their own cognitive
processes while learning. Motivation encompasses the thoughts
and approaches that influence the usage and advancement in both
cognitive and metacognitive skills [7]. It's no surprise that self-
regulated learners tackle tough problems and put their learning
activities into practice, gain a thorough comprehension of the
problem at hand, and put in the work required to achieve academic
achievement [5]. Self-regulated learners frequently exhibit feeling
of ego to some extent as a result of these features. However, in the
psychology education literature, scholars have attempted to link
these qualities to achievements in and outside school

Physics, on the other hand, as one of the basic secondary school
science disciplines, has proven to be a difficult hurdle for students
to overcome in both internal and external examinations over the
years. Nonetheless, the subject is one of the most important
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scientific subjects, as it is essential for the global growth of science
and technological advances [8]. As a science or course of study
that deals with natural phenomena, it aids man in understanding
the nature and structure of the universe by studying the nature of
matter and energy. It's no surprise that science education programs
in Nigeria were created to aid students in learning problem-solving
and decision-making abilities, as well as discover the
interconnectedness of various science subjects, such as the
relationship between physics and health, agriculture, industry, and
technology, among others, in a variety of fields.

Given the importance of science education in any economy, the
Nigerian government has made a concerted effort to improve
science educational methods in schools. This has been
accomplished through the government acquiring science
equipment and hiring teachers with experience in related fields, as
well as providing, to some extent, an enabling environment for
students to learn without being distracted. However, students'
performance in science topics, especially physics, has continued to
be dismal in both internal and external examinations. Following
this, concerned citizens have speculated that the method of
teaching and learning physics and other science subjects may be to
blame for the outcomes seen in the area. More specifically, it has
been observed that most physics teachers' teaching methods do not
allow students to effectively participate in class lessons, thereby
limiting the rate of learning and retention in the subject. As a result,
it has been suggested that introducing a learning strategy that
encourages students to take charge of their learning process via a
self-regulated approach may be more effective in increasing their
comprehension and retention rate [8].

1.1. Statement of the Problem

Despite governments’ concerted efforts directed at improving
students’ performance in physics results, students have continued
to show dismal performance in physics external examinations such
as WAEC, NECO and JAMB. This is evident from the last results
of the subject at least from 2007 — 2018 where those who passed
physics subject at credit level in those examinations were below
50 percent of those who enrolled in the mentioned years (WAEC,
2019). The situation has become really worrisome given the
expected role and importance of physics as one of the basic
sciences in the economy of Nigeria. Consequently, the research
problem can be modeled as a question as follows: How can self-
regulated learning mode be the answer to students’ poor
performance in secondary school physics?

1.2. Objectives of the Research

The main objective of the research is to survey the consequence
of self-regulated learning on academic achievement of secondary
school students in physics by using selected co-educational
schools in Aguata Educational Zone of Anambra State, Nigeria as
the research area. However, the specific objectives are to:

(i) investigate the influence of self-regulated and conventional
learning on students’ mean success scores in physics.

(i) survey the consequence of gender on students' mean physics
success scores when taught by self-regulated learning
technique.

WWwWw.astesj.com

(iii) determine the effect of school location on students’ average
success scores in physics when taught by self-regulated
learning method.

(iv) evaluate the interaction effects of method and gender on
students’ mean success scores in physics.

(v) ascertain the interaction effects of method and location on
students’ mean success scores in physics.

1.3. Research Questions

The following research questions were raised to guide the
study:

(i) How do self-regulated and conventional learning methods
affect the students’ mean achievement scores in physics?

(i) What is the impact of gender of students’ on average success
scores in physics when taught by self-regulated learning
method?

(iii) What is the effect of school location on students’ average
success scores in physics when taught by self-regulated
learning method?

(iv) What is the interaction consequence of self-regulated
learning method and gender on students’ average success
scores in physics?

(v) What is the interaction consequence of self-regulated
learning method and location on students’ average success
scores in physics?

1.4. Statement of Hypotheses

The following null hypotheses were articulated to direct the
objectives of the research and fortify the analysis:

(1) There is no substantial difference in the average success
scores of students taught physics by self-regulated and
conventional learning methods.

(il) There is no substantial difference between the average
success scores of male and female students taught physics by
self-regulated learning method.

(iii) There is no substantial difference in the average success
scores of urban and rural student taught physics by self-
regulated learning method.

(iv) There is no substantial interaction consequence of method
and gender on students’ average success scores in physics.

(v) There is no substantial interaction consequence of method
and location on students’ average success scores in physics.

1.5. Significance of the Research

The study is important from both a theoretical and empirical
pespective. From a theoretical standpoint, the study will greatly
contribute to the current body of literature in this field of research,
thereby broadening the boundaries of knowledge. Empirically,
both the teachers and the students will benefit greatly from the
outcomes of the research. The teachers would be given insight on
how to make use of self-regulated learning techniques for better
imparting of knowledge in physics subjects. Similarly, the
students would be enlightened on how to utilize self-regulated
learning approach to accomplish great tasks in their academic
endeavours
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1.6. Scope of the Research

The research covers Aguata Educational Zone, Anambra State.
Two co-educational secondary schools were purposefully selected
namely, St Paul’s Academy secondary school Ekwulobia and thus
reflecting urban and rural mix respectively. In terms of variable
scope, the study focuses on likely influence of self-regulated
learning method on students’ performance in physics subject.

2. Literature review
2.1. Conceptual Review

Regulatory education has been described as a background
variable that refers to how much the teaching process encourages
and outwardly helps students' self-regulated learning. It has been
termed a meta-instructional variable that promotes student self-
regulation and possesses hallmarks of efficient teaching [9]. But
more formally, self-regulated learning has been defined as
anything students engaged in order to organize and follow up their
learning process, as well as to diagnose the source of any
difficulties that arise while learning and design strategies to
overcome it and move towards the learning objectives set initially
as yardstick [2].

On the other hand, academic success as a determinate and
consequence of the educational process in such a way that the
degree, magnitude or level of learning aftermaths of students at
various levels of education are direct effect of the teaching method
[10]. It is further defined as the level to which a single student has
gained information, abilities, and experiences in a certain set of
academic goals [11]. However, within the context of this study, the
concept is taken as the scores of individual students in physics
examinations. It includes also, students’ performance in tests and
assignments [12].

2.2. Theoretical Framework

The study is based on Structuralist Theory, which was
established by [13], and Bandura's Social Cognition Theory of
Self-regulation [14]. Structuralists consider learning to be a self-
regulated method in which students increase their ability to learn
through the selective use of techniques. To that purpose, students
monitor, control, or manage parts of their own cognition,
motivation, and conduct, as well as some characteristics of their
surroundings. Bandura's Social Cognition Concept of Self-
Regulation posits that students have objectives and that during
their learning activities, they observe, judge, and react to their
views of goal processes. In his opinion, self-regulation is a self-
directed method which aid the students to translate their mental
aptitudes into academic capacities. The framework of the two
theories above has demonstrated that if students effectively utilize
motivation strategies in their studies, their learning outcomes will
be enhanced substantially.

2.3. Theoretical Exposition

Self-regulated learning tactics assist students in readiness for
enduring learning and acquiring crucial capabilities such as the
ability to transfer skills, information, and talents from one area or
context to another. This shows that it is a key method in the
learning process at both the fundamental and advanced levels [15].
They observe that it is a cognitive learning approach strategy, and
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its application in learning has a substantial positive link with users'
academic accomplishment. Students are more inspired to learn and
are very likely to succeed when they apply a consolidation of
academic learning skills and self-control that enables learning
simpler [16]. In [10], the authors noted also that those students who
are self-regulated in learning, metacognitive, motivated equally
conduct themselves in a decent manner as well as offer initiative
and direction for their own endeavors to learn information and
skills without the assistance of teachers, parents, or others. Self-
regulated learning is a recurring method that comprises of
planning, execution, monitoring, and self-evaluation, which is
used as feedback to achieve improved performance by students in
their class works [2].

Self-regulated learners exhibit motivated beliefs as well as
adaptive emotions such as academic self-efficacy [17]. The author
noted further that such learners adopt learning goals and develop
positive emotion towards tasks (example: joy, satisfaction and
enthusiasm). Such learners, in his option, also have the capability
to regulate and change them in accordance with the requirements
of pre-set activities and various learning situations [18]. Self-
regulated learners plan and control the time and effort spent on
assignments, and they understand how to create and structure
favorable situations, such as locating an appropriate study location
and asking assistance from teachers and peers when challenges
arise. This set of people make stronger efforts to regulate academic
activities, classroom climate, and structure, which affect a number
of volitional tactics aimed at avoiding external and internal
distractions so that they can retain their concentration, effort, and
motivation in doing tasks [17]. Therefore, self-regulated learners
are those who are metacognitively, motivationally, and
behaviorally involved in their own learning progressions and goal
attainment [19].

2.4. Empirical Review

In [16], the authors conducted a research to determine the
influence of self-regulated learning on students’ mathematics
success, it could be seen that self-regulated learning actually has
substantial consequence on mathematics success because it makes
the learning process very effective. The finding has indicated that
students with strong self-regulated learning are likely to be highly
motivated and successful in any topic, and vice versa. In another
study carried out by [20], to verify the likely effects of self-
regulated learning on the success of students in physics subject in
secondary schools, using quasi-experimental and control groups,
the data analysis utilizing the t-test revealed that students that
practiced self-regulated learning outperformed those who did not
engage in self-regulated learning.

In a research conducted by [21] to investigate the influence of
self-regulated learning approach in the basic science successes of
students in junior secondary school, quasi-experimental design
was used. Findings from study show that students' performance in
basic science improved significantly using a self-regulated
learning method as against traditional approach. In a related study,
[22] investigated the impact of self-regulated learning tactic on
achievements of the students in basic sciences in Makurdi Council
Area, Benue State, Nigeria. The research used the non-equivalent
group pretest-posttest quasi-experimental method. Results of the
research revealed that demonstration method improved the
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achievements of students of basic science more than self-regulated
approach. Secondly, no statistical substantial difference in average
achievement in scores were recorded between students taught
basic science by self-regulated learning technique and those taught
by demonstration technique. Thirdly, average success scores of
students of different gender taught basic science utilizing a self-
regulated learning technique did not differ significantly. The study
concludes that combination of self-regulated learning tactic and
demonstration technique would produce a better student.

In another study, the researcher investigated the relationship
between academic motivation and self-regulated learning in
predicting academic accomplishment in school [23]. The data for
the study were collected with the help of the academic motivation
scale [24], and the academic self-regulated learning scale. The
findings revealed that there was no correlation between average
grade points and academic motivation and self-regulated learning.
It means that, the combined scores of academic motivation and
self-regulated learning did not determine the students' average
grade points.

3. Methodology
3.1. Research Design

Quasi-experimental design was implemented in this research,
which permitted the use of intact classes to circumvent the
disruption of the usual class lessons. Furthermore, pre-test was also
utilized to remove early variances in the two groups and to
minimize selection prejudice which is a threat to core validity.

[lustrated below elucidate the design:

Growpl O _ X1 Q2
Group 11 0> X2 02
Where:
O = Pre-test
X = treatment for Experimental Group
X2 = Control group
(07} = Post test

3.2. Area of the Research

Non-private secondary schools in Aguata Council Area of
Anambra State were used for this research. Specifically, St Paul’s
Academy Secondary School, Ekwulobia and Community
Secondary School, Achina, both in Aguata L.G.A.

3.3. Research Population

The population of the research consists of the 1,356 Senior
Secondary Two (SS II) Physics students in the two co-educational
schools selected for the research. Since gender is one of the
considerations, co-educational schools were studied. There is also
issue of the location hence the rural-urban mix in the selection of
schools in the study. We have also used the SS II intact classes
because they are not in any external examination.

3.4. Instrument for Data Collection

Physics Achievement Test (PAT) is the tool utilized for data
collection in this study. Items for PAT consists of twenty (20)
multiple choice questions in tandem with the secondary school
Physics curriculum and was culled from the West African
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Examination Council (WAEC). The PAT was used to assess the
students’ achievement in Physics.

3.5. Experimental Procedure

The researcher trained the teachers selected for control and
experimental groups. While teachers for the experimental group
were trained on guiding the students on self-regulated learning, the
teachers for the control group were mentored on how to use the
conventional method. Preceding the start of the experiment, the
students were given a pre-test. PAT was given to the subjects for
both the treatment and control groups at the end of the experiment
by the teachers to answer and after that, the scripts were collated
and scored and the results were used for the analysis.

3.6. Method of Data Collection

After the treatment session, posttest was conducted for the
students and the results for both control and experimental groups
were collated for investigations in order to answer the initial
research questions and verify the claims of the null hypothesis.

3.7. Method of Data Analysis

Whereas mean () and standard deviation (SD) were employed
to answer the research questions, analysis of covariance
(ANCOVA) was utilized to verify the hypotheses at 5 percent level
of significance.

4. Data presentation and analysis

4.1. Answer to Research Questions

Table 1: Mean (x) and Standard Deviation (SD) of Effect of Self-regulated
Learning on Students Average Success Scores in Physics
Method N Pretest Posttest Gained Score
X1 SD; X, SD; Xg
Self- 71 10.58 430 23.85 5.76 13.27
regulated
Conventional 74 7.87 3.75 18.61 6.43 10.74
M Pretest
30
Posttest
25 Gained Score
20
Q
o
%15
c
©
)
=10
5
0

Self-regulated Conventional
(Methods)

Figure 1: Mean Scores for self-regulated and conventional methods of teaching in
both Pretest and Posttest

As could be seen from Table 1, the students taught using self-
regulated tactic has an average score of 23.85 while those with the
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conventional method is 18.61 with a gained score of 13.27 and
10.74 respectively thus showing that the students taught using SRL
strategy out-performed those who were taught through
conventional method.

Table 2: Mean (x) and Standard Deviation (SD) of Effect of Gender on Students’
Success in Physics based on SRL Strategies

Gender N Pretest Posttest Gained Score
X1 SD; Xy SD; Xg
Male 84 1091 432 21.14 5.75 10.23
Female 61 920 385 20.01 6.22 10.81
M Pretest
25 M Posttest
Gained Score
20
g
S 15
n
c
© 10
]
=
5
0

Male

Female

(Gender)

Figure 2: Mean Score for Male and Female Students in both Pretest and Posttest

The mean and standard deviation analysis presented in Table 2
reveals that the male students’ average success score is 21.14
whereas that of their female counterparts is 20.01 thus showing
that male students marginally did better than the female students.
However, in terms of gained scores, female achieved mean was
equally marginally higher than the males.

Table 3: Mean (X) and Standard Deviation (SD) of Effect of Location on
Students’ Average Success Score in Physics when Teaching was carried out
through SRL Method

Location N Pretest Posttest Gained Score
)_(1 SDl )_(2 SD] )_(g
Urban 73 11.01 443 19.75 6.03 8.74
Rural 72 889 381 20.52 6.71 11.63
M Pretest
25 M Posttest
Gained Score
20
g
o
A 15
C
3
= 10
5
0

Urban

Rural
(Location)
Figure 3: Mean Score for the Students in Urban and Rural Schools for both

Pretest and Posttest
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The results of mean and standard deviation presented in Table
3. The analysis showed that 19.75 is the average success score for
urban students and 20.52 is the average success score for the rural-
based students. Similarly, whereas urban students gained mean
score of 8.74, the rural-based students gained mean score of 11.63
thus showing that rural-based learners did better than the urban-
based learners in the test.

Table 4: Mean (%) and Standard Deviation (SD) of Success Scores by Strategy

and Gender

Gender/Strategy ~ Self-regulated Conventional

Learning
Pretest N X SD N X SD
Male 57 10.85 4.21 27 7.89  4.00
Female 12 893 387 49 8.05 3.90
Posttest
Male 57 2246 428 27 17.07 7.54
Female 12 23.57 626 49 1945 7.38
Observed () 23.85 5.76 18.61 6.43
and (SD)

From Table 4, the average success score for the male students
who were taught using self-regulated method is 22.46 while that of
the female is 23.57. Similarly for the male students taught using
conventional method, it is 17.07 and 19.45 for the female.
However, the findings do not indicate ordinal interaction effect
between tactic of teaching and gender of students. As could be
seen, for different gender, the mean scores for the SRL method
were higher.

Table 5: Mean (%) and Standard Deviation (SD) of Success Scores by Strategy
and Location

Location/Strategy  Self-regulated Conventional
Learning

Pretest N X SD N X SD

Urban 50 10.97 423 23 854 4.14

Rural 21 841 3.61 51 7.65 3.85

Posttest

Urban 50 2249 435 23 1645 175

Rural 21 2245 541 sl 19.65 7.27

Observed (X) and 23.85 5.76 18.61 6.43

(SD)

The analysis in Table 5 revealed that average score for urban
students taught using SRL strategy, is 22.49 while their rural
counterparts is 22.45. Similarly, the average score of the urban
students taught with conventional method is 16.45 while that of the
rural students is 19.65. As could be seen, the results indicate
ordinal interaction effect between strategy of teaching/learning and
location of students.

4.2. Test of Hypotheses

All the hypotheses formulated to direct and strengthen the
analysis were tested in this section through the application of
Covariance technique known as analysis of covariance
(ANCOVA). The result is presented in Table 6.

Table 6: Analysis of Covariance of Students Mean Achievement Scores in
Physics Test

Source
Variation

of Sum of df  Mean F Sig.
Squares
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Covariate 1650.842 8 206.355 6.615 .000
Model

Intercept 4387.341 1 4387.341 140.642 .000
Pretest 457.145 1 457.145 14.654 .000
Method 185.704 1 185.704 5.953 .017
Gender 68.302 1 68.302 2.189 145
Location 215.87 1 215.87 6.920 .012
Method by  6.585 1 6.585 0.211 .654
Gender

Method by  59.125 1 59.125 1.895 177
Location

Gender by  18.897 1 18.897 0.606 460
Location

Method by  122.524 1 122.524 3.928 .056
Gender by

Location

Error 4242.571 136 31.195 - -
Total 62143.01 145

Corrected 5788.561 144

Total

* df (degree of freedom), F (F-ratio) Sig. (significance level).
4.3. Interpretation of ANCOVA Results

In this section, the ANCOVA results were interpreted and all
tests were carried out at 0.05 level of significance and f(1,144)
degrees of freedom. That being the likely level at which we are
willing to accept type I error.

Decision Rule I

At 0.05 level of significance and f(1, 144) = 5.953, P < .017,
the null hypothesis was rejected thus showing there is substantial
variance in the average success scores of the students taught
physics using self-regulated learning tactic and those that used
conventional method. The implication is that SRL technique is
better than the conventional method of learning physics.

Decision Rule I1

At 0.05 level of significance and (1, 44) = 2.189, P > .145, the
null hypothesis was accepted, and we came to the conclusion that
there is no substantial difference between male and female
students' average success scores in Physics.

Decision Rule II1

At 0.05 level of significance and f(1, 144) = 6.920, P < .012,
the null hypothesis was rejected and the alternative accepted and
we conclude that there is a significant difference between the
average success scores of urban and rural based students in
physics.

Decision Rule IV

At 0.05, level of significance and (1, 144) = 211, P > .654, the
null hypothesis was accepted thus indicating that the interaction
effect of method and gender on students average success scores in
physics was not statistically significant.

Decision Rule V

At 0.05 level of significance and f(1, 144) = 1.895, P > .177,
the null hypothesis was accepted thus suggesting that the
interaction effect of strategy and location on students’ average
success scores in physics was not statistically significant.
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5. Conclusion

From the answers obtained from the research questions
analysed, gained score for the students who used self-regulated
learning method is 13.27 while that of the conventional method is
10.74 thus showing that SRL strategy is superior to conventional
method. Similarly from the mean scores of the students as
presented in Table 2, it could be seen that male students performed
marginally better than their female counterparts. In the same vein,
Table 3 showed that rural-based students with average success
score of 20.52 did better than the urban-based students with mean
achievement score of 19.75. In terms of strategy and gender, at all
levels of gender, the mean achievement scores for SRL strategy
were higher than the conventional strategy. However, the result did
not indicate ordinal interaction. Lastly, the SRL strategy has
continued to maintain higher mean achievement scores even
amongst the rural based students with a visible ordinal interaction
effect strategy and location. The rest of the summary is specifically
presented below:

1. The average success scores of students taught using the SRL
technique and those taught using the traditional way differ
significantly, with the SRL method having the upper hand.

2. In the physics test, there is no major difference in average
success scores between male and female students.

3. Inthe physics test, there is a large disparity between the mean
achievement scores of urban and rural based students.

4. There is no statistically significant interaction between
strategy and gender on students' average success scores in the
physics test.

5. There is no statistically significant interaction between
strategy and location on students' average success scores on
the physics test.

Furthermore, the fact that there was a marginal increase in the
performance of male students over their female counterpart is an
indication that both sexes have the opportunity of utilizing SRL
strategy to increase performance. Therefore, it has become
increasingly important that students should know how to manage
their own learning as both the need and the opportunities for
individuals to learn on their own outside of formal classroom
settings becomes more obvious.

A major finding in this study is that self-regulated learning
method is better than the conventional method in the promotion of
enhanced academic success for the students. It is a finding that is
coherent with previous studies such as [8,20,21, 22] that confirmed
the significant importance of self-regulated learning to students’
development and consequently, improved performance in
academic works. This conclusion arose from the respective
performance of the students after they were subjected to both
pretest and posttest experiments in physics subject, where the self-
regulated learning students outperformed the students taught with
conventional method.

6. Recommendations

The recommendations presented herewith were based on the
findings and conclusion of the study:

1. Given the significance difference in the average success
scores between students taught using the SRL technique and
those taught using the traditional approach in favor of the
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SRL method, we recommend that secondary schools in
Nigeria should start using the SRL technique because it has
shown to be effective in enhancing students’ performance.

2. Teachers in secondary schools should be trained to
understand what SRL method is all about so that they provide
proper guidance to students on SRL strategy.

3. Orientation exercise should be organized by the stakeholders
in education for the students on the strategies of self-
regulated learning for better academic achievement in all
subjects.

7. Practical Implications of the Study

One of the challenges of the study was the limited knowledge
of the teachers in self-regulated learning method. In the course of
the experiment, it was found that not many teachers in the used
schools used have good knowledge of self-regulated learning and
it affected in no less measures, the performance of the students in
the tests. Other areas of concern were inadequate number of
facilities and favourable environment suitable for study. Therefore,
there is the need to train the teachers on how to effectively guide
the students in self-regulated learning as it has proved to be more
successful in improving students' academic performance. Another
policy dialogue is in the aspects of provision of necessary facilities
that can aid the students to create the enabling and suitable
environment for efficient utilization of self-regulated mode of
learning which has proved to superior to the conventional mode
which happens to be teacher-centered.
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Kahoot is one of the most popular learning platforms, with over 2.5 billion players per year
worldwide, used mainly for knowledge review through gamification. However, students’
opinion and its effectiveness in online distance learning as well as in another language
teaching has been little studied. With these aims, this study was carried out in the second
semester of 2020/21 academic year, with 73 students of the double degree between "Food
Science and Technology" at University of Extremadura in Spain (UEx) and "Food Quality
and Safety" at Chongquin University in China (UEC). Due to COVID-19 disease, lessons
were completely online through Zoom platform. To review the theoretical content a Kahoot
quiz with 15 questions was given at the end of each lesson. In the middle and at the end of
the course, a partial and a final exam was held repeating two aleatory questions from each
Kahoots gamed after each lesson, to determine the knowledge memorisation. For the
recognition of the different plant species studied, four Kahoots were carried out with 11
questions, and a final exam repeating eight photos was carried out. Finally, students filled
in the feedback available on the website itself to determine their opinion of Kahoot. The
results showed the effectiveness of using the Kahoots as a tool to reinforce knowledge, not
only in theoretical content, with increases of 26.0 and 31.4% in the remembering, but also
in the recognition of plant species, with an increase of 17.3%. Student feedback was very
positive, with more than 95% finding the tool not only fun, but that it had helped them learn
and would recommend it. However, about 12% of the students had an indifferent or negative
perception of its use, and this should be explored further in future research.

1. Introduction

at home by their governments. Therefore, all educational
institutions, including universities, had to adapt their teaching

Gamification is defined by [1] as the application of game
elements in a non-game context. Its main objective is to involve
students in their learning process and not only internalisation of
what is exposed [2]. There are several educational software
programmes based on gamification, which aim to increase
enthusiasm and attention in the classroom to achieve learning
outcomes. The key aim is to develop skills or to feel pleasure, all
of which are intellectual characteristics of motivation in humans
[3], being generally considered as an effective way to create
constructivist learning environment [4-5]. However, certain
aspects need to be clarified as the effectiveness in its use under
online distance learning.

Since March of 2020, as a way to control the spread of the
COVID-19 virus, citizens all over the world were ordered to stay

"Corresponding Author: Maria J. Poblaciones, majops@unex.es
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methodologies to online formats in record time. So that it was
necessary to implement new modes of teaching and learning
compatibles with virtual classes. In this paper, an experience of
using Kahoots during online teaching period due to COVID-19
pandemic is described.

The experience took place with second year students of the
double degree between "Food Science and Technology" at
Extremadura University (UEx) and "Food Quality and Safety" at
Chongquin University (UEC) in the subject named “Bases and
Technology of Plant Production”. Since the 2020/21 academic
year, and due to the COVID-19 pandemy, all the formation was
online and the real-time quiz Kahoot was used to consolidate
knowledge. Under these special conditions, the first part of this
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paper analyse the degree of Kahoot acceptance and motivation
using the existing survey on the website. Secondly, in order to
study whether the use of Kahoots helps in the consolidation of
knowledge, not only in theoretical questions by means of multiple-
choice tests, but also in the recognition of different plant species
by means of test with photos, certain questions belonging to the
Kahoots used in class, were repeated in a partial exam and in the
final one.

2. Literature Review

Recently, the use of digital devices with internet connection
has become popular in many aspects of the life, such as social
activities, business, and in the educational system [6-8]. In fact,
there are several Educational Software’s used in a classroom
environment for teaching and learning using gamification.

In line with [9] gamification is “using game-based mechanics,
aesthetics and game thinking to engage people, motivate action,
promote learning, and solve problems”. Games have some
distinctive features which play a key role in gamification, between
them [10]:

e users are all participants

o challenges/tasks that users perform and progress towards
defined objectives

e points that are accumulated because of executing tasks
e levels which users pass depending on the points
¢ badges which serve as rewards for completing actions
e ranking of users according to their achievements

The objectives to be achieved by the implementation of games
in learning can be summarised as being engaging, fun and exciting
for players, thus stimulating motivation for learning, offering the
opportunity for participants to explore their curiosity through new
challenges [11]. Therefore, it combats one of the main frustrations
of teachers, at all levels of education, namely demotivation. A
problem that, as many studies have pointed out, cannot be solved
by conventional methods [12-14] and gamification has been
suggested as an effective tool to improve students” motivation and
engagement [15]. Current game-based learning should focus on
the application of extrinsic game-like elements, such as levels,
challenges, point systems and rankings, to create a user
experience that engages students to complete learning tasks [16].

In recent years, tools for gamifying learning in the classroom
have proliferated allowing educators new tools in giving lessons
and many of them take the form of applications for mobile devices
[17-19]. Kahoot is one example of a playful, game-based student
response system which has received wide acceptance with more
than 70 million active users across the world monthly [20]
reaching that, in 2019, over 2.5 billion people from more than 200
countries have played Kahoot [21]. It is based on three basic
values: play, learn and socialise, being simplicity of creating the
game experience and its easy access through mobile devices are
two key points.

Kahoot is a very versatile tool that allows multiple options:
true-false, simple or multiple answers, allows to include images,
videos, or to configure different variables, such as the available
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time to answer the questions [21-22]. The questions are projected
in the classroom and the students, through their smartphones,
answers them, adjusting to the marked time. Provides immediate
feedback on the degree to which students have acquired knowledge
and identifies content that has not been understood. After each
question, the respective winner and points accumulated is shown
to provide a final ranking, as if it were a competition. Finally, after
each question, the teacher can explain each answer, which is where
the pedagogical potential lies [23]. The game ranks players based
on speed and accuracy, and at the end of the quiz, the names of the
top five players are displayed on the leaderboard. In this way,
students can compete to see who gets the most questions right in
the shortest time, being this its main handicap, according to [17,
24]. The fact that higher scores are obtained for quicker answers
can create anxiety and stress for many students, who risk too much
to get more points, to the detriment of spending enough time
thinking about the correct answer. Results can be downloaded by
educators allow them to highlight problematic questions and
identify students who may be struggling [21-23].

Gamification in general and Kahoot in particular, has been
widely used in teaching, generally at pre-university levels and in
face-to-face teaching. However, analysing the most recent reviews
on the use of gamification in teaching [25-26] highlight that, of the
93 and 24 studies analysed, both at pre- and university levels, the
positive properties can be summarised as an increase in
motivation, in classroom dynamics and amenity, students” and
teachers” attitudes, positive effect on learning performance and
decreasing of student anxiety [26-28]. On the contrary, the main
problems encountered included bad internet connection, the
impossibility to change the answer after submission and the time
pressure to give answers, which reduces students' reflection and
some students' guessing without thinking because of the fear of
losing [17, 21, 23-24]. With regards to the advantages and
limitations related to game-based learning in a foreign language,
the same advantages and disadvantages were found in a recent
review [29].

Finally, the response of most universities worldwide to the
crisis caused by the Coronavirus disease (COVID-19) was the
transition to online environments. In these cases, the use of
motivational and energising tools in the classroom becomes even
more necessary. However, their effect on online teaching needs to
be studied and clarified. To clear up these issues, with particular
emphasis on the students' opinion and their effectiveness on the
consolidation of knowledge, this study has been carried out.

3. Methodology

3.1. Double degree between Extremadura and Chongquin
Universities

Since June 2019, the University of Extremadura in Spain
(UEx) and Chongquin University in China (UEC) established the
double degree between "Food Science and Technology" at UEx
and "Food Quality and Safety" at UEC.

The initial planning of the double degree had a duration of four
years, in which students will receive the following teaching:

e  First year. UEC students will receive an intensive Spanish
course.
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e Second and third year. UEC students will be taught eight
subjects, two per semester and year, taught in Spanish by UEX
professors.

e  Fourth year. UEC students will travel to UEx to be taught two
subjects and to develop their Final Projects.

However, due to the outbreak of Covid-19, the governments of
many countries, including China and Spain, forced their citizens to
stay at home. This led to major changes not only in the lives of
citizens, but also in the education system. The main consequence
was the impossibility of teaching the classes in person, as the UEx
teachers could not travel to the UEC. However, the UEC
maintained face-to-face attendance during 2020/2021 course.
Therefore, the classes were online, using the Zoom platform, and
while the UEx teachers were in Spain, the UEC students and
teachers were together in a classroom in China. In order to
reinforce the comprehension of the lessons, and so that the
language was not an impediment to the development of them, the
Chinese teacher of the subject, as well as a translator Chinese-
Spanish participated actively in all the sessions. Moreover, all
presentations were provided to the students translated with the
enough advance and the subtitles available in Power Point 365
were used.

3.2. Procedure

In the specific case of this study, the subject taught was "Bases
and Technology of Plant Production", taught in the second
semester of the second year. This subject is divided into 14 lessons
taught in 34 sessions of 1.5 hours sessions. The number of students
enrolled was 73, divided into two groups that received exactly the
same contents. The evaluation of the contents” subject was divided
into two parts:

i)  Evaluation of the theoretical contents by means of a multiple-
choice test

ii) Evaluation of the differentiation of the main crops studied
(extensive, horticultural and fruit crops) by means of their
recognition by means of different photographs

In order to review the theoretical content and assess the
students' level of understanding, a Kahoot quiz with 15 questions
was given at the end of each lesson. To ensure that the time
available to answer each question was sufficient, and taking into
account the language handicap, it was extended to 1 minute. In the
middle of the course, after seven topics and, therefore, seven
Kahoots, a partial exam was held with 50 multiple-choice
questions with four possible answers, but only one correct. To
determine the knowledge memorisation or if significant learning
was achieved, two aleatory questions were chosen to be repeated
from each of the Kahoots gamed after each lesson, i.e. a total of 14
questions. Also, at the end of the course, there was a final exam
consisting of two parts, a 50-question test, in which the same
questions of the partial were repeated and other two questions
aleatory chosen from the last seven lessons” Kahoots made by the
students throughout the course, thus a total of 28 questions, 14
from the partial and 14 of the last seven Kahoots (Figure 1).

The time elapsed between the midterm and the final exam, i.e.
17 weeks, will also allow us to know whether the knowledge
acquired is consolidated over time.
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Lessons1to 7
Kahoots 1 to 7 with 15 questions each

Opinion questionnaire
Partial exam: 50 questions (14 from kahoots 1 to 7)

Lessons 8 to 14
Kahoots 8 to 14 with 15 questions each

Lessons 11 to 14
4 |dentification Kahoots with 11 questions each

Final exam: 50 questions (the same 14 selected for the partial +
14 from kahoots 8 to 14)
Identification exam: 15 questions (8 from identification kahoots)

Figure 1. Phases in the study.

For the evaluation of the recognition of the different plant
species studied, along the last month of the course, four Kahoots
were carried out with 11 questions asking which species could be
seen in the photo (Figure 2). In this case, the final exam was a test
with 15 questions, in which eight photos were repeated, two from
each of the Kahoots carried out in class (Figure 1).

¢Qué cereal es este?

30

Respuestas

A Triticum aestivum (trigo harinero) 4 Triticum durum (trigo semolero)

@ Hordeum vulgare (Cebada)

Oryza sativa (arroz)
ade | o

Figure 2. Example of identification question on the Kahoot website.

3.3. Opinion on the use of Kahoot as a learning tool

After the seventh questionnaire, students were asked to fill in
the feedback available in the website itself to determine the
students' perception of the use of the tool based on the student
response system with different scales (Table 1).
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Table 1. Opinion questions and their scales.

Question Scale

1. How fun was it? 1 (no fun) to 5 (very fun)

2. Did the players learn anything

No-Y
from this Kahoot? o-xes

3. Could players recommend this

No-Yes
Kahoot?

4. How did the players feel about
this Kahoot?

Negative — Neutral -
Positive

3.4. Data analysis

The obtained data after the evaluation of the questionnaire
items was quantitative and based on a descriptive analysis in SPSS
23.

4. Result and Discussion
4.1. Degree of theory knowledge consolidation.

Figure 3 shows how Kahoot improved students’
memorisation of knowledge in the theoretical questions, as they
obtained better results when the questions were repeated, not only
in the midterm, with much less time elapsed, but also in the final
exam. Specifically, the average score obtained in the 14 chosen
questions from Kahoots 1 to 7 increased in about 31.4% in the
midterm, and 29.6% in the final exam. This is a very good result
because the time elapsed from the first to seven Kahoots to the
repetition of those questions was between 32 to 17 weeks.
Regarding the repeated questions from Kahoots 8 to 14, the
increases were about 26.0%.

Theoretical questions

—_
'

—_
)

Correct answer (until 14)
=

Kahoots 1-7 Partial exam Kahoots 8-14 Final exam
Kahoots 1-7

Final exam
Kahoots 1-7 Kahoots 8-14

Figure 3. Average of the obtained scores in the 14 chosen questions
corresponding to Kahoots 1 to 7 and 8 to 14, in their repetition in the midterm
and in the final exam.

The creator of Kahoot stated in his study at the Norwegian
University of Science and Technology (NTNU) that the use of
Kahoot increased learning by 22% over students who used other
game dynamics [30]. A previous study [24] ], also found lightly
lower increases in a similar study, but in presential learning, and
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[31-32] found a good degree on knowledge consolidation, in
contrast to [33-34] who did not find any significant effect on the
knowledge consolidation, considering that repetition and
frequency of use are directly related to its efficiency.

4.2. Degree of identification knowledge consolidation.

The first rounds of each Kahoot had an average of 6.2 correct
answers from 8 possible, a high percentage, indicating that the
contents are easily interpreted and memorised. The increase
between the questions in the first Kahoot and their repetition in
the final exam was of 17.3%, quite lower in comparison with the
theory questions. But, considering the rate achieved is out of 8
points, the results are good, being even better in their repetition.
In this case, two facts are worth noting: firstly, the time that has
passed is much shorter, from 2 to 8 weeks; and secondly, the fact
that it is a question of recognising photos, with the photographic
memory being much more actively involved.

Recognition questions
10

Correct answer (until 8)

Kahoots 10-14

Final Exam 10-14

Figure 4. Average of the scores obtained in the 8 chosen questions corresponding
to Kahoots 10 to 14 and in their repetition in the final exam.

So, our finding would be according with that found in the
review of [25], which included 36 studies investigating the
learning outcome of only using Kahoot. Of them, 70% of the
studies showed that Kahoot significantly improves the final grade
or test results compared to other teaching approaches.

4.3. Opinion on the use of Kahoot as a learning tool

Table 2 confirms that the students” acceptation was really

good, with percentages of the positive answers for all the items
higher than 90%.

For the question 1 relative to the fun of playing the game,
only 3 of the surveyed students showed a neutral or negative
opinion regarding the fun of the game. As is showed in question
2, more than 97% of students feel they have learned something
and more than 95% would recommend using Kahoot as a review
tool (question 3). Only when they were asked about how it makes
them feel (question 4), the percentage of students with either an
indifferent (9.59%) or negative (2.74%) opinion was substantially
higher, although a large majority (87.67%) had a positive
perception (Table 2).
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Table 2: Questionnaire data analysis (N=73).

1(%) 5(%)
2 3 (%) 4 Average
No Yes Median
(%) Neutral (%) (1to5)
Negative Positive
1.
0 1.37 2.74 23.29 72.60 4.74 5
Fun
2.
2.74 - - - 97.26 - Yes
Learn
3.
4.11 - - - 95.89 - Yes
Recom.
4.
2.74 - 9.59 - 89.67 - Positive
Feel

The results found in this study are notable for the fact that the
teaching was online and not face-to-face. Numerous studies [27-
28, 31-32, 35] agree in conclude that Kahoot is an effective
instrument for carrying out presential activities in the classroom
in a fun way, breaking the monotony and improving student
participation, fostering a positive relationship between the group
of students. In fact, authors such as [33] indicate a higher rate of
class attendance. Most students perceive Kahoot as a game and
not as an assessment system [36]. All these high levels of
acceptance such as those found by [24], with very similar values
in classroom teaching of this subject, with more than 95% of
students with very positive evaluations of the use of Kahoot, or
[31] who obtained lower values, with 87% acceptance. Rejection
is often related to the inability to change the answer after
submission, stressful time pressure to give answers, lack of time
to answer, fear of losing, and difficulty in catching up if an
incorrect answer has been given. [25, 33].

Moreover, the fact that the teaching is in another language
does not seem to influence the students' opinion. However, the
reinforcement of the Chinese-Spanish translator probably reduced
the complication of understanding another language. Finally, in
terms of perception in language classes, [37] found a greater
willingness to actively participate in Arabic classes, with [38]
demonstrating that students learned vocabulary more easily using
Kahoot.

5. Conclusion

Although some of the limitations of this study are that it was
developed in a single semester, that the number of students is quite
limited and that, all students belong to the same group instead of
dividing them into two groups, one control and one using Kahoot,
more than 90% of students found it fun, that helps to learn and it’s
recommended as an engagement and students” motivation tool.
However, a small proportion felt indifferent or unpleasant when
using this tool. This is where future research should investigate
further to see what factors lead to lower acceptance, with
particular emphasis on the stress caused by limited response time,
the impossibility of changing the response, and how to remedy
them.

The results demonstrate its effectiveness in consolidating
knowledge. The number of answers that students remembered
between questions asked in class using Kahoot and then repeated
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between 17 and 34 weeks was between 26 and 31%, regardless of
the time elapsed between the two. Despite of the obtained results
are consistent with previous research; further research must be
done in order to corroborate the effectiveness of these
questionnaires. This would require more experiments with more
students and of longer duration, and more attention to the anxiety
caused by the short time to answer.
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C programming is taught in a lot of universities across the world as the first computer
programming language. Then, for novice students, it is important to read many simple C
source codes and understand their behaviors to be familiar to the programming paradigm.
Unfortunately, effective tools to support independent code reading study at home have not
been well designed. Heretofore, we have proposed the value trace problem (VTP) for Java
programming. A VTP instance consists of one source code, several questions, and the correct
answers to them. Each question asks the value of a critical variable or output message in the
source code. The correctness of any student answer is checked instantly by string matching
at the answer interface for self-study. In this paper, we present the value trace problem (VTP)
for code reading self-study of C programming. 42 VTP instances are generated using simple
C source codes on basic grammar concepts and fundamental data structures & algorithms
in textbooks and websites. In addition, for hard instances on pointer and algorithms, the
devices of hints, multiple choice questions, and references are provided to improve their solution
performances. For evaluations, we requested 49 undergraduate students in Japan, China, and
Myanmar to independently solve them at home. Their average correct answer rate reached
94.29%, where our devices for hard instances improved it by 33.26%. Thus, the effectiveness of

our proposal is confirmed in motivating self-study of C programming to novice students.

1 Introduction

Presently, C programming is widely taught in many universities
across the world as the first computer programming language. In
addition to information technology (IT) departments, many depart-
ments including science, agriculture and mechanical/electrical engi-
neering are teaching C programming courses. Actually, the study of
C programming can offer basic knowledge to study more advanced
and practical languages such as Java, JavaScript, and Python. Be-
sides, students in IT departments should study C programming in
parallel with computer architecture, because they can learn accesses
to memories or registers through it. Furthermore, C is still the third
most popular programming language, despite the long time passed
from the appearance. Then, for such novice students, it is important
to read and understand a lot of simple source codes to be familiar
to the C programming structure. Unfortunately, effective tools to
support independent code reading self-study at home have not been
well designed within our knowledge.

Heretofore, we have proposed and implemented the Java pro-

gramming learning assistant system (JPLAS) for Java programming
study [1]. As the objected-oriented programming language, Java is
now widely used in IT societies. For assisting Java programming
studies at different learning levels, JPLAS provides several types
of exercise problems with different difficulties. For any problem
type, the student answer to a question is marked automatically at
the system to support programming self-studies.

Among them, the value trace problem (VTP) is presented for
novice students to study basic concepts of programming grammar
and skills through code reading study [2]. A VTP instance consists
of one source code, several questions, and the correct answer strings
to them. Each question asks the value of a critical variable or an
important output in the given code. The correctness of any student
answer is marked through string matching with the correct answer
string at the answer interface using the web browser instantly.

The manual collection of C source codes and the manual selec-
tion of the variables or output messages from each source code for
questions can be the limitation of VTP. When a teacher uses VTP
in the programming course, he/she needs to carefully collect the
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source codes and select the variables or messages with their timing
whose actual values or contents should be traced in the questions,
so that they can be synchronized with the course progress. One
way to generate VTP instances by a teacher efficiently is the use of
sample source codes that will be provided with the textbook in the
course. Usually, the teacher can download them from the website.
Then, he/she can select the variables or output messages that are
closely related to the teaching topics in each class of the course. The
impossibility of practicing source code writing by a student will be
another limitation of VTP. It should be offered by other problem
types such as the code writing problem [3].

In this paper, we present the value trace problem (VTP) for code
reading self-study of C programming by extending our previous
works for Java programming. To assist the study of novice students,
42 simple C source codes on basic grammar concepts and fundamen-
tal data structures & algorithms are collected from textbooks and
websites. Here, fundamental data structures & algorithms are often
taught using C programs in IT departments. Then, by analyzing
critical variables/messages and adding necessary standard output
statements in them, the corresponding VTP instances are generated
manually.

The memory management using pointer in C programming can
be a hard topic for novice students to study, although it is the remark-
able feature in implementing fast and efficient programs. Besides,
some fundamental algorithms can be difficult, because novice stu-
dents are often not familiar to them. Therefore, we additionally
provide the devices of hints, multiple choice questions, and refer-
ences to improve the solving performances by the students for the
hard VTP instances on pointer and algorithms.

For evaluations of the proposal, we asked 49 students in Japan,
China, and Myanmar to independently solve the generated 42 VTP
instances at home. Then, the results showed that the average cor-
rect answer rate among them reached 94.29% that is sufficiently
high, where the devices for hard instances improved it by 33.26%.
Thus, the effectiveness of our proposal is confirmed in motivating
self-study of C programming by novice students [4]-[10].

VTP can be applied for studying other programming languages
such as JavaScript and Python in addition to Java in a straightfor-
ward way. Besides, VTP can be used for studying a natural language
such as English or Japanese as the potential application. For natural
language study, the instance may give a sentence or a paragraph
and ask the appearing keywords in the questions. Here, the variable
for programming study becomes the key concept in the sentence or
paragraph for natural language study, and the value becomes the
keyword.

The remaining part of this paper is organized as follows: Sec-
tion 2 discusses related works in literature. Section 3 presents the
value trace problem (VIP) for C programming. Section 4 presents
devices to improve the solving performances for hard instances on
pointer and algorithms. Section 5 shows their evaluation results.
Finally, Section 6 concludes this paper with future works.

2 Related Works in Literature

In this section, we introduce related works in literature. Some pa-
pers presented programming study tools, and some discussed the
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importance of code reading in programming study.

2.1 Programming Study Tools

In [11], the author reviewed some tools to support teaching and
learning of programming, and categorized them into four groups:
1) tools that include simple reduced development environments, 2)
example-based environments, 3) tools that are based on visualiza-
tions and animations, and 4) simulation environments. Our proposal
can be categorized to 2).

In [12], the author presented a tool called QuizPACK, which
is similar to the value trace problem (VTP), and showed that this
tool significantly improved the knowledge of semantics. A question
in QuizPACK asks the value of a particular expression (usually a
variable) in a fragment of a program. A teacher needs to prepare a
set of problems using source code fragments and expressions to be
questioned manually. If compared with VTP in this paper, the ad-
vantage of QuizPACK is that the constants related to the questioned
variables in the code and their correct answers can be generated
dynamically so that different students can solve the same question
with the different correct answers. On the other hand, VTP fixes the
constants and the correct answers. The disadvantage of QuizPACK
is that it can only ask the ending values of the variables in the code
fragment. It cannot ask the values at the different timing of the
program. Thus, QuizPACK is not suitable for studying algorithms,
where different algorithms can give the same variable values.

In [13], the author presented a problem-solving environment
named LECGO (Learning Environment for programming using C us-
ing Geometrical Objects) for learning C programming by beginners.
LECGO emphasized: (a) multiple external representations in stu-
dent learning, (b) motivation through performing problem-solving
activities from the familiar and meaningful context, (c) the active
participation of students by using hands-on experience, (d) appropri-
ate feedback to aid self-corrections, and (e) holistic, activity-based,
multi-media, multi-representational and multi-layered content for
learning basic concepts.

In [14], the author presented Gidget, which is a game such that
the eponymous robot protagonist is cast as a fallible character that
blames itself for not being able to correctly write code to complete
its missions. Players of Gidget can learn programming by debugging
the problematic code.

In [15], the author presented a game-based learning support
environment for novice students to learn programming. This envi-
ronment exploits game composition tasks to make the elementary
programming more intuitive to be learnt, and comprises concept
visualization techniques, to allow the students to learn key concepts
in programming through game object manipulations.

In [16], the author proposed the web-based programming as-
sisted system for cooperation (WPASC) for facilitating cooperative
programming learning, and investigated cooperative programming
learning behaviors of students and its relationships with learning
performances.

In [17], the author presented systematic literature review results
on assessment tools for programming assignments, to help instruc-
tors make their selections in programming courses. They identified
three specialties in assessment tools, namely, contests, quizzes, and
software testing. In contests, a tool compiles the source code of a
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student, runs it with a set of test cases for the input, and informs
whether the code is accepted or not. In quizzes, it gives a set of
questions, where for each question, a student enters a fragment of
a code in the interface of the tool. In software testing, it checks
the correctness of the source code of a student by comparing its
output with the output of the model code, or by running the test
code against the source code. VTP in this paper is different from
any of them.

In [18], the author presented a system that combines the dual
objectives of automated grading and program repairing for introduc-
tory programming courses called GradelT. It grades the submitted
source code with the number of passed test cases, the inverse of
time spent to solve, and the fraction of successful compilations. For
the last one, the compilation score is defined by 1 — (number of
compilation errors in the code) / (maximum number of compilation
errors among students). For repairing, it uses simple re-writing rules
to fix simple but frequent compile time errors.

In [19], the author proposed a plug-in system to Moodle called
LAPLE (Learning Analytics in Programming Language Education)
to provide a learning dashboard to capture the behaviors of the stu-
dents in the classroom and identify the difficulties faced by different
students looking at different knowledge. LAPLE asks the students to
write full source codes, and collects and analyzes the compiling logs
of the students every five minutes to yield real-time visualizations
for feedbacks during the class. The authors analyzed the distribution
of the classified 36 error types, and encouraged the students to pay
attentions to the frequent error types. LAPLE is designed for use at
programming classes, while VTP is for use at homes for self-studies.

2.2 Code Reading in Programming Study

In [20], the author concluded that through literature reviews and in-
terviews, code reading is connected to comprehending programs and
algorithms, or algorithmic ideas, as well as details, and is needed
in many aspects of learning programming, but at the same time,
there is not much knowledge about the reading and comprehension
process of learners. They claimed that a possible means to foster
programming learning is to teach code reading directly, including
reading strategies. The value trace problem in this paper can be
one way to achieve it for C programming study, which supports the
novelty of this paper.

In [21], the author concentrated on finding out whether reading
programs before writing programs is more efficient for students to
learn programming. He asked software developers and found that
computer science graduates should understand existing codes, since
most developers need to maintain and extend existing systems. He
concluded that if students get through the syntax of programming
more quickly by conducting code reading exercises, class time could
be spent on issues such as the efficiency and readability of software.
Code reading problems are important for beginners to learn a new
programming language.

In [22], the author concluded that programming learning should
focus on algorithmic thinking, rather than programming language
features and skills. Programming learning could help improve prob-
lem solving skills through algorithmic thinking. The generated
VTP instances in this paper cover important algorithmic topics such
as stack, queue, and sorting algorithms, which will be helpful for
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developing algorithmic thinking.

In [23], the author indicated that source code reading behaviors
are important in teaching programming skills as well as designing
IDEs and programming languages. A source code is a different type
of text than a natural-language text. It is highly formal and struc-
tured, and has a very limited vocabulary of keywords, operators,
and separators, yet, tremendous combination possibilities for literals
and identifiers. They recorded programmers’ eye movements when
reading short source codes. The results show that most attention is
oriented towards understanding of identifiers, operators, keywords,
and literals, relatively little reading time is spent on separators.

3 Value Trace Problem for C program-
ming

In this section, we present the value trace problem (VIP) for C
programming.

3.1 Definition of Value Trace Problem

The mission of VTP is to let students trace the value of a critical
variable or an important output in the given source code by care-
fully reading and understanding its behaviors. To generate a VTP
instance, one source code, a set of questions with the answer forms,
and the correct answer strings to them need to be prepared. A
question requests the current value of the important variable or mes-
sage in the source code that is specified by the teacher. Therefore,
the source code should contain the standard output statements that
correspond to them, so that the students can easily find which values
are asked in the questions.

3.2 Design Goals of Value Trace Problem
VTP for C programming have the following design goals:

1) A variety of C source codes are given to beginners for code
reading study.

2) A student can solve the questions in a VTP instance by read-
ing the given source code and understanding its behavior
carefully.

3) Any answer from a student will be checked through string
matching at the interface automatically, and the result will be
returned to the student instantly.

4) A teacher can choose proper source codes in terms of contents
and difficulty levels for the VTP instance that will be assigned
at each class in the programming course.

3.3 VTP Instance Generation Procedure

A new VTP instance can be generated by the following procedure:

1. A proper source code for studying a basic grammar concept
or a fundamental data structurefalgorithm is selected.

2. The important variables or output messages to be traced in
the source code are selected.
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3. The corresponding standard output statements are added in
the code.

4. The questions of asking the values/messages at the standard
outputs and their correct answers are prepared.

5. The source code, the corresponding questions, and the correct
answers are put together into one input text file.

6. The program in [4] is executed with the input text file to gen-
erate the CSS/HTML/JavaScript files for the answer interface
on the web browser.

7. The generated VTP instance is registered as the assignment
to students.

3.4 Answer Interface

The answer interface using the web browser in [4] is adopted for
the students to solve the generated VTP instances in this paper. The
necessary functions such as string matching for answer marking
and the answer data storage for submissions are implemented in
JavaScript so that this interface can be used without the Internet
connection.

To use this answer interface, the correct answers to the ques-
tions need to be distributed to the students, so that their answers can
be marked instantly at offline. Then, to prevent the students from
looking at the correct answers before solving the questions, the hash
values of them are taken using SHA256 before the distributions.
Actually, each correct answer is concatenated with the assignment
and problem IDs before hashed, so that the same correct answers
for the different questions are converted to the different hash values.
It can avoid knowing the correct answer from the same hash value
for a different question. At the marking, any answer from a student
is concatenated and hashed using SHA256 for string matching with
the hashed correct answer.

3.5 Example VTP Instances

Two VTP instances generated in this paper are illustrated here as
the typical examples for the variable trace study and the pointer
trace study in C programming.

3.5.1 VTP Instance for Variable Trace Study

Figure 1 shows the input text file for the if in for-loop instance at
ID=12 in Table 1. This file contains the source code, the questions
with four answer forms, and their correct answers, which must be
done manually. Each correct answer is separated by ,”. This in-
stance asks to trace the value of num and the logic implemented by
two if. A student needs to read and understand the source code, and
then fill in the forms with correct answers.
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int main(void) {
int max = 9;
int n;
for (n = 2; n <= max;
if (n == max){
printf("%d is prime number \n",

n++) {

max) ;
}
else if(max % n == 0){
printf("%d is not prime \n", max);
break;
}
}
return 0;

}

What is the value of max? _1_
What is the output? _2_ is _3 4

9,9,not,prime

Figure 1: Input text file for VTP instance at ID=12.

Problem #12

Fill in Blanks

The Source Code

int main(void){
int max = 9;
int n;
for (n = 2; n <= max; n++){
if (n == max){
printf("%d is prime number \n", max);
}
else if(max % n == 0){
printf("%d is not prime \n", max);
break;

}

return 0;

What is the value of max? |9

What is the output? |9 is |prime number

Answer

Answer

Figure 2: Answer interface for VTP instance at ID=12.
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int main(void)

{
int test[5] = {80,60,55,22,75};
printf("test[0] is %d \n", test[0]);
printf("test[1] is %d \n", test[1l]);
printf("The address of test[0] is %p \n", &
test[0]);
printf("test is %p \n", test);
printf("The address of test[1l] is %p \n", &
test[1]);
printf("That is *test is %d \n", *test);
return 0;
}

hint:The address of test[0] is 0028FF20
1 word 4 bit in this system

What is the output of this program?
test[0] is _1_

test[1] is _2_

The address of test[0] is _3_

test is _4_

The address of test[1] is _5_

That is *test 6_

80,60,0028FF20,0028FF20,0028FF24,80

Figure 3: Input text file for VTP instance at ID=9.

Figure 2 illustrates the answer interface on a web browser for
this VTP instance. After a student fills in the answer forms, he/she
should click the blue button ”Answer”. If the student answer is
incorrect, the form color will be red. For the correct one, it becomes
white. Using this interface, a student can fix the mistakes and submit
the answers instantly, until all the answers become correct.

3.5.2 VTP Instance for Pointer Trace Study

Figure 3 shows the input text file for the memory address with
pointer for integer array instance at ID=9 in Table 1. This instance
asks to trace the memory address or the value given by pointer
including the one for the array fest. Figure 4 depicts the answer
interface for this sample VTP instance.

3.6 Generations of Value Trace Problem Instances

Now, we present the generated 42 value trace problem (VIP) in-
stances with 586 answer forms for studying basic grammar concepts
and fundamental data structures & algorithms in C programming.

Table 1 shows the topic, the number of lines (#of lines) in the
source code, the number of questions, and the number of answer
forms in each VTP instance. Here, to encourage novice students
solving all of them without giving up halfway, we took the following
stances at their generations:
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Problem #9

Fill in Blanks

The Source Code

int main(void)
{
int test[5] = {80,60,55,22,75};

printf("test[@] is %d \n", test[@]);

printf("test[1] is %d \n", test[1]);

printf("The address of test[@] is %p \n", &test[0]);
printf("test is ¥p \n", test);

printf("The address of test[1] is %p \n", &test[1]);
printf("That is *test is %d \n", *test);

return 0;

}

hint:The address of test[@] is Q028FF20
1 word 4 bit in this system

What is the output of this program?
test[@] is |80

test[1] is |60

The address of test[@] is |0028FF20
test is |0028FF20

The address of test[1] is |0028FF24
That is *test |80

Answer

Figure 4: Answer interface for VTP instance at ID=9.

1. A short source code with less than 30 lines is basically se-
lected for each instance. Actually, the average number of
lines among the source codes becomes 24.5. However, source
codes for fundamental data structures & algorithms are longer
due to their natures.

2. The number of questions is limited to at most four for each
instance. Actually, the average number of questions becomes
1.26.

3. The difficulty level of each instance is gradually increased
from the first to the last roughly, by following C programming
textbooks.
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3.6.1 VTP Instances for Basic Grammar Concepts

For studying basic grammar concepts, 26 VTP instances were gen-
erated using the C source codes in the websites [5]-[7]. The selected
grammar concepts are essential in fundamental C programming.

3.6.2 VTP Instances for Fundamental Data Structures & Algo-
rithms

To study fundamental data structures & algorithms of C program-
ming, 16 VTP instances were generated using the source codes in
the textbook [8]. They can be hard subjects for novice students
in IT departments. To let them read the implemented algorithm
procedure in each source code step-by-step and understand the be-
haviors, the hallway actual values of the important variables in the
code are asked in the questions. For example, the actual values
of the array variables to store the sorted data and the variable for
pivot at each iteration are asked in the VTP instance for quick sort.
These questions can also avoid answering them without correctly
understanding the algorithm implementation in the source code.

4 Devices for Hard VTP Instances

In this section, we present our devices to improve the solution
performances for hard VTP instances on pointer and algorithms.

4.1 Hard VTP Instances

In our preliminary application of our generated VTP instances to
limited students, the instances at ID=22, ID=28, ID=31, ID=38,
and ID=41 in Table 1 showed low correct answer rates compared
with the others. These results suggest that not a few students do not
understand the topics of memory address, linked list, reverse polish
notation, quick sort, and data size of pointer well. They are related
to memory managements by pointer or algorithms.

To improve the comprehensions on these topics and the solution
performances of students, the following devices are presented in
this paper:

1) We add tips in questions on pointers.
2) We give hints in the answer interface on memory addresses.
3) We prepare multiple choice questions on linked lists.

4) We add links to reference websites in the answer interface on
algorithms.

4.2 Tips in Questions

On tips for pointers, Figures 5 and 6 show the source code and
the questions for the VTP instance at ID=41. In the questions, the
size of one word in this system is described by (64-bit size system),
and the targeting data in each question is described by Data size
of normal variables, Data size of pointer, and Data size of pointer
reference.
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Table 1: Generated 42 VTP instances.

. #of #of #of
ID topic . .
lines | questions | forms
1 two-dimensional array 18 1 12
2 max function 7 1 5
3 arithmetic 6 1 6
4 data type 12 1 16
5 for-loop 10 1 1
6 for-loop with character 11 1 9
7 function call 12 1 10
8 function for swap 21 1 4
9 memory afidress with 1 | 56
pointer for integer array
10 car structure 12 1 2
11 output in for-loop 9 1 8
12 if in for-loop 15 2 4
13 book structure 14 1 3
14 pointer for 3 | )
one-D array
15 if in if with integer 24 2 2
16 arithmetic with if 11 2 2
17 if in if with character 27 2 4
18 while loop 19 1 8
19 structure data setting 18 1 7
20 output format specifier 11 1 4
’1 memory address with 10 4 1
pointer for character array
” memory addr.ess with o | 13
pointer for various array
23 | four arithmetic operations 11 1 4
greatest common divisor
24 (GCD) 21 1 4
25 inner product operation 16 1 1
26 linear search 23 1 5
27 binary search 29 1 17
28 linked list 67 1 7
29 | tree traversal algorithms 81 3 63
30 stack data structure 47 1 8
31 reverse polish notation 67 2 12
32 queue data structure 55 1 4
33 insertion sort algorithm 25 1 30
34 selection sort algorithm 28 1 18
35 bubble sort algorithm 27 1 37
36 shell sort algorithm 24 1 23
37 merge sort algorithm 34 1 16
38 quick sort algorithm 38 1 56
39 heap sort algorithm 44 1 42
40 pointer 12 1 6
41 data size of pointer 20 1 9
42 list structure 47 1 12
maximum 81 4 63
minimum 6 1 1
average 24.50 1.26 13.95
total 1029 53 586
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#include <stdio.h> #include <stdio.h>

main () int main(void){

{ int vch, vsh, vin, vfl, vdo;
char vch, *pch; vch = sizeof(char);
int vin, *pin; vsh = sizeof(short);
double vdo, *pdo; vin = sizeof(int);
printf("sizeof(vch) = %d\n", sizeof(vch)); vfl = sizeof(float);
printf("sizeof(vin) = %d\n", sizeof(vin)); vdo = sizeof(double);

printf("sizeof(vdo) = %d\n", sizeof(vdo));
printf("%d %d %d %d %d \n", vch, vsh, vin,

printf("sizeof(pch) = %d\n", sizeof(pch)); vfl, vdo);//hintA
printf("sizeof(pin) = %d\n", sizeof(pin));
printf("sizeof(pdo) = %d\n", sizeof(pdo)); char arri[] = {’0’,’k’,’a’,’y’,’a’,’m’,’a’};
int arr2[5] = {1,2,3,4,5};

printf("sizeof(*pch) = %d\n", sizeof(*pch)); float arr3[5] = {1.1,2.2,3.3,4.4,5.5};
printf("sizeof (*pin) = %d\n", sizeof(*pin)); double arr4[5] = {1.0,2.2,3.5,22.4,10.0};
printf("sizeof(*pdo) = %d\n", sizeof(*pdo));

} printf("arrl1[4] is %c \n", arrl[4]);

printf("arr2[3] is %d \n", arr2[3]);
printf("arr3[2] is %f \n", arr3[2]);
Figure 5: Source code for VTP instance at ID=41. printf("arr4[1] is %f \n", arr4[1]);

printf("The address of arrl[2] is %p \n", &
arrl[2]);//hintB

printf("The address of arr2[2] is %p \n", &
arr2[2]);//hintC

(64-bit size system) printf("The address of arr3[3] is %p \n", &
What is the output of this program? arr3[31);//hintD

Data size of normal variables printf("The address of arr4[2] is %p \n", &
sizeof(vch) = _1_ arr4[2]);//hintE

sizeof(vin) = _2_ return 0;

sizeof(vdo) = _3_ ¥

Data size of pointer

sizeof(pch) = _4 Figure 7: Source code for VTP instance at ID=22.
sizeof(pin) = _5_

sizeof (pdo) _6_

Data size of pointer reference hintA: Data types and sizes(32-bit system)
sizeof (*pch) = _7_ char: 1 byte

sizeof (*pin) = _8_ short: 2 bytes

sizeof(*pdo) = _9_ int 4: bytes

float: 4 bytes
double: 8 bytes

Figure 6: Questions for VTP instance at ID=41.
hintB: The address of arrl1[0] is 0028FE30
The address of arrl1[1] is 0028FE31

hintC: The address of arr2[0] is 0028FE20
The address of arr2[1] is 0028FE24

hintD: The address of arr3[1] is 0028FEF4

4.3 Hints inAnswer]n[erface The address of arr3[2] is 0028FEF8
hexadecimal: the symbols "0"""9" to represent
values zero to nine, and "A"""F" to represent

. . values ten to fifteen.
On hints for memory addresses, Figures 7-9 show the source code,

the hints, and the questions for the VTP instance at ID=22. The pintE: The address of arr4[0] is 0028FE10
hints describe the byte size of each data type with the word size that The address of arr4[1] is 0028FE18
is necessary to calculate the increase of the memory address, and the

memory addresses of the first two elements in the array variables,
so that students can answer the question on them. Figure 8: Hints for VTP instance at [D=22.
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the output of this program?
arrl[4] is _
arr2[3] is _
arr3[2] is
arr4[1] is
The address of
The address of
The address of
The address of

arrl[2] is _10_
arr2[2] is _11_

arr3[3] is _12_
arr4[2] is _13_

Figure 9: Questions for VTP instance at ID=22.

4.4  Multiple Choice Questions

On multiple choice questions for linked lists, Figures 10 and 11 show

the source code and the questions for the VTP instance at ID=28.

The multiple choice questions of the correct answers are used at Q1
and Q3 as the hints to understand the pointer and structure in the
linked list.

<stdio.h>
<errno.h>
<string.h>

#include
#include
#include
#include <time.h>
#include <stdlib.h>
struct cell{
struct cell
int data;

*next;

};
typedef struct cell cell_t;
cell_t *list_alloc(int data){
cell_t *new = NULL;
new = (cell_t *)malloc(sizeof(cell_t));
if(new == NULL){
fprintf(stderr, "ERROR: list_alloc():
n", strerror(errno));
return(NULL) ;

%s\

}

new->next =
new->data =
return(new) ;

NULL;
data;

list_add(cell

cell_t *next NULL;

cell_t *prev = header;

next = list_alloc(data);

if(next == NULL) return(-1);

while(prev->next != NULL){
prev = prev->next;

int t *header, int data){

3
prev->next =
return 0;

next;

}
void list_free(cell_t *header){

cell_t *temp = header;
cell_t *swap = NULL;
while(temp != NULL){
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swap = temp->next;
free(temp);
temp = swap;
}
}
static void list_print(cell_t *header){
cell_t *p = header;
printf("list{ ");
while(p != NULL){
printf("%d ",
p = p->next;

p->data);

}
printf("}\n");
int main(void){
int cnt = 0;
cell_t *header = list_alloc(0);
if(header == NULL) return -1;
for(cnt = 1; cnt < 5; cnt++){
list_add(header, cnt*7%10) ;
}
list_print Cheader);
list_free(header);
return 0;

Figure 10: Source code for VTP instance at /D=28.

Ql: Select one word for each blank from a list of
choices.

What is data type of *header? _1_

What is data type of header? _2_

(A) pointer

(B) data

(C) cell

(D) cell_t

Q2: What is

"data" of the cell pointed by "header

in the code? _3_

What is "next" of the cell pointed by "header" in
the code? _4_

Q3: Select one word for each blank from the list
of choices given below from list_free method.
What is the name of cell that will be freed this

time? _5_

What is the name of cell that will be freed next
time? _6_

(A) swap

(B) temp

Q4: In list_add method, what is the name of new

cell? _7_

Q5: What is the output of this programming?
list { _8_ _9_ _10_ _11_ _12_ }

Figure 11: Questions for VTP instance at ID=28.
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4.5 Links to Websites in Answer Interface

On links to reference websites for algorithms, the links to the web-
sites that explain reverse polish notation in [9] and quick sort algo-
rithm in [10] are included in the answer interface. By clicking these
links, the students can easily access to the necessary information to
solve them.

5 Evaluations

In this section, we evaluate the generated 42 VTP instances with
586 answer forms by applying them to 49 undergraduate students
in Myanmar (21 students), Japan (18 students), and China (10 stu-
dents) who are currently studying or have studied C programming
and fundamental data structures & algorithms.

5.1 Solution Results for Individual VTP Instances

First, the solution results for the 42 individual VTP instances by
the 49 students are analyzed. Figure 12 shows the total number of
answer submission times and the average correct answer rate (%)
for each VTP instance submitted by the students. As the summary,
Table 2 shows the maximum, minimum, average, and standard de-
viation (SD) of the total number of submissions and the average
correct answer rate among the 42 VTP instances. The average cor-
rect rate 94.29% and the average number of submissions 139.17 by
all the students (2.84 by one student) for each instance suggest that
the generated VTP instances are of moderate difficulty for novices
to study C programming.

Table 2: Summary of solution results for individual VTP instances.

total# of average correct
~ ..
submissions rate
maximum 628 100 %
minimum 55 82.32 %
average 139.17 94.29%
SD 106.14 4.84%

5.1.1 VTP Instances with Low Results

The VTP instances for pointer or fundamental data structures &
algorithms are generally difficult for the students. For the eight
instances at ID=21, 24, 28, 29, 30, 32, 36, and 37, which are on
pointer, stack, linked list, and sorting, the average correct answer
rate is under 90%.

For the VTP instance ID=41 linked list, the correct answer rate
82.32% is lowest and the number of answer submissions 628 is high-
est among the 42 instances. This topic is still hard for the students,
regardless of the presented devices in Section 4. However, it is
observed that the students tried to solve this instance by referencing
to the devices.

For the VTP instance for merge sort at ID=37, both the correct
rate 85.87% and the number of submissions 101 are relatively low.
Many students gave up solving it correctly at early time, which
suggests their insufficiency in understanding this algorithm. Like
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for quick sort, the device of adding the link to the reference website
in the answer interface will be necessary for this instance.

5.1.2 Distribution of Correct Answer Rates

Figure 13 shows the distribution of the correct answer rates among
the 42 VTP instances. 34 instances achieved more than the 90%
correct rate and seven did 100%, which indicates that these in-
stances are moderate for novice students. However, the rates of
eight instances were less than 90%, which need to be improved.

30
27

# of instances
-
w

7

5
0 0
(]

0-59.99% 60.00%-79.99%  80.00%-89.99%  90.00%-99.99% 100%
range of correct answer rate

Figure 13: Distribution of correct answer rates among instances.

5.1.3 Distribution of Submission Times

Figure 14 shows the distribution of the number of answer submis-
sion times among the VTP instances. 21 instances were solved
within 100 submissions. 30 instances were within 150 submissions
by all the students or 3.57 submissions by one student. However,
for the three instances at ID=22, 28, and 29, the answers were
submitted more than 300 times, which will need to be improved.

25

# of instances

21
20
15
10 9
6
5
2 1 1 1 1
o L2 B =« = = =
0-50 401-

51-100 101-150 151-200 201-250 251-300 301-350 351-400

range of submission times

Figure 14: Distribution of submission times among instances.

5.2 Solution Results for Individual Students

Next, the solution results for the individual students to the 42 VTP
instances are analyzed. Figure 15 shows the total number of answer
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Figure 12: Solution results for individual VTP instances.

submissions and the average of the correct answer rates among all teacher can quickly improve their performances.
the instances for each student. Table 3 shows the summary results
for each student. The results suggest that most of the students well

solved the VTP instances.

) o 5.2.2 Distribution of Correct Answer Rates
Table 3: Summary of solution results for individual students.

5.2.1 Students with Low Results

For 11 students at ID=S8, 10, 11, 12, 13, 15, 18, 19, 33, 46, and
49, the average correct answer rate among the 42 VTP instances is
smaller than 90%.

For the student at ID=18, both the correct answer rate 58.75%
and the number of answer submissions 38 are lowest among the
students. Even, this student did not try to solve some instances.
The teacher should find the reason and help this student studying C
programming. The five students at ID=10, 12, 33, 46, and 49 also
have the similar proclivities.

For the two students at ID=8 and 15, the number of submissions
is relatively high. Thus, they made sufficient efforts to solve the
VTP instances. It can be expected that the proper guidance by the
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total # of correct Figure 16 shows the distribution of the correct answer rates among
~ submissions | answer rate the 49 students. 38 students achieved over 90% correct answer rates.
Mmaximum 304 100% Eight students at ID=22, 24, 26, 27, 28, 32, 39, and 44 achieved
minimum 38 58.75% 100%.
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Figure 16: Correct answer rate distribution of students.
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Figure 15: Results for each student.

5.2.3 Distribution of Submission Times

Figure 17 shows the distribution of the number of answer submis-
sion times among the students. For 30 students, the total number of
submissions was smaller than 100, where the excellent student at
ID=39 correctly solved any instance except one instance by submit-
ting the answers only one time. For the four students at ID=35, 9,
31, and 36, the total number of submissions exceeded 300, and the
answer rate is larger than 90%. It was found that these students did
not give up solving them.
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Figure 17: Submission times distribution among students.

5.3 Evaluations of Devices for Hard Instances

To evaluate the effectiveness of the presented devices in Section 4,

we compare the solution results with and without using them for the
four hard VTP instances at ID=22, 28, 31, and 38.
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5.3.1 Comparison Results

In our preliminary application, we applied the four instances to
21 students among 49 without using the proposed devices. Then,
to avoid the solution improvements by solving the same instances
twice by the same students, the results of the remaining 28 students
are used as the results with them.

Table 4 compares the average number of answer submission
times and the average correct answer rate for the four instances by
the students between the with group and the without group. In the
without group, the average correct answer rate for any instance was
smaller than 70%, which suggests that many students suffered from
solving them. Then, in the with group, it was improved to higher
than 80%, which can be considered as the minimum rate that every
student should exceed. The average number of submissions was
increased except for ID=31, because the students were motivated to
continue solving them due to the devices.

Table 4: Comparisons of solution results for hard instances.

average # of average correct
submissions answer rate
ID topic with | without with | without
memory address
22 with pointer 7.95 7.17 91.29% | 54.40%
for various array
28 linked list 14.95 1.92 82.32% | 56.00%
31 | reversepolish | ga0 |l cog | 00.61% | 52.00%
notation
38 quick sort 593 | 171 | 100.00% | 68.79%
algorithm
‘ average | 855 | 442 | 91.06% | 57.80% |
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5.3.2  t-test Analysis

t-test is applied to the solution results to check the significant dif-
ference between the average correct answer rates of the two groups.
The p-value is 1.179E — 16 and is smaller than 0.05, which means
that there is the significant difference between them. Thus, it is
confirmed that the proposed devices for the hard VTP instances are
effective in improving the solution performances of novice students.

5.4 Discussions

At solving the VTP instances, some students may reach the correct
answers without understanding them well. They may randomly
submit possible answers or copy the answers of other students. For-
tunately, the answer interface can record any submitted answer of
a student. By analyzing the records, it may be possible to find the
undesirable behaviors of students, which will be in our next study.

6 Conclusion

This paper presented the value trace problem (VTP) for independent
code reading study of C programming. 42 VTP instances were gen-
erated using simple C source codes for basic grammar concepts and
fundamental data structures & algorithms in textbooks or websites.
Besides, the devices of tips, hints, multiple choice questions, and
links to reference websites were presented for hard instances on
pointer and algorithms to improve the solution performances.

For evaluations, the generated 42 VTP instances were assigned
to 49 undergraduate students in Japan, China, and Myanmar to be
solved at home using the answer interface that can run offline. The
average correct answer rate among all the VTP instances reached
94.29%, where by our proposed devices, the average rate for the four
hard instances was improved by 33.26% from 57.80% before im-
provements. Thus, the effectiveness of our proposal was confirmed
in motivating self-study of C programming to novice students at
home.

A limitation of VTP is the manual selection of variables or out-
put messages in the source code for questions, in addition to the
manual collection of C source codes. An algorithm should be inves-
tigated to automatically generate a new VTP instance from a given
source code. Another limitation is the impossibility of practicing
source code writing by students.

As future works, we will study the automatic VTP generation
algorithm, make new VTP instances using C source codes for other
grammar concepts and algorithms, such as file I/O, error handing,
recursions, and graph algorithms, and apply them to students in C
programming courses. Then, more comprehensively and formally,
we will study the methodologies of organizing and conducting ped-
agogical experiments to verify the effectiveness of the proposal
in increasing motivations of novice students to study C program-
ming, and the methods of processing the results of pedagogical
experiments.
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The main goal of the work is to determine the basic conceptual solutions of a nuclear
reactor operating on the surface of another planet. The problem was solved using the
example of the Martian nuclear power plant. The article uses calculation and optimization
research methods and corresponding program codes (well-known and author's). The
results of the study made it possible to formulate the basic requirements for the Martian
nuclear power plant and select the type of reactor. This is a new type of reactor: pressurized
liquid metal fast reactor. It is proposed to use an innovative cermets nuclear fuel based on
mixed mononitride and uranium metal nanopowder, which was previously considered by
the author for new generation BN and BREST ground-based reactors. It is proposed to use
a eutectic (or near-eutectic) NaKCs alloy as a coolant. Optimization of the alloy
composition has been carried out. The fuel and coolant of the reactor contains long-lived
radioactive waste to be transmuted. NaKCs alloy is less reactive than pure alkali metals
including Na, K and Cs. With an electric power of 600 MW, it is possible to ensure the
internal self-protection of the reactor. All emergency modes of the ATWS type (anticipated
transient without scram) are not hazardous. This means that with a decrease in power to
values characteristic of the initial stages of the colonization of Mars, the safety of the
reactor is easily ensured. The relatively low chemical activity of the coolant makes it
possible to use a two-circuit energy conversion scheme. The second circuit can use water
or carbon dioxide. Carbon dioxide is preferred because of its presence in the atmosphere
of Mars (95% CO). The significance of the research lies in the possibility of constructing
a Martian nuclear power plant within the framework of existing technologies.

1. Introduction

functions are not related to the movement of the spacecraft. This
work is devoted to solving the second problem and is a

The exploration of outer space, the planets closest and distant
from us, requires the creation of compact, economical, reliable,
low-maintenance (practically autonomous) and safe energy
sources with a high energy density. Technologically mastered
energy sources using the fission reaction of heavy atomic nuclei
are attractive.

There are two directions of using space nuclear reactors. The
first is related to the need to travel long distances. This is a nuclear
electric propulsion system that combines the concepts of "nuclear
space tug", "interorbital tug", "and transport and power module".
The second direction is associated with the supply of energy to
the spacecraft, space or alien station and crew. It can be a low-
power alien nuclear power plant (NPP) that provides power to the

station, or a space NPP that provides power to a spacecraft. Its

*Corresponding Author: Okunev Viacheslav Sergeevich, okunevvs@bmstu.ru
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continuation of the research published by the author earlier [1]. At
present, the development of nuclear electric propulsion systems is
being actively pursued, capable of operating in the mode of
obtaining thrust (engine) and in the mode of generating electrical
energy (NPP) [2, 3]. If it is necessary to supply power to stations
located on other planets, it will be necessary to build a NPP (still
of low power, that is, electric power up to 100 ... 300 MW). The
present work is devoted to this problem.

All reactors that have ever experienced severe accidents were
considered safe. They met all the rules and regulations that were in
force at the time of the accident on the territory of the country where
these reactors were operated. Serious accidents occurred at the
plutonium production reactor of the Windscale nuclear complex
(Great Britain, 1957); Unit 2 of the Three Mile Island NPP (USA,
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1979); 4th block of the Chernobyl NPP (USSR, 1986); four units of
the Fukushima-1 NPP (Japan, 2011).

After a series of accidents at NPPs, the philosophy of ensuring
the safety of nuclear power facilities was radically rethought. The
first conceptual designs of nuclear reactors appeared, in which it is
possible to exclude all accidents leading to unacceptable releases of
radioactive substances outside the NPP.

A comprehensive solution to the following tasks was proposed:

Provision of energy on the required scale;
Economic efficiency;

Safety;

Provision (self-sufficiency) with fuel.

Safety is understood not only to exclude severe accidents at
nuclear power facilities, but also to safely handle waste and create
physical barriers to the theft of nuclear materials.

Nuclear power in the 20th century was not limited to terrestrial
reactors. Nuclear power has entered low earth orbit. The first
developments of NPPs were started simultaneously in the USSR
and the USA in 1954 [4]. Space nuclear power was ahead of its
time. Modern interplanetary spacecraft use radioisotope energy
sources (less than 1 kW) [2]. Russia has experience in the
development and use of nuclear electric propulsion systems and
NPPs with electric power up to 6 kW in outer space. But such
installations have not yet been in demand [2]. Until now, energy
sources with a capacity of about | MW and more have not been
in demand. The provision of spacecraft and orbital stations with
energy is achieved through the use of solar batteries (the power of
which is estimated at several kilowatts, but can reach ~ 103 W),
chemical sources of electric current (galvanic cells, batteries, fuel
cells), radioisotope sources, nuclear reactors, etc. [5].

Despite the relatively low efficiency (up to 13% [5]), the
preference is still given to solar panels. Their specific weight is
4.6 kg / kW; in the future it can be reduced by almost 2 times [5].
Flights to Mars, the creation of stations on the Moon and Mars
will require much more energy (from 1 MW and more). Space
nuclear power can easily solve this problem.

2. Background
2.1. Specific Requirements for a Space Reactor

Unlike ground-based nuclear power reactors for space reactors,
it is necessary to provide a high density of energy release in the
core with much lower safety requirements, and the possibility of
long-term autonomous operation. For reactors and NPPs built on
the surface of the planet, minimization of mass and size is not so
urgent.

Relatively low safety requirements are associated with the fact
that space reactors are designed to operate with an extremely low
population density (crew of a ship or an orbital station; personnel
of a station located on the planet under study). When placing a
NPP on the surface of a planet (the Moon or Mars), it is advisable
to bury the reactor under the soil layer. This is necessary to protect
against meteorites in a highly rarefied atmosphere or in the
absence of an atmosphere. With this arrangement of the reactor, a
severe accident would not destroy or damage the entire space
station. In addition, long-term dust storms are characteristic of
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Mars. Martian dust is iron oxide particles about 1.5 microns in
size [6].

The situation is aggravated if the reactor is located on a
spacecraft or orbital station. A severe accident of a space reactor
will lead to huge economic losses. According to various estimates,
the cost of the International Space Station is $ 150 billion. The
cost of the Mir station is $ 4.2 billion (in 2001 prices). The
commercial value of the Soyuz-2.1 disposable spacecraft (without
additional modules) is about $ 35 million ($ 20-30 thousand per 1
kg of payload) [7]. The commercial value of the heavy rocket
Proton (Russia) and Falcon 9 (USA, SpaceX) is $ 60-65 and $ 62
million, respectively [7]. The Soyuz-2.1 spacecraft is capable of
putting up to 8.25 tons of cargo into low orbit, the Proton
spacecraft - about 22 tons, the Falcon 9 - 22.8 tons [7]. NASA
estimates the cost of a manned flight to Mars at between $ 400
billion and $ 1 trillion [8]. For comparison, the cost of building a
land-based NPP with four VVER-1200 reactors (Turkish nuclear
power plant "Akkuyu") is $ 22 billion [9]. The cost of building a
fast reactor BN-800 (4th power unit of the Beloyarsk NPP,
Zarechny, Russia, electric capacity 880 MW) is estimated at § 2
billion [10]. The cost of building BREST-OD-300 (Seversk,
Russia) is estimated at $ 1.4 billion. [11] The high cost of the
project is explained by the rise in prices for materials [11].

When designing space reactors, compactness is important:
minimum weight and dimensions. This is achievable for liquid
metal cooled reactors (LMR) operating on intermediate neutrons
(in the resonance spectrum of neurons). One of the advantages of
intermediate neutron LMRs is its relatively small size and lighter
weight compared to light water reactors (LWRs). This is attractive
for the use of LMRs as transport reactors (on ships of surface and
submarine fleets, spaceships and space stations).

2.2. Existing Devices and Developments

The first space reactor on intermediate neutrons (SNAP-10A,
thermal power 40 kW, electric power 500 650 W,
thermoelectric power converter) was developed by Boeing by
order of the Air Force and the US Atomic Energy Commission
[12]. Highly enriched fuel was used in the core, the moderator was
zirconium hydride, and the coolant was a eutectic alloy of sodium
and potassium [12]. In the period from 1970 to 1988, 31
spacecraft with the fast reactor "Buk" (thermoelectric energy
conversion, electric power 3 kW, service life up to 4400 hours)
were launched into low-earth orbits in the USSR. Two
experimental Soviet reactors on intermediate neutrons "TOPAZ"
(thermionic energy conversion, electric power 5 kW) were
launched into space in 1987 and 1988.

Modern concepts of space reactors, performing the functions
of a tug, being developed from Russia and the United States, are
guided by an electrical power of ~ 1 MW. In Russia, since 2010,
research has been carried out within the framework of the project
of the state corporations "Roscosmos" and "Rosatom" ("Creation
of a transport and energy module based on a megawatt-class NPP")
[13]. The installations are designed for flights into deep space, to
the Moon and Mars. For the same purposes, the USA is
developing a nuclear electric motor plant "Kilopower" with an
electric power of 1 kW (in the future, with an increase in power
up to 2 MW) [14]. The service life of such installations is designed
for 15 years [14].
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At present, the development of nuclear electric propulsion
systems is carried out in three directions: three types of
installations are being developed [2, 3]:

e The first type is based on the concept of a reactor with direct
conversion of thermal energy into electrical energy (thermal
emission conversion) and an electric rocket motor;

e The installation of the second type is a reactor with machine
energy conversion and an electric rocket engine;

e The installation of the third type should operate in two
modes: obtaining traction in engine mode and generating
electrical energy in a closed loop.

Several conceptual designs of new generation space NPPs
have been developed in Russia [4, 15].

e Four projects with electrical capacity from 0.1 to 150 MW for
operation as part of a transport an energy module for the study
of distant planets of the solar system;

e Four projects of the Martian NPP with electric power from
25 to 500 kW;

e Four projects of the lunar NPP with electric power from 25
to 500 kW.

It is proposed to use a high-temperature fast reactor in all
projects.

NASA and the US Department of Energy have selected three
nuclear thermal propulsion concepts. The reactors are intended for
deep space exploration (see [16] with reference to "World Nuclear
News"). The concepts were developed by the following
companies.

e "BWX Technologies" n "Lockheed Martin";

e "General Atomics Electromagnetic Systems", "X-energy"
and "Aerojet Rocketdyne";

e "Ultra Safe Nuclear Technologies", "Ultra Safe Nuclear
Corporation", "GE Hitachi Nuclear Energy", "GE Research",
"Framatome" u "Materion".

Companies are encouraged to develop "different design
strategies for specific performance requirements that could help
deep space exploration" [16].

The plans of the Russian state corporation "Roscosmos"
(within the framework of the "Nucleon" project) include the
construction of a NPP on Mars to supply the future Russian
Martian base with electrical energy [17]. The NPP is planned to
be delivered to Mars orbit using the "Zeus" nuclear tug (nuclear
rocket engine, 1 MW) [17]. The NPP will descend to the surface
of the planet by parachute. Immediately after landing, the NPP
will be ready for operation [17]. The developer of the project is
the "Arsenal" design bureau (St. Petersburg). The "Arsenal"
design bureau includes a pilot production plant. The plant is
capable of performing a full cycle of work from the development
of the corresponding (design, technological) documentation to the
manufacture of finished products. The United States is planning
to build a small NPP (with an electrical power of 10 kW, based
on the "Kilopower" concept) on the Moon and Mars.
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2.3. Operating Conditions

In the absence of a dense layer of the atmosphere in order to
minimize the risk of damage to an alien NPP by meteorites, it
should be buried in the soil of the planet [1]. In addition, it is
necessary to take into account the daily and seasonal temperature
drops on the planet's surface [1]. According to [18, 19], daily
temperature drops on the lunar surface average 300 °C: from —173
°C (at night) to +127 °C (during the day). During eclipses (lasting
about one and a half hours) the temperature of the lunar surface
during the day decreases by 250 ... 300 °C. In lunar craters near
the pole, a temperature of —249 °C was recorded. On the other
hand, at a depth of 1 m, the temperature of the lunar regolith is
stable and amounts to —35 °C [18, 19]. This is attractive for
burying NPPs into the ground.

The seasonal change in the temperature of the atmosphere near
the surface of Mars is 105 °C: from —80... 125 °C to +20... 25 °C.
The maximum temperature spread is 178 °C: from —143 °C (in
winter at the pole) to +35 °C [18, 19]. In mid-latitudes,
temperatures range from -50 °C in winter nights to 0 °C in
summer days [18]. The average atmospheric pressure on the
average radius of Mars is 636 Pa (data from NASA, 2004) [18].
Depending on the season, the pressure varies from 400 to 870 Pa
[18]. Due to the large difference in altitude on Mars, the pressure
at the surface varies greatly. In deep depressions (Hellas plain),
atmospheric pressure is 1.24 kPa [20]. Atmospheric pressure on
the lunar surface is about 10 nPa [21]. The lower layer of the Mars
atmosphere contains carbon dioxide (95.32%), nitrogen (2.7%),
argon (1.6%), other gases and traces of organic compounds [22].
The atmosphere of the Moon is composed mainly of hydrogen,
helium, neon and argon [21].

One of the features of space NPPs operating in space far from
the planet (relatively large gravitational mass) is associated with
the absence of natural circulation of the coolant when the pumps
fail. The high level of natural circulation in land-based reactors
plays an important role (with rare exceptions) in ensuring their
safety. An exception to this pattern is a fast reactor with a heavy
coolant (lead or lead-bismuth alloy). For such reactors (for
example, BREST-OD-300 [23]), a two-circuit energy conversion
scheme is adopted, and water is used as a working fluid (in the
second circuit). In emergency modes with depressurization of the
steam generator tubes, a high level of natural circulation promotes
the entrainment of water vapor bubbles into the core, which leads
to an increase in reactivity and can lead to an accident.

In reactors located on Mars and the Moon, the level of natural
circulation is noticeably lower than in terrestrial reactors. The
reason lies in the lower value of the acceleration g of gravity. If
on the surface of the Earth the average value of g is 9.81 m / s,
then on the surface of Mars g = 3.86 m / s, on the surface of the
Moon g = 1.61 m / s. The flow rate G of the coolant through the
core in the natural circulation mode is determined by the formula

[1]:

G = [HgAy/Ap]""7, )
where H is the height of the natural circulation contour (thrust
section), equal to the difference in heights between the average

levels of the core and the intermediate heat exchanger for
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emergency cooling; Ay is the difference in the density of the
coolant at the inlet and outlet to the core; Ap is hydraulic pressure
loss in the primary circuit.

In fig. 1 shows the qualitative dependence of the coolant flow
rate in the natural circulation mode on the acceleration of the

combined fall, all other things being equal (i.e., at
HAy / Ap = const = B).
. 40
f
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Figure 1: Dependence of the coolant flow rate in the natural circulation
mode on the acceleration of the consolidated fall

Asnoted in [1], "to compensate for the decrease in G, all other
things being equal (in comparison with a ground-based reactor),
it is necessary to increase H and, consequently, the total height of
the NPPt". For reactors located on Mars or the Moon, high values
of the height of the natural circulation loop should be chosen. This
is possible due to the deepening of the reactor into the soil of the
planet. Table 1 shows the characteristic values of H for the lunar
and Martian NPPs in relation to Hy of a terrestrial-based reactor
(according to [1]).

Based on the data in table 1, it can be concluded that for a
space reactor located at a shallow depth under the surface of Mars
or the Moon, acceptable values of the level of natural circulation
are achievable to ensure safety in emergency modes with violation
of forced circulation of the coolant. Circulation pumps can be
eliminated in the design of low-power reactors located on the
surface of planets with relatively high gravity.

Table 1: Characteristic values of the height of the natural circulation contour of
terrestrial, Martian and lunar-based reactors

The planet on which H/Hy Typical values
the reactor is located of H,m
Earth 1 5...10
Mars 2.54 up to 10
Moon 6.09 24...25

2.4. Possible Borrowing of Technologies of Ground-Based New
Generation of Fast Power Reactors

The design of NPPs (installations capable of operating only in
the mode of generating electrical energy) on other planets can be
based on borrowing technologies from new generation of ground-
based power reactors, taking into account the specifics of the
operating conditions of the reactor.

Liquid metal cooled fast reactors (fast reactors or LMFRs)

have a higher core energy density than light water reactors (LWRs)
and have good potential for improving internal security. Currently,
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two directions of high-power, ground-based fast power reactors
are being developed. The first direction (traditional) involves the
use of a liquid sodium coolant. The second direction (innovative)
involves the use of a liquid lead coolant. In 2021, Russia began
construction of a pilot demonstration reactor BREST-OD-300
with a lead coolant and mixed mononitride fuel (UN-PuN) based
on waste uranium and plutonium recovered from spent LWR fuel.
Another advantage of fast reactors is the high value of the average
number of neutrons vy produced during the fission of a heavy
nucleus (Fig. 2). This is due to the relatively high kinetic energy
of neutrons in the fast reactor.

A4
239

3.2f Pu
3.0
2.8
2.6

24

0 1 2 3 E,MeV

Figure 2: Dependence of the average number of neutrons
produced during nuclear fission on the kinetic energy of the
neutron that caused the fission [24]

In space reactors, fuel based on highly enriched uranium
(without plutonium in the launch load) is used. This is due to some
of the properties of plutonium. When using plutonium-239 as the
main fissile nuclide, the following advantages are achieved (in
comparison with the fissile isotopes of uranium 2**U and 2*3U):

e Maximum energy release;
e Maximum value of parameter vy;

e when using mixed fuel (based on 2**U and ?*°Pu), the
reactor can operate for a long time (up to 20 years) in a
self-fueling mode, i.e., the number of fissile nuclides in the
core is constant and practically does not change over time
(the BRC - breeding ratio in the core is approximately
equal to 1).

These advantages are attractive for the use of mixed fuel
(based on 238U and ?*°Pu) in terrestrial power engineering.

There are two significant disadvantages of plutonium fuel.

e A small fraction of § delayed neutrons produced during the
fission of heavy nuclei (during the fission of uranium-235
B = 0.0065, plutonium-239 B = 0.0021 [25]) complicates
reactor control and leads to a potential accident hazard
(reactor is prompt critical) [24];

e Unpredictable behavior of the crystal lattice (when using
metallic plutonium) and a spontaneous change in its shape
during operation of the reactor leads to a noticeable change
in the volume of fuel [26].

These disadvantages impede the use of plutonium-239-based
fuel in transport reactors (space, ship, etc.).

One of the topical and fundamental tasks is the development
of space NPPs, combining the advantages of new generation fast
power reactors and existing or under development space reactors.
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2.5. Tasks solved by a space NPP (based on data [2, 3])

In the near future, space NPPs with an electric power of up to
250 kW are designed to solve the problems of a global
communication system, remote sensing of the Earth,
environmental monitoring, warning of natural disasters, etc .;
comprehensive study of the Earth and solar-terrestrial relations;
detailed studies of planets and their satellites; explore the
possibilities of industrial production in space; the task of cleaning
from space debris; warnings about the approach of dangerous
space objects. In the future, space nuclear power (the electric
power of the reactor is from 5 to 40 MW) is designed to provide
manned flights to the Moon and Mars; sending probes outside the
solar system; delivery to Earth and processing of asteroids;
combating natural disasters.

3. Materials and Methods

In addition to the general requirements for the choice of
materials for space reactors, specific requirements must be taken
into account, taking into account the extreme operating conditions.
Extreme conditions include high temperatures (usually oriented at
3000 K), intense radioactive irradiation (neutron flux density 10
s7! em™2), chemically active media (hydrogen in a nuclear rocket
engine) [27, 28]. Most of the "traditional" materials for ground-
based nuclear technology do not withstand these operating
conditions.

In the manufacture of structural materials, preference is
given to refractory metals (tungsten, molybdenum, chromium)
[29]. Preferred fuels are carbides and nitrides of transition metals,
ceramics [29]. To expand the temperature range of operation of
fuel and structural materials, introduction phases are used [29-31]:
ordered structures that are formed during the interaction of some
metals with carbon, nitrogen, hydrogen and oxygen atoms. The
disadvantage of interstitial phases is brittle fracture at relatively
low temperatures (up to 1000 K) [29-31]. This drawback is
eliminated by a special design technology. Materials must be in a
compressive stress field. Tensile stresses should be minimized [29,
31].

3.1. "Traditional” promising fuel

Uranium dioxide is rightfully considered the most widespread
nuclear fuel. The melting point of UO, is 2750 °C [32]. Such fuel
is characterized by low density and thermal conductivity. Uranium
mononitride melts congruently at 2850 °C if the nitrogen pressure
in the system exceeds 250 kPa [32]. Low nitrogen pressure leads
to the decomposition of UN to form a liquid uranium phase. The
melting point of uranium monocarbide is 2275 °C [32].
Mononitride and monocarbide are characterized by high density
and thermal conductivity. This is attractive for the use of such fuels
in reactors with a high bulk heat density.

A mixture of uranium and zirconium hydride was used as fuel
for the SNAP-10A space reactor. An alloy of uranium with
molybdenum was used as fuel for the "Buk" reactor, a uranium
dioxide was used for the "TOPAZ" reactor.

Fuel materials (introduction phases) are produced by
interaction of heavy metals (Th, U, Pu) with non-metals (oxygen,
carbon and nitrogen). The simplest ceramic compounds are UO>,
UC and UN. The advantages and disadvantages of these fuels are
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well understood. They were studied at the dawn of the
development of fast reactors. In the BOR-60 reactor, fuel based on
UC, UPuC and UNC was studied [33]. The fuel (UPu) C;_ Ny
(where x < 0.8), PuO,-MgO, PuN-CrN, (UZr) N [18, 33], UZrCN
(uranium carbonitride) [34] was studied. It is proposed to use
highly enriched uranium (up to 90% 2*°U) [34]. For a nuclear
rocket engine, high-temperature fuel based on solid solutions of
carbides is considered: UC-ZrC, UC-NbC and ZrC-NbC-UC [35].
The density of ZrC-NbC-UC is relatively low: 7.6 g / cm?3, melting
point 3520 K [35]. The carbonitride fuel UC-ZrC-ZrN is being
investigated [35]. Fuel based on uranium-zirconium carbonitrides
has the highest density among high-temperature fuels.

A space NPP is being developed in the United States. The NPP
was developed on the basis of the "Kilopower" project. Uranium
metal, UMo alloy, or uranium dioxide is considered as fuel [4].
The installation is designed to generate electricity (up to 10 kW)
on the surface of Mars. The service life is 10 years.

So, in Russian space reactor designs, UZrCN carbonitride fuel
is considered the most promising. The multi component
composition opens up possibilities for optimizing the composition
and properties of such a fuel. In the USSR, high-temperature and
high-density carbonitride fuel based on highly enriched (96%) and
low-enriched (less than 20%) uranium was developed for various
types of reactors [36].

Scientists from Belarus, Russia and the United States are
conducting joint computational and experimental studies of 0.9U-
0.1Zr-0.5C-0.5N fuel (with 19.75% enrichment in 2**U) with a
density of 12 ... 12.5 g / cm?® and thermal conductivity

A=11,4Wm 'K!

for the Russian high-flux research reactor SM-3 [36, 37].
3.2. New Promising Fuel

When designing Martian and lunar NPPs (in fact, space nuclear
power plants), borrowing technical solutions suggests that the
cermets fuel previously considered by the author for ground-based
BN and BREST power reactors can be used in space NPPs [1].
This fuel is sintered pellets of mixed mononitride fuel micro grains
(UN-PuN with additives of 2'Np, **' Am, 2**Am long-lived waste)
and uranium metal nanopowder. The composition of UN uses
natural (>*U content about 0.72%) or depleted (>**U content about
0.4%) uranium. PuN uses plutonium recovered from LWR spent
fuel and purified from the 2*Pu isotope. Plutonium isotopic
composition: 0.6 23°Pu - 0.25 ?*°Pu - 0.109 2*'Pu - 0.041%*?Pu. The
Pu / (Pu + U) ratio does not exceed 0.2. The mass content of
radioactive waste (**’Np, >*' Am and ** Am) in fresh fuel is about
5%.The total content of fissile nuclides (33U, 2*°Pu and **'Pu) in
the fuel is about 16%.

The nanopowder occupies the voids between the micro grains
of the ceramic. As a result, the porosity of the fuel is reduced to
5%. "The ratio of the volumes of micro grains of ceramics and
metal nanopowder 20/75 corresponds to a mass ratio of 0.39. This
is the maximum permissible mass content of metallic nanopowder
in the fuel, associated with the limitation of the maximum
permissible temperature" [1]. When using enriched uranium
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nanopowder, the reactor power at fixed dimensions can be
increased by 40%.

The average density of such a fuel is about 16 g / cm?, the
thermal conductivity is about 27.8 W m™' K~!, which significantly
exceeds the corresponding values for mononitride and carbonitride.
This contributes to the safe end of emergency situations, including
those accompanied by a failure of the emergency protection
(ATWS - anticipated transient without scram).

When the fuel temperature rises in emergency modes, melting
of uranium nanopowder is possible. However, it will not go
beyond the fuel element cladding. At the end of the emergency
mode, the nanopowder will again go into the solid phase.

Uranium metal nanopowder acts as a getter of free nitrogen
released from micro grains during reactor operation. Nitrogen
migrates to the fuel element cladding. In the presence of free
nitrogen, the corrosion rate of the inner surface of the shell
increases. Getter binds free nitrogen, helping to minimize the rate
of corrosion of the inner surface of the shell. After a long-term
operation of the reactor, which "survived" emergency situations,
uranium metal gradually loses its functions of an effective getter.
Its functions in ensuring the safety of the reactor (due to its high
thermal conductivity and density) are preserved.

Optimization of fuel properties is possible by changing the
ratio of micro grains of mononitride and uranium nanopowder, as
well as by changing the enrichment of uranium nanopowder.

From the point of view of ensuring safety in emergency
situations (including the most dangerous of them - ATWYS), it is
sufficient to ensure the mass content of uranium nanopowder in the
fuel at the level of 15 ... 20%. From the point of view of
maximizing the reactor power, it is advisable to increase the
nanopowder content to the limiting value (39%). This value
corresponds to the filling of the pores between the micro grains of
the ceramic. When melting a nanopowder in emergency situations,
liquid droplets should not completely surround the ceramic micro
grains.

Particular attention is paid to solving the problem of non-
proliferation of materials that can be used in the creation of
weapons of mass destruction. As noted, when using a mixed
mononitride fuel, a self-fueling regime is achieved, i.e., the
breeding ratio in the core is approximately equal to 1. On the one
hand, at all stages of the fuel cycle, the need to separate isotopes
of heavy nuclei is completely eliminated. The burnout of the fissile
isotopes of uranium (a small amount of 2*U) and plutonium (**Pu,
241Py) is compensated by the production of 2**Pu from 2*¥U. On the
other hand, NPP fuel contains material for direct use. This is
attractive to the terrorist kidnappers. But terrorists are unlikely to
be able to reach the Moon or Mars. If they can, then these will only
mean that they are representatives of states with high technologies
and (most likely) possessing nuclear weapons. If necessary, they
will be able to produce the required amount of materials for direct
use on Earth. It is extremely difficult to steal irradiated fuel
characterized by a high background radiation, especially in space.

3.3. Traditional Coolants

The eutectic alloy NaK was used as a coolant for the first space
reactors SNAP-10A, "Buk" and "TOPAZ".
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In fast space reactors of the second generation, it was proposed
to use the eutectic alloy NaK (electric power 70 ... 150 kW) and
lithium (two reactors with electric power 80 ... 150 and 160 ... 400
kW) as a coolant [38]. The eutectic NaK and "Li (not used in space)
can be considered traditional coolants for space reactors with
liquid metal cooling [39].

Alkali metals are characterized by the highest chemical
activity. The activity towards oxygen increases from lithium to
cesium. In the series of alkali metals from lithium to cesium (Li,
Na, K, Rb, and Cs), the melting point decreases from Li to Cs, the
chemical activity increases, and the hardness weakens. Of all
alkali metals, only lithium interacts with water without exploding
and has the highest melting point. There is practically no oxygen
in the lunar and Martian atmosphere. Carbon dioxide (the main
constituent of the Mars atmosphere [22]) oxidizes all alkali metals.

Table 2 shows the melting and boiling points of some liquid
metal coolants with a relatively low fast neutron absorption cross
section (according to [40—42]).

Table 2: Operating temperatures of some liquid metal coolants

Coolant Melting Boiling
point, °C point, °C

Lithium 180.54 1339.85
Sodium 97.86 883.15
Potassium 63.7 758.85
Mercury -36 357
Bismuth 271 1490
Lead 3274 1740
77,2 % K -22,8 % Na —12.6 785
55,5 % Bi - 44,4 % Pb 123.5 1670

A NaK alloys are chemically active, low-melting, and
flammable in air. With a mass fraction of potassium of 40 ... 90%,
the alloy remains liquid under normal conditions [41]. An alloy of
56% K and 44% Na is also a eutectic.

3.4. Alternative Coolants. Sodium, Potassium and Cesium Alloys

Is there an alternative to lithium-7 and NaK alloy used for
cooling the core of space NPPs?

In the reactors of nuclear submarines, a coolant based on a
eutectic alloy of blue bream with bismuth was used [43]. (Eutectic
is a liquid solution that crystallizes at the lowest temperature for
the alloys of this system.) The first such reactor (BM-40A) of the
nuclear submarine "Lira" was lighter than traditional reactors of
the LWR type by 300 tons at the same power (155 MW) [43]. An
eutectic alloy of lead and bismuth provides a high level of inherent
safety in relation to accidents [44]. The operating temperature
range of such a coolant is wide: from 123.5 °C to 1670 °C [40,
41]. The technology of using such an alloy as a coolant for a
nuclear reactor has been developed [43]. The PbBi eutectic alloy
cooled reactor is intrinsically safe. In such a reactor, severe
accidents can be excluded. The use of the PbBi coolant will
require the reliable operation of the heating system of the idle
reactor circuit.

Gallium has a maximum operating temperature range. The
freezing point is 30 °C; the boiling point is 2230 °C [42]. Gallium
is classified as a rare element. It is highly dispersed in the earth's
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crust (on average, its mass content in the earth's crust is about 19
ppm) [42]. Gallium is extracted from zinc and aluminum ores.
Gallium is attractive as a high-temperature heat carrier. But
gallium is a very expensive coolant. In addition, gallium is highly
corrosive to traditional structural materials for fast reactors (AISI
316 SS, Russian stainless steel "12X18H9") [44]. Gallium has
never been used as a coolant in nuclear reactors [44]. Gallium is
characterized by a relatively high fast neutron absorption cross
section. When using mononitride fuel or cermets based on micro
grains of mononitride and uranium metal nanopowder, it is
possible to ensure a good balance of neutrons in the reactor core.
The fuel self-sufficiency mode is easily achievable, i.c., the fuel
breeding ratio in the core is slightly more than 1. However, the
void reactivity effect is positive (when bubbles are drawn into the
central part of the core) even in low-power reactors (electric
power of 150 MW and more).

Among alkali metals, NaKCs alloys with different
concentrations of components are attracted. Sodium, potassium
and cesium are highly reactive. The NaKCs alloy forms a eutectic
with a sodium content of 12% (at.), Potassium 47%, and cesium
41%. The properties of such an alloy are well studied [44-46].
The melting temperature of such an alloy ("Soviet alloy") is
minimal for all metals and is —78 °C [47]. This eliminates the need
for heating the coolant in the idle reactor. It is possible to exclude
freezing of the coolant in emergency modes such as OVC WS
(overcooling accident without scram). Alloy NaKCs with a
certain content of components are characterized by a much lower
chemical activity than their individual components. It was found
experimentally that NaKCs alloys with a certain content of
components "are capable of A NaK alloys are chemically active,
low-melting, and flammable in air. With a mass fraction of
potassium of 40 ... 90%, the alloy remains liquid under normal
conditions [41]. An alloy of 56% K and 44% Na is also a eutectic.

"NaKCs alloys with a certain content of components are
capable of oxidizing in air at 300-1000 K without intensive release
of aerosols and a noticeable increase in temperature" [48].
Eutectic alloy NaKCs does not ignite in the temperature range
293 ... 973 K [45]. Thus, by changing the concentration of Na, K
and Cs in the alloy, it is possible to control the properties of this
alloy. The manufacturing technology of NaKCs alloys is
presented in [45].

The melting point, density, electrical conductivity, electric
potential, reactivity, plasticity, and flammability of the NaKCs
alloy depend on the concentration of the components [45]. These
differences are a consequence of differences in the interactions
between the components of the alloy during its formation [45]. In
addition to the eutectic, alloys 20% (at.) Na - 30% K - 50% Cs
and 40% (at.) Na - 30% K - 30% Cs have been well studied.
Melting point of 20% Na - 30% K - 50% Cs alloy is equal minus
37.90 °C [45]. Melting point of 40% (at.) Na - 30% K - 30% Cs
alloy is equal 0.00 °C [45].

Ignition of liquid metal occurs due to a sharp violation of
thermal equilibrium. This leads to a self-accelerating temperature
rise [45]. The ability of a metal to ignite is largely determined by
the characteristics of the oxide film formed on the surface [45].

When analyzing three-component systems (liquid alloys),
appropriately delineated triangles are used (they are called Gibbs-
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Rosebohm triangles or Rosebohm triangles). On such a triangle
for the NaKCs alloy, it is possible to distinguish the concentration
range corresponding to the non-flammability of the alloy [48].
The boundary of the region is determined by the equation of an
ellipse with the ratio of the semi axes 2.4 m center at the point
corresponding to an alloy close to eutectic [48].

The center of the ellipse is determined by the content of
sodium 12% (at.), potassium 44%, cesium 44% (or the mass
content of 3.52% Na - 21.88% K - 74.60% Cs) [48]. The
boundaries of the non-flammable range (% at.): 2 ... 24 Na- 19 ...
69K-19...69Csor (% wt.)0.5...7.8 Na-7.6...43.7K -46.5 ...
89.2 Cs [48]. The region of non-flammability is determined by the
inequality [48]:

(6Cna—1)?—8CkCes + 1 <0, )

where Cna, Cx and Ccs are the atomic concentrations of sodium,
potassium and cesium, respectively.

Sodium and potassium are considered the most common in the
earth's crust (the mass content of sodium in the earth's crust is
2.3%; potassium is 2.1% [49]). Cesium is a rare element (the mass
content in the earth's crustis 3 - 10 % [42]). The volume of world
production of cesium is small: 20 tons / year [49]. Increase in
cesium production is possible. It can be extracted from spent
nuclear fuel (~ 10 t/ year).

In [50], with reference to [51], the total yield of relatively
long-lived cesium isotopes during the fission of uranium and
plutonium nuclei is given (Table 3). This yield is quite large: from
6.2 to 7.5%.

Table 3: Half-life and total (cumulative) yield of some isotopes of cesium during
fission of heavy nuclei

Cesium isotope

Parameter EXTeN 1350 370s
Half-life, years Stable 2.3-10° | 30.0
The yield upon fission of
235U nuclei by a thermal
neutron, % 6.6149 | 6.5803 6.2444
The yield upon fission of
235U nuclei by a fast
neutron, % 6.6100 | 6.3696 5.9962
The yield upon fission of
2Py nuclei by a thermal
neutron, % 6.9034 | 7.2411 6.5090
The yield upon fission of
239%Pu nuclei by a fast
neutron, % 7.0466 | 7.5384 6.3534

The distribution of the yield w of fission fragments over the
mass numbers A4 is determined by the presence of about magic,
magic, and doubly magic nuclei. According to the shell structure
(model) of the atomic nucleus, asymmetric fission is a
consequence of the predominant formation of fission fragments
with filled neutron and proton shells.

The w (4) curve corresponding to the fission of uranium or
plutonium contains two maxima. This reflects the well-known
fact that fission into two fragments with a mass ratio of 1.6 is most
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likely. The first maximum corresponds to the values 4 = =90 ...
100, the second corresponds to the values 4 = 130 ... 140 (Fig. 3).
The yield of cesium isotopes illustrates the second (right)
maximum.

w, %

0 25 50 75 100 125 150

Figure 3: Distribution of the yield of fission fragments of uranium >**U by
atomic masses 4 [24]: O - fission of nuclei by neutrons with an energy of
14.06 MeV; e - fission of nuclei by neutrons with an energy of 0.0253 eV

Cesium is strongly activated in the core of a nuclear reactor
[40, 44]). This is a serious problem that prevents the use of such
alloys as coolants for ground-based power reactors. The use of
cesium as a component of the NaKCs alloy, if it can be justified,
is only by the non-flammability of such a coolant. However, the
specific operating conditions of the reactor on the surface of Mars
or the Moon (extremely low population density - the personnel of
the alien station) make it possible to use radioactive waste from
terrestrial nuclear power engineering as reactor materials (fuel and
coolant).

Due to the wide range of operating temperatures at an
extremely low freezing point and a relatively high boiling point
(721 °C [47]), the coolant based on the NaKCs eutectic is of great
interest for space reactors. You can eliminate the need for heating
the coolant in the idle reactor. Freezing of the coolant in OVC WS
is excluded.

The use of such a coolant will make it possible to exclude the
combustion of the coolant (as a result of which the void reactivity
effect is realized), and the boiling problem can be solved due to
the optimal choice of the reactor layout parameters. For medium
to high power LMFRs, there is a problem with the positive void
reactivity effect. However, in low-power reactors, this effect is
negative. It can be expected that the use of such a coolant will
make it possible to create a safe space reactor.

3.5. The Research Methods

The author uses calculation and optimization methods and
codes to substantiate the possibility of creating a space reactor for
an alien NPP. The author's codes [1] and well-known codes [52,
53] are used:

e FRISS-2D for simulation of emergency modes (including
ATWS) [1];

e Multiple modernized calculation and optimization code
Dragon-M [1];
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e MCU code for precision neutron-physical calculation [52];

e WIMS code for neutron-physical calculation of a fuel
element cell [53].

The FRISS-2D mathematical model is based on the solution
of the following equations:

e Systems of equations of point neutron kinetics with a six-
group description of delayed neutrons (for the relationship
between power and reactivity);

e Non-stationary heat conduction equation, which is the heat
balance equation, and the coolant energy equation (to
determine the relationship between the reactor power and
changes in the fuel and coolant temperatures);

e balance equation of reactivity (linking temperature changes
with reactivity).

One of the versions of the FRISS-2D code can work as part of
the Dragon-M computational and optimization code.

Dragon-M code is intended for solving mathematical
programming problems in a deterministic setting and under
conditions of uncertainty in the initial data. To solve optimization
problems, the method of sequential linearization is used [54]. The
code allows you to solve problems with a given criterion of
optimality. The restrictions for the functionals characterizing the
economic efficiency of the NPP, reliability and safety are
considered. The emergency modes of the ATWS type of reactor
operation are taken into account. Comprehensive optimization is
carried out: the code contains modules for neutron-physical
calculation (in the multi-group diffusion approximation),
calculation of changes in the nuclide composition of fuel, thermal-
hydraulic calculation, strength calculation, and assessment of the
economic characteristics of NPPs. A homogeneous cylindrical
reactor consisting of radial and axial zones differing in
composition is considered. The control parameters include the
geometric characteristics of the fuel element array, the fuel
composition, the coolant flow rate, the dimensions of the reactor
zones, etc.

The MCU code allows obtaining the solution of the stationary
gas-kinetic equation of neutron transport (Boltzmann equation) by
the Monte Carlo method.

In the calculations using the WIMS code (WIMS-D5B), the
S4-approximation of the discrete ordinate method was chosen to
solve the integral neutron transport equation (Peierls equation).

The author has developed the FRISS-2D, Dracon-M codes and
anumber of auxiliary codes. The author for the first time included
in the optimization problem the constraints for functionals that
simulate the safe termination of emergency processes (including
ATWS). Limitations are considered for extreme temperatures of
fuel, coolant, fuel-element cladding, power, pressure in the cavity
for collecting gaseous fission products, etc.

As an optimality criterion, it is customary to consider the
functional characterizing the economic efficiency of a NPP. The
rest of the functionals can be taken into account among the
limitations of the mathematical programming problem. However,
when safety functionals are taken into account, the area of safe
layouts in the space of control parameters is sometimes so small
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that the choice of the economic criterion of optimality does not
matter. The criterion related to the safety of the reactor can be
selected as the target functional (for example, the void reactivity
effect). The control vector includes the characteristics of the core.

The FRISS-2D and Dracon-M codes assume that the reactor
consists of several radial and axial zones of homogenized
composition. The Dracon-M code has no analogues yet.

With the help of the developed software, the author for the
first time obtained the results of optimizing the safe layouts of
ground-based and alien-based LMFRs, taking into account safe
operation. In such reactors, severe accidents can be ruled out.

The software developed by the author allows solving
computational and optimization problems in conditions of
uncertainty, including the uncertainty of emergency scenarios.
This is important at the initial stages of nuclear reactor design
(when its characteristics are not finally determined).

4. Results
4.1. Initial Provisions

The relatively low chemical activity of the NaKCs alloy in
comparison with its components makes it possible to consider a
two-circuit energy conversion scheme. The first circuit is filled
with liquid NaKCs alloy, the second - with water. The transition
to a two-circuit scheme will greatly simplify the design and reduce
the cost of NPPs.

The most dangerous are emergency modes, accompanied by
the failure of emergency protection (ATWS). As you know, all
emergency modes of LMFR operation can be triggered by the
following events.

e Draining the core or part of it (including entrainment of
bubbles into the core) - modes of the LOCA WS (loss of
coolant without scram) type;

e Input of limited value of positive reactivity - modes of TOP
WS (transient overpower without scram) type;

e Violation of the forced circulation of the coolant in the
primary circuit - modes of the LOF WS (loss of flow without
scram) type;

e Violation of heat sinks from the first circuit to the second -
modes of the LOHS WS type (loss of heat sink without
scram);

e Overcooling of the primary coolant - modes of the OVC WS
type.

The most dangerous are the combinations of these modes.

It is assumed that the reactor of the Martian NPP has an
electrical capacity of 600 MW. (This is an abnormally high power
for such a NPP.)

The traditional layout of the core is considered. It is assumed
that there are two zones of profiling along the radius of the reactor.
The initial loading of the reactor assumes the presence of enriched
uranium and does not contain plutonium isotopes. Plutonium
builds up as the reactor runs.
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Both zones contain uranium mononitride fuel of different
enrichment (11 and 15% for the central and peripheral zones,
respectively) with the addition of long-lived transuranic elements
(5% by weight *'Np, 2!Am and 2**Am). A nanopowder of
metallic uranium (39% by weight) with an enrichment of 16% in
235U is placed in the fuel pellet between the micro grains of the
mononitride.

In order to increase the flow rate of the coolant in the natural
circulation mode (when the main circulation pumps are de-
energized), it is necessary to increase the effective height of the
natural circulation circuit in comparison with ground-based NPPs.
To ensure the required level of natural circulation up to 14 ... 15%
(which is required for the trouble-free completion of the LOF WS
mode), it is necessary that the height difference between the
averages levels of the core and the emergency cool-down heat
exchanger be 23 ... 25 m. This can be easily achieved when the
reactor is buried under soil of the planet.

Ground-based fast reactors, cooled with sodium or NaK alloy,
operate and operated at a pressure in the core close to the Earth's
atmospheric pressure (0.1 MPa). The average atmospheric
pressure at the surface of Mars is about 636 Pa [18], i.e., almost
160 times less than at the surface of the Earth. The boiling point
of the coolant decreases with decreasing operating pressure. For
this reason, it is necessary to provide pressure in the core at the
level of the earth's atmosphere, i.c., 0.1 MPa. The result is a new
type of reactor called the LMFR under pressure (PLMFR).

Reactors of the LMFR type with increased pressure in the core
are being developed in Russia. An example is the lead-cooled
BREST-OD-300 reactor under construction [23]. Under a thick
and heavy layer of lead, the pressure in the core is about 1 MPa or
10 atm. This does not preclude the safety of the reactor.

4.2. Optimal Layout of the Martian Reactor

The calculations were performed using the Dragon-M code,
which includes the FRISS-2D modules. The void reactivity effect
was chosen as an optimality criterion. When the entire reactor is
drained, it is negative. The WIMS code is used to calculate some
of the coefficients of reactivity. The MCU code is used to refine
the meaning of the void reactivity effect. (The diffusion
approximation used in the Dragon-M code can lead to large errors
in estimating this effect.)

It is assumed that the reactor core operates in a self-fueling
mode. The breeding ratio in the core is slightly more than 1 (which
is necessary to compensate for the production of "slag").

Several layouts of the Martian reactor core were obtained.
Two types of fuels based on cermets were considered. The first is
a mixture of micro grains MN and nanopowder U, the second is a
mixture of micro grains MOX and nanopowder U. The
nanopowder fills the pores between micro grains of the ceramic.
In both cases, the condition BRC = 1 is satisfied. This limitation
takes into account the minimum reactivity margin for fuel burnup.

The void reactivity effect was considered as an optimality
criterion, realized when draining the reactor.

The core contains two radial zones surrounded by a reflector.
The zones differ in the value of the fuel enrichment. The initial
charge is formed from enriched uranium and does not contain
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plutonium. The fuel rods are located at the nodes of the triangular
lattice. Perforated covers for fuel assemblies are used.

The reflector consists of two zones, assembled from
assemblies containing steel tubes with long-lived radioactive
waste ("*C, PTc). The assemblies are washed with a coolant. The
first rows of assemblies (closest to the core) contain *Tc, while
the far rows contain a mixture of '*C and *Tc powders. Carbon-
14 slows down neutrons, which contributes to the creation of
favorable conditions for the transmutation of '*C and **Tc. In
addition, the presence of such nuclides in the reflector allows the
thickness of the reflector to be reduced. The end reflectors are
technetium-99 tablets. The height of the upper and lower
reflectors is 20 cm each. The lower reflector may be absent.

Two optimal versions (A and B) of the MN-U-fuel core have
been proposed.

Option A corresponds to the highest inlet temperature value.
The total radius of the core and side shield is limited to 2.6 m. The
thicknesses of the side and end reflectors are specified and did not
change during the optimization process.

For both variants the diameter of the fuel pellet is 5 mm. The
fuel rods are located at the nodes of the triangular lattice.

The grating spacing is 5.75 and 6.2 mm for two zones,
respectively (Option A). The height of the fuel column is 1 m. The
outer radius of the core is 2.15 m. The temperature at the entrance
to the core is 198 °C. Fuel enrichment with respect to *>°U is 10.9
and 14.5% for the central and peripheral zones, respectively. The
radius of the core is 129 cm. The radial dimensions of the two
zones (with fuel of different enrichment) are 86.7 and 42.3 cm,
respectively. When the reactor is operating at rated power, the
maximum fuel temperature does not exceed 641 °C, the coolant
temperature does not exceed 516 °C, and the fuel element cladding
does not exceed 524 °C. The presence of long-lived radioactive
cesium-135 in the coolant (decaying into stable barium-135) and
short-lived cesium-137 (decaying into metastable barium-135 and
with the subsequent emission of y-quanta) require taking into
account the possibility of contamination of the coolant with
barium. The melting point of barium is 727 °C. There is no data
on the formation of intermetallic compounds in the Ba-Na, Ba-K,
Ba-Cs systems.

Thus, the presence of barium in the coolant can cause
increased erosion of structural materials (in particular, fuel-
element cladding). This is a payment for the use of "free"
radioactive cesium-137 as part of the coolant. For this reason, the
speed of the coolant in the core should be limited. In the
considered options A and B, the average speed of the coolant does
not exceed 3.2 and 3.5 m /s, respectively. (In sodium reactors, the
average speed does not exceed 5 m/s.)

There are three ways to solve the problem:

e limiting the speed of the coolant in comparison with a
sodium reactor;

e refusal to use cesium-137 as part of the coolant;

e use of cladding of fuel elements with tungsten sputtering
(the technology is based on low-temperature plasma
spraying of tungsten powder).
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Options A and B are taught using the first path. In the options
under consideration, the average speed of the coolant does not
exceed 3.2 and 3.5 m / s, respectively. (In sodium reactors, the
average speed does not exceed S m/s.)

Option B was obtained with the same lattice of fuel elements
in two radial zones. This is a less compact core. The fuel element
lattice spacing is 6.3 mm. Fuel enrichment in 235U in zones is 9.9
and 13.5%. The radius of the core is 144.5 cm. The radial
dimensions of the two zones (with fuel of different enrichment)
are 111.0 and 33.5 cm, respectively. The height of the fuel column
is 0.92 m. The temperature at the inlet to the core is 198 °C. When
the reactor is operating at rated power, the maximum fuel
temperature does not exceed 684 °C, the coolant temperature does
not exceed 502 °C, and the fuel cladding does not exceed 527 °C.

4.3. On the role of Doppler void and density coefficients and
reactivity effects in ATWS

Doppler broadening of resonances in the energy dependence
of the neutron-matter interaction cross sections plays an important
role in ensuring the self-protection of reactors. This broadening is
characterized by the Doppler effect and the coefficient of
reactivity. If resonances are present in the energy dependence of
the cross sections, then with increasing temperature they broaden
(the width increases and the amplitude decreases). With a
significant increase in temperature, narrow isolated resonances
can overlap. If the kinetic energy of a neutron after collision
(scattering) with a nucleus becomes comparable to the energy of
some resonance, a nuclear reaction, in the energy dependence of
which this resonance is present, is realized with a high probability
(a neutron is captured by a nucleus, a compound nucleus is formed,
decaying along some channel). If the kinetic energy of the neutron
corresponds to the energy between resonances, where the cross
section is close to zero, the neutron continues to slow down until its
energy coincides with the energy of another resonance (up to the
width of the level) and the neutron enters into a nuclear reaction.

If a neutron is captured by the uranium-238 nucleus, then one
neutron decreases in the reactor. If a neutron is captured by a
uranium-235 nucleus, then the fission of this nucleus with the
production of new vy (as a rule, v/> 1) neutrons is possible, and the
number of neutrons in the system increases. (In the resonance
region, 28U nuclei practically do not fission.) Thus, broadening of
resonances in the energy dependence of the cross sections for 28U
leads to a decrease in the number of neutrons in the system, i.e., to
a decrease in the effective neutron multiplication factor and
reactivity. Broadening of resonances in the energy dependence of the
fission cross section for fissile fuel nuclei (*°U, 2*°Pu, etc.) promotes
an increase in the number of fissions and, consequently, the number
of neutrons, and hence, an increase in the effective neutron
multiplication factor and reactivity. The first case corresponds to a
negative Doppler reactivity effect, the second to a positive one. Thus,
the sign and significance of the Doppler reactivity effect are mainly
determined by the nuclei on which the broadening of resonances
predominates.

If the reactor uses fuel with a relatively low enrichment in the
fissile nuclide, then with an increase in the fuel temperature, the
effect of broadening of resonances on the raw material nuclides
(*%U, etc.) dominates. This effect is negative. It has a beneficial
effect on the safety of the reactor. In reactors with high enrichment
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(some research, transport), the dominant effect is associated with
the broadening of resonances on the dependence of the fission cross
section for fissile nuclides, which leads to an increase in the number
of neutrons and a positive Doppler reactivity effect. For this reason,
itis proposed to use fuel with a relatively low enrichment for LMFR
(about 16%) in our space reactor.

It should be noted that in LMFRs, the negative Doppler
reactivity effect can compensate for the positive void reactivity
effect, since when the core is drained, the heat removal from the
fuel elements deteriorates and the fuel temperature increases.
Depending on the design of the LMFR and the type of emergency,
the role of the Doppler coefficient of reactivity is different. The
generally desirable negative Doppler coefficient of reactivity can
in some cases exacerbate an accident. This remark applies
primarily to LMFRs with medium to high power oxide fuels. This
is well known. In such reactors, an increase in the absolute value
of the negative Doppler coefficient leads to a favorable
termination of emergencies caused by an unauthorized increase in
the reactor power (for example, due to the introduction of limited
positive reactivity or overcooling of the coolant), and the
aggravation of emergency processes initiated by a decrease in the
coolant flow rate (for example, as a result of blackout main
circulation pumps).

It is known that the negative Doppler coefficient of reactivity
helps to minimize the deviation of power and maximum fuel
temperature from the nominal values. Fig. 4 illustrates the role of
the Doppler coefficient of reactivity with decreasing and increasing
maximum power W and maximum fuel temperature 75 (These
parameters are considered among the functionals of the
optimization problem.) The dashed line corresponds to the values
of these functionals in the nominal operating mode of the reactor.
The arrows indicate the trend in the change in the functionals (AW
or ATy with an increase in modulus of the negative Doppler
coefficient of reactivity. It can be seen that the negative Doppler
coefficient of reactivity, which is large in absolute value, plays a
favorable role. For this reason, a negative Doppler factor
contributes to the safe termination of the TOP WS emergency
mode (initiated by injection of limited positive reactivity).
Moreover, the higher this coefficient in absolute value, the smaller
the deviation of the temperature and power of the reactor in
emergency mode.

The nature of the change in the maximum fuel temperature
over time during the LOF WS process depends on the type of fuel
used (the relative amount of light and heavy atoms). As a
consequence, the nature of the change in the maximum fuel
temperature depends on the temperature difference between the
fuel and the coolant in the nominal mode (before the start of the
emergency). If this difference is large (for example, when using
oxide fuel), the following scenario is realized. As the flow rate
decreases, the coolant temperature rises and the temperature
difference between the fuel and the coolant decreases.
Consequently, the heat flux from the fuel to the coolant decreases.
Under the influence of negative feedback on reactivity due to the
thermal expansion of the core, the thermal power of the reactor
decreases. The power decreases with time faster than the heat flux
from the fuel to the coolant, i.c. more heat is removed from the
fuel than is generated in it. As a result, the maximum fuel
temperature decreases over time, which leads to a positive
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contribution to reactivity from the Doppler reactivity effect. To
neutralize the latter, a higher temperature of the coolant and
structural materials of the core is required. A negative Doppler
coefficient of reactivity always prevents the power from deviating
from the nominal value (in this case, it prevents it from decreasing)
and leads to a stronger heating of the coolant. Thus, in order to
increase the self-protection of a fast reactor with oxide fuel from
accidents of the LOF WS type, it is necessary to decrease the
negative Doppler coefficient of reactivity in absolute value. This
fact was known at the dawn of the development of LMFR
technologies and was described by many authors. However, the
ATWS modes were not considered.

Wor Tr _
AW (ATY)
time
(@)
Wor Ty
AW (ATy)
time
®»

Figure 4: Influence of the Doppler coefficient of reactivity with
decreasing (@) and increasing (b) functional W or T

When using metallic fuel, the temperature difference between
the fuel and the coolant in the nominal mode is small and the
temperatures of the fuel and the coolant in the LOF WS process
increase. In this case, negative Doppler reactivity coefficient and
the effect of thermal expansion of the core prevent an increase in
temperatures, and in order to increase self-protection from
accidents, it is necessary to increase the negative Doppler
coefficient in absolute value, i.e., the Doppler reactivity effect
plays a favorable role. This is also known.

In reactors with nitride or carbide fuel, one of these scenarios
can be realized or an intermediate case, when the fuel temperature
increases, reaches a maximum, and then decreases to a value below
the nominal value. Different scenarios of changing the maximum
fuel temperature can be realized in different grading zones.

When using the fuel considered in this work (UN-PuN-U or
UN-U) with a relatively high density and thermal conductivity, the
role of the Doppler reactivity coefficient in the emergency modes
LOF WS and TOP WS is the same. An increase in the absolute
value of the negative Doppler coefficient of reactivity contributes
to an increase in the self-protection of the reactor from such
accidents.

The results of the analysis of the Doppler, void and density
coefficients and reactivity effects are presented in [1]. In fig. 5
shows the dependence of the Doppler reactivity effect on the
deviation of the fuel temperature from the nominal. Fig. 6
illustrates the dependence of the spectral component of the density
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effect on the density of the coolant. Zero density in Fig. 6
corresponds to the void reactivity effect.

Dependence [ in Fig. 5 and 6 correspond to traditional mixed
mononitride fuel (porosity 25%). Dependences 2, 3 and 4
correspond to fuel (5% porosity) based on a mixture of micro
grains UN-PuN and metallic uranium nanopowder (dependence 2
corresponds to waste uranium in the composition of a nanopowder;
3 - enriched to 20% in 2*°U; 4 - enriched to 80% in 2*°U ).
Obviously, the point of intersection of all straight lines
corresponds to the reactor operating mode at rated power.

4.4. ATWS Analysis

The LOF WS emergency mode is initiated by de-energizing
all main circulation pumps. For variant A, with a pump run-on
time of 30 s, the maximum temperature of the heating medium
reaches 694 °C, which corresponds to a 27-degree boiling margin.
For variant B it is 6 °C higher than the boiling point. With an
increase in the run-on time of the pumps to 40 s, the maximum
temperature of the heat carrier is 709 °C. In the steady-state mode
of natural circulation, the maximum temperature of the heat
carrier decreases by 68 and 58 °C for options A and B,
respectively. The maximum fuel temperature in the LOF WS
transition mode (with a pump run-on time of 30 s) reaches 714
and 762 °C for options A and B, respectively. The reactor power
is reduced in LOF WS mode.

DRE. 10° Ak/k

T 1
-100  -50 0 50 100
Change of fuel temperature, K

Figure 5: Dependence of the Doppler reactivity effect (DRE) on the
deviation of the fuel temperature from the nominal [1]
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Figure 6: Dependence of the spectral component of the density and void
reactivity effects on the density of the coolant [1]

The TOP WS emergency mode is initiated by the input of
reactivity 0.9 B (where B is the effective fraction of delayed
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neutrons) for 10 s according to the linear law. This corresponds to
the erroneous (unauthorized) removal from the core of both
absorbing rods - reactivity compensators. The maximum fuel
temperature increases in the transient mode to 777 and 789 °C for
options A and B, respectively. The maximum coolant temperature
is 577 and 562 °C for options A and B, respectively. The steady
state power (under the action of reactivity feedbacks) is
approximately 24% higher than the nominal power.

In OVC WS mode, the heating medium temperature decreases
over time. A significant temperature margin is maintained until
the coolant freezes. When the main circulation pumps are
converted to increased performance (with an increase in flow rate
by 20%), the maximum fuel temperature reaches 733 and 767 °C
for options A and B, respectively. The power increases by 58 and
24% (respectively) of the nominal. This is a hypothetical
emergency that practically cannot be realized. When a “cold”
backup loop is connected (if it is provided), the maximum fuel
temperature is 746 and 787 °C for options A and B, respectively.

LOHS WS emergency mode is initiated by de-energization (or
failure) of all secondary circulation pumps. Even if a coolant with
a temperature equal to the outlet temperature is supplied to the
entrance to the core, the emergency mode is not dangerous. Fuel
temperature decreases over time. In the LOHS WS emergency
mode, the maximum temperature of the coolant is 535 °C. The
maximum fuel temperature decreases over time.

When the LOF WS and OVC WS, LOHS WS and OVC WS
modes are superimposed, their mutual neutralization is observed.
The most dangerous is the overlap of the LOF WS, LOHS WS
and TOP WS modes and the non-simultaneous overlap of LOF
WS, TOP WS and OVC WS processes (with OVC lag). In this
case, boiling of the coolant is possible.

Optimal configurations of the reactor with fuel based on oxide
micro grains and uranium nanopowder have been obtained. The
problem statement (optimality criterion, control parameters,
constraints) is the same. The same scenarios for the development
of emergency modes are postulated. It is a more heat-resistant fuel.
Let us consider one of such layouts with the most compact core.
Fuel enrichment in two zones is 12.5 and 19.8%, respectively. The
diameter of the fuel pellet in both zones is the same and equal to
5.21 mm. The spacing of the fuel element lattice in the zones is
5.84 and 6.40 mm, respectively. The radial dimensions of the
zones are 86.7 and 42.3 cm, respectively. The radius of the core
is 129 cm. The height of the core is 1 m. The temperature of the
coolant at the entrance to the core is 198 °C. The maximum
temperatures of fuel, coolants and fuel element cladding in the
nominal mode do not exceed 938, 523 and 527 °C, respectively.
The void effect of reactivity is positive and dangerous. In the most
dangerous combination of emergency modes, the coolant boils.
The behavior of the reactor in ATWS is similar to that of using
MN fuel without uranium nanopowder.

Thus, MN-U fuels are of the greatest safety interest.
4.5. Optimization of the Composition of the NaKCs Alloy

Multi component alloys of liquid metals have the greatest
potential for regulating the properties of the LMFR coolant. If the
problem of optimizing the ratio of the concentrations of the
components of a binary alloy (for example, NaK used in space
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reactors) from the point of view of one or another quality criterion
is quite trivial, then when switching to coolants based on three-
component systems (for example, NaKCs), the solution of such a
problem is laborious and can be associated with serious problems.

The complexity of solving such problems increases many
times, if individual components of the alloy are capable of
forming a eutectic, and if, at certain ratios of the concentrations of
the constituent elements, a qualitative change in the chemical
properties of the alloy is possible. First of all, these remarks refer
to three-component alloys of alkali metals based on sodium,
potassium and cesium, which, like individual components,
including those forming binary eutectic alloys, can be considered
as potential coolants for space reactors. Among the components
of the NaKCs alloy, the eutectic is formed by the binary alloys
NakK, NaCs, KCs [45, 55]. The melting point of the eutectic 21%
(at.) Na - 79% Cs is equal to minus 31.70 °C; the melting
temperature of the eutectic 30% (at.) Na - 70% Cs is equal to
minus 7.85 °C [45]. The melting point of the eutectic 50% (at.) K
- 50% Cs is equal to minus 37.90 °C [45].

Optimization of the composition of the NaKCs alloy in terms
of minimizing the cost of the coolant, increasing the internal self-
protection against accidents LOHS WS, OVC WS and LOCA WS
is of a conflict nature.

An increase in the concentration of cesium in the alloy is
hindered by its high activability in the reactor core and its high
cost. The problem is not relevant when using radioactive waste in
the coolant of an alien reactor. An increase in the concentration of
cesium in the NaKCs alloy leads to a decrease in the void reactivity
effect (hence, to an increase in self-protection against a LOCA
WS accident) and a deterioration in the self-protection against
accidents of LOF WS and LOHS WS. Heavier elements (in
comparison with sodium) slow down neutrons worse due to
elastic scattering. The deceleration due to inelastic scattering is
characterized by a high energy threshold. As a result, when the
coolant is lost, the neutron spectrum in the reactor does not change
significantly. As a result, the void reactivity effect is relatively
small, and the danger of a LOCA WS emergency is less. The
boiling points of the NaKCs alloy are lower than that of pure
sodium, potassium (but higher than that of cesium).

The content of sodium and potassium in the alloy is higher
than the content of cesium. As a result, the danger of accidents
LOF WS and LOHS WS is higher. At the same time, the freezing
point of the NaKCs eutectic is so low that this advantage can only
be used in space. (For a Martian NPP buried in the ground, it is
enough to ensure the coolant is non-freezing.) A slight change in
the concentration of cesium in the NaKCs alloy will lead to an
insignificant increase in the freezing point of the alloy (in
comparison with the eutectic) from the point of view of ensuring
self-protection from accidents with coolant cooling.

Thus, it makes sense to solve the problem of minimizing the
concentration of cesium in the NaKCs alloy, provided that the
main advantages of using such a coolant are retained: non-
flammability and the elimination of freezing in the reactor. The
first condition is determined by expression (1), the second - by the
non-freezing of the alloy. The condition of non-flammability is
more important when choosing a heat carrier. According to
inequality (1), the alloy non-freezing is provided for a fairly wide

WWwWw.astesj.com

range of cesium concentration in the alloy: from 19 to 69% (at.),
Or from 46.6 to 89.2% (wt.). Non-freezing of the alloy is ensured
at and near the eutectic point, i.e., with a slight deviation of the
cesium concentration in the alloy from 73.8%, as well as with a
small (ideally zero) cesium content in the NaKCs alloy. As noted
earlier, in the absence of cesium, sodium and potassium can form
eutectic alloys.

The optimization problem can be formulated as a continuous
multi criteria problem with constraints for several functionals.
These functionals include the maximum and minimum coolant
temperatures, the maximum temperatures of the fuel and cladding
of fuel elements, and the maximum power of the reactor in
emergency modes of the ATWS type. The control parameters of
the problem are the concentration of alloy components, the
parameters of the reactor and core layout, the parameters of the
lattice of the fuel elements, the flow rate of the coolant, the
enrichment of the fuel, etc.

The solution to a multi criteria problem is a set of informal
procedures. For example, the formation of a system of quality
criteria (at the stage of setting the problem) and the choice of the
most preferred solution (at the final stage of the solution) are not
formalized and are subjective. To solve the problem, multiple
correlation coefficients are introduced. This coefficient is equal to
zero when the void reactivity effect and the cost of the coolant are
selected as criteria. For the criteria related to the cost of the
coolant and internal self-protection against accidents LOF WS
and LOHS WS, the correlation coefficient is maximal and is equal
to 1.

Let us analyze the preferred solutions, the number of which
can be large. Let us choose nine solutions Ui, Uz, Us, each of
which is obtained under the condition that one or another quality
criterion is preferable.

e The U, solution is obtained if the cost of the heat carrier is
selected as the most preferable criterion: U; = {0% Cs, 0% K,
100% Na} (hereinafter, the mass content is indicated as a
percentage);

o The U, solution meets the criteria of "cost of the coolant" and
"internal self-protection against accidents OVC WS": U, =
{0% Cs, 78% K, 22% Na}, i.e. eutectic Na-K;

e The Us solution corresponds to the minimum void reactivity
effect: Us = {100% Cs, 0% K, 0% Na};

e The U; solution corresponds to internal self-protection
against accidents LOF WS and LOHS WS: Us = {0% Cs, 0%
K, 100% Na};

e The Us solution corresponds to ensuring the non-
flammability of the coolant: a set of optimal concentrations
that satisfy condition (1), i.e., the optimality area, centered at
the point 3.5% Na - 21.9% K - 74.6% Cs;

o The Us solution corresponds to the internal self-protection
against accidents OVC WS: Us = {73.8% Cs, 22.0% K, 4.2%
Na}, i.e. eutectic;

e The U; solution corresponds to internal self-protection
against accidents OVC WS and non-flammability: U7 = {73.8%
Cs, 22.0% K, 4.2% Na}, i.e. eutectic;
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e The Us solution corresponds to the non-flammability of the
coolant and the minimum void reactivity effect: determined
by condition (1) at the maximum cesium content - 89.2% Cs;

e The Uy solution corresponds to the low cost of the coolant,
the non-flammability of the coolant and the minimum void
reactivity effect: determined by condition (1) with the
minimum cesium content Uy = {46.6% Cs, 46.3% K, 7.1%
Na}, i.e. eutectic.

The next task is to determine the most preferable solution from
options Ui, Us, Ub.

Optimum corresponding to the low cost of the coolant;
negative void reactivity effect; the best self-protection against
accidents OVC WS, LOF WS, LOHS WS, LOCA WS (loss of
coolant as a result of its combustion); and the minimum cost of
the coolant can be determined unambiguously only when taking
into account the weight coefficients reflecting the significance of
all the listed criteria. (This is not a feature of the Martian reactors.
This is a feature of the materials used in the core and the secondary
circuit (mainly a non-flammable coolant with a relatively high
boiling point and the lowest freezing point, with a small
absorption and deceleration cross section for fast neurons) and the
optimal layout of the core.) In other words, the determination of
optimal control requires a preliminary ranking of the above
criteria and emergency situations according to the degree of
significance and danger. Obviously, this optimum belongs to the
range of cesium concentration at which the NaKCs alloy does not
ignite, i.e. 46.6 ... 89.2% Cs. Internal self-protection against
accidents such as ATWS and the negative void reactivity effect
can be achieved by the optimal choice of the parameters of the
layout, the fuel element array, and other design solutions. For this
reason, the criterion of non-flammability, other things
approximately equal, should be given preference when choosing
a coolant for an alien reactor.

Using the well-known ideas and methods for solving discrete
multi criteria problems, let us rank the options Ui, U, ..., Us
according to the degree of significance. The set of analyzed
objects of the problem (Ui, U, ..., Us) is finite. Of these nine
objects of the discrete optimization problem, a set of the most
preferable solutions (objects) can be distinguished. This set
includes options Us, Us, U7, Ug and Us.

We will give preference to economic efficiency (in the
problem under consideration, the goal is to minimize the cost of
the coolant) and safety. In single power units (in the absence of
massive construction of reactors on Mars), improving the
economic characteristics is not so urgent. Giving preference to
three criteria of the problem: non-flammability, the smallest void
reactivity effect and the best self-protection against accidents
LOF WS and LOHS WS, we can single out effective objects: Us,
Us, Uz, Ug and Uy. They are preferred. Thus, in the problem of
finding the most preferred object, options Ui, U», Us and U, can
be ignored.

Let Fi, F», and F3 be dimensionless optimality criteria that
determine non-flammability, the smallest PER and the best self-
protection against accidents with a violation of heat removal (LOF
WS and LOHS WS), respectively. Let's define them. The area of
effective objects is limited by three planes A, B and C (Fig. 7),
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corresponding to F; > L; (where i = 1, 2, 3), where L; is the
minimum allowable value of the corresponding functional.

The lines of intersection of planes 4 and B; B and C; 4 and C,
are parallel to the axes [0 F), [0 F3) and [0 F>), respectively. Point
0, meets the conditions: 1 = L, F> = L, and F3 = L3. The goal of
the problem is to maximize F; under the condition F;> L; (in the
case under consideration, i = 1, 2, 3).

Let's sort options Us, Us, Us, Us and Us according to
preference. Note that the solutions Us and U; are coincide
(correspond to the eutectic). One of them (for example, Us) can
be excluded from consideration. Let's write down the remaining
objects in order of preference.

P

F3

Figure 7: General view of the area of effective objects for
choosing the preferred composition of the NaKCs alloy

e From the point of view of maximizing the functional F: Us >
Us > U; > Ug > Uy (here the symbol ">" means "more
preferable");

e From the point of view of maximizing the functional F>: Us >
Us > U; > Us;

e From the point of view of maximizing the functional F3: Ug >
U; > Us> Us.

Object Ug belongs to plane 4 (Fig. 7), i.e., for it 3 = L3. Object
Us belongs to the F3 axis, that is, to the planes B and C. For it, F)
= L; and F, = L,. Thus, object Us can be considered more
preferable than Us. Variants Us and U; lie inside the area of
dominant objects at some distance from the border of this area.
They satisfy the strict inequalities ;> L; (i = 1, 2, 3); moreover,
Us dominates twice, i.e., according to two criteria: when
maximizing F, and when maximizing F», and the U; variant
dominates once: when the functional F3 is maximized.

Thus, variant Us can be considered the most preferable object.
If we consider all alloys based on sodium, potassium, and cesium
with combinations of concentrations of components from region
(1) "equally non-flammable", then approaching the center of the
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non-flammable region inside (1) makes no sense, in other words,
it makes no sense to maximize the functional F inside the region
(1). In this case, it is enough to satisfy the condition F;> L; and
the most preferable solution should be considered U; (U; is
equivalent to the object Us), corresponding to the eutectic. Strictly
speaking, the choice of the best solution from Us and U; should
be carried out taking into account the coefficients of significance
of the criteria F1, F»> and F3.

Solution Uy belongs to the line of intersection of planes B and
C, that is, it is determined by the condition F3 = L3. A further
increase in the economic efficiency of the reactor is possible with
a comprehensive optimization of its parameters, which
presupposes the search for the optimal control u, the components
of which are not only the concentrations of sodium, potassium and
cesium in the alloy, but also the parameters of the layout, the
lattice of the fuel elements, the flow rate of the coolant, the
enrichment of the fuel, etc.

So, the optimal composition of the NaKCs alloy can be
obtained by solving the problem of multi criteria optimization.
Moreover, the most preferable solutions may be different, and for
alloys forming a eutectic, the optimum does not always coincide
with the point of the eutectic.

5. Discussion
5.1. Further Prospects in Fuel Use

A two-circuit scheme of energy conversion with water in the
second circuit was considered. Due to the relatively low chemical
activity of the primary coolant (eutectic alloy NaKCs) during
depressurization of the heat exchanger tubes, the interaction of
NaKCs with water is not explosive. Water is the simplest and
cheapest heat carrier. The technology of using water for cooling
is well established. This applies to land-based reactors. The

construction of a NPP on Mars will require large volumes of water.

Water will have to be transported from Earth. This will increase
the cost of the Martian NPP.

10 3
10,2
e ; 4
© 107
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107+ 1
107 ; ; ,
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Figure 8: Dependence of the fission cross section on the kinetic energy of
a neutron for 2*U (curve 1) and some minor actinides: 2"Np (2), 2! Am
(3), **Am (4), **Cm (5)

Among the possible innovations, it is possible to propose an
increase in the proportion of long-lived radioactive waste
(isotopes of neptunium and americium with an even number of
neutrons) in the fuel composition by reducing the proportion of
waste uranium. The fission cross section for 2'Np, ! Am and
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23 Am in the neutron energy range of more than 1.4 MeV is 2 - 3
times higher than that of 238U [51].

In fig. 8, according to [51], the dependences of the microscopic
fission cross section oy on the kinetic energy E of the neutron for
uranium-238 and some minor actinides are given.

When water is used in the second loop, the ingress of a small
portion of the moderator into the core will lead to a decrease in
reactivity and shutdown of the reactor. (Initiating event:
emergency situation with depressurization of the tubes of the heat
exchanger "liquid metal - water".)

5.2. NPP with a Closed Gas Turbine Energy Conversion Cycle

What can be considered as an alternative to water (in the
second circuit)? The atmosphere of Mars is 95.32% carbon
dioxide [22]. Carbon dioxide was used as a coolant for the British
nuclear reactors "Magnox", AGR and the French reactor UNGG
[56]. It is possible to offer a NPP with a closed gas turbine energy
conversion cycle. In this case, carbon dioxide or unpurified air of
Mars can serve as a coolant. A closed gas turbine cycle is
proposed to be used in high-temperature gas-cooled reactors [57].

It is often proposed to use helium as a working medium for
reactors of NPPs with a gas turbine energy conversion cycle. As
is known, helium is the second most abundant in the Universe
(after hydrogen) and makes up about 23% of the mass of the
Universe. Natural helium consists of two stable isotopes with
mass numbers 3 and 4. The fraction of *He in the natural mixture
of isotopes is 99.99986%) and can vary considerably within wide
limits [58].

Helium (consisting mainly of the doubly magical isotope “He)
is not activated in the reactor core. Its practical use is hindered by
its high cost and high fluidity [59]. For this reason, instead of
helium, it is advisable to use expensive helium — xenon mixture
[59]. Heat exchange equipment using a He-Xe mixture is the most
compact [59].

In three-circuit NPPs with sodium reactors, the void reactivity
effect can be realized in the following cases.

e Boiling of the coolant;

e Combustion of the coolant;

e Coolant leak (loss of coolant);

e Entrainment of gas from the argon bed into the core;

e Depressurization of fuel element cladding and release of
gaseous fission products into the coolant.

In two-circuit NPPs with a gas turbine energy conversion cycle,
another additional scenario for the implementation of the void
reactivity effect appears: gas entrainment into the core when the
gas heater tubes (liquid metal - gas heat exchanger) are
depressurized.

Potential coolants of fast gas-cooled reactors (superheated
water vapor, helium, carbon dioxide, dissociating gas, for example,
N>04 < 2 NO, helium - xenon mixtures, etc), as well as working
fluids of gas turbine plants, can be considered as the working fluid
(coolant of the secondary circuit).
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One problem with medium to high power LMFRs is the
positive void reactivity effect. The most dangerous is the draining
of the central part of the core (for example, when the working
fluid is involved in the event of depressurization of the heat
exchanger tubes). For the considered reactor, the void reactivity
effect in the most dangerous scenario of its implementation
reaches 6.1 P (slightly less than when using a sodium coolant).

When the steam generator pipes are depressurized, steam
bubbles (the working fluid of the second circuit) emerging from
them can be entrained by the coolant flow into the core. From the
point of view of possible depressurization of the steam generator
pipes, the most dangerous mode is LOF WS (or its overlap with
TOP WS and LOHS WS), accompanied by the greatest increase
in the temperature of the primary coolant.

When the main circulation pumps of the primary circuit are
de-energized, the mode of natural circulation of the coolant is
established. The higher the flow rates of the coolant in this mode,
the greater the likelihood of the entrainment of bubbles in the core.
Thus, the normally desired high level of natural circulation can
worsen a steam generator pipe leakage accident.

The mechanism of the effect of bubbles (in the core) on
reactivity is as follows. If water is used in the second loop, then,
entering the core, water vapor (hydrogen) effectively slows down
neutrons. Hydrogen also absorbs neutrons, but this effect is
relatively small at LMFR energies. Deceleration of neutrons leads
to a decrease in the average neutron energy in the core. In this case,
the microscopic fission cross sections for all fissile nuclides (**°U,
239Py, etc.) increase significantly. As a result, the effective neutron
multiplication factor and reactivity increase. This could lead to an
accident.

If, as a working fluid (in the second circuit), a substance is
used that strongly absorbs fast neutrons and weakly slows them
down, then the result is exactly the opposite. Additional
absorption of neutrons in the core leads to the shutdown of the
reactor: the void effect is negative.

Let us assume that a substance that weakly interacts with
neutrons is used as a working fluid. In this case, the void effect of
reactivity is realized in “pure form”. Any coolant one way or
another absorbs and slows down neutrons. The NaKCs alloy is no
exception. When entering the core in the form of bubbles, the
efficiency of absorption and slowing down of neutrons
deteriorates. As a result of the worst absorption in the core,
additional neutrons appear. This leads to increased reactivity and
the possibility of an accident. As a result of the worst moderation
of neutrons in the core, the neutron energy increases. This leads
to intensification of the fission of raw material nuclides (***U) by
neutrons with energies above 1.4 MeV (the fission threshold for
most raw material nuclides). As a result, the reactivity and the risk
of an accident increase.

Thus, it is necessary either to exclude the ingress of bubbles
into the core, or to carefully select the materials of the reactor. It
is preferable to use substances that efficiently absorb fast neutrons
as a working fluid (secondary circuit). In this case, the void
reactivity effect is negative.

Suppose, as a result of depressurization of the heat exchanger
tubes, the material of the second circuit (working fluid) is drawn
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into the central part of the core (the most dangerous scenario). In
fig. 9 shows the dependences of the neutron infinite multiplication
factor k& on the volumetric content & of the working fluid of the
second circuit in the coolant of the core. (Calculations were
performed using the WIMS code [53]). As a working fluid, the
following were considered: water vapor (fig. 9, curve 1), “He (2),
3He (3), CO, (4), N2 (5), N2O4 (6), air of the earth's atmosphere (7)
and Xe. Curve 8 corresponds to vacuum and is close to xenon.
The dependence of k on the volume fraction f'of gas when steam,
He or CO; enters the core is non-monotonic, and it is possible to
increase and decrease k, therefore, the scenario of the
development of an emergency is less predictable.

0 25 50 75 100

1%

Figure 9: Dependence of k on the volume fraction f of gas in the
primary coolant during depressurization of the heat exchanger tubes
and the entrainment of gas bubbles into the core

As follows from the data in Fig. 9, with a small fraction € of
water vapor in the coolant, deceleration beyond the fission
threshold of 238U, 2*’Np, 2! Am and 23 Am prevails (k decreases).
With an increase in the vapor fraction, a slowdown towards
resonances is observed in the fission cross sections of 2*°U, 2**Pu
and >*!'Pu (k increases). The key role in these processes is played
by elastic deceleration on hydrogen nuclei in the composition of
water. With a further increase in €, an intense absorption of
neutrons slowed down to resonances in the radiation capture cross
section (on these nuclei and on hydrogen) is observed. When 3He
(exotic), CO2, N, N2O4 and air are used as a working medium,
the deterioration of the conditions for heat removal from fuel
elements can be compensated for by negative reactivity from the
ingress of gas into the core.

The ingress of carbon dioxide (Martian atmospheric air) into
the central part of the core and the replacement of the liquid metal
coolant with gas by 7 ... 8% by volume, leads to a sharp decrease
in the criticality of the reactor (k decreases by 2.4 times), i.c., to
the shutdown of the reactor.

The disadvantage of a NPP with a gas turbine energy
conversion cycle is its large size. However, if a reactor of
relatively small (according to earthly estimates) electrical power
(500 ... 600 MW) is built on the surface of another planet, this is
not a serious problem.
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5.3. Plans

The Russian design bureau "Arsenal" plans to implement the
"Nucleon" project to build a NPP on Mars. It is assumed that the
NPP will be fully built in terrestrial conditions, and not on Mars.
The nuclear tug "Zeus" will deliver it to Mars [17]. The NPPs will
start operating immediately after landing on Mars. Certain
problems can arise here. The atmosphere of Mars is so rarefied
that NPPs will be attacked by meteorites. Without special
protection (containment), this can lead to damage or complete
destruction of the NPP and reactor. (NASA's MRO robotic
interplanetary station, which orbited 60,000 times around Mars
from 2006 to 2019, "received images of an unusual trail of recent
meteorite impacts on the surface of Mars, similar to the traces of
shots from a giant space shotgun" [60].)

It is advisable to use the Martian NPP "Nucleon" with an
electrical capacity of about 1 MW at the initial stage of Mars
exploration. It can be used, for example, to generate energy for
the construction of NPPs of greater capacity, buried under the
ground. Larger NPPs can be assembled from blocks built on Earth
and delivered to Mars by a nuclear tug. If the concept of a NPP
with a gas turbine energy conversion cycle is chosen as the basis,
then carbon dioxide for the second circuit can be pumped from
the Martian atmosphere.

There are at least three reasons for burying the Martian NPP
under the ground.

e Burying the NPP under the ground is necessary to protect
against meteorites and dust storms;

e It is necessary to ensure the required height of the natural
circulation circuit (to ensure the natural circulation of the
primary coolant in emergency LOF WS modes);

e [t is also necessary to maintain a stable ambient temperature
during NPP operation.

An erosion hazard for NPPs can be posed by Martian dust
storms and tornadoes (particles consisting of iron oxide) [6]. Their
speed reaches 100 m / s, duration from 50 to 100 days [6].

When building a NPP on Mars, the following factors should
be taken into account.

e The soil of Mars is a rocky rock (basalt) with an admixture of
iron oxide (that is, it does not differ much from the earth's
soil), covered with a layer of dust (consisting mainly of iron
oxide);

e Mars is characterized by large daily and seasonal temperature
drops;

e Mars is characterized by dust storms, meteorite attacks;

e In some regions of Mars (covering about 25% of the planet's
surface) volcanic and tectonic activity is pronounced [61].

It is possible to single out specific tasks that are not typical for
ground-based NPPs. One of them is the production of oxygen
from the atmosphere of Mars (from carbon dioxide) [62, 63].
Oxygen is needed to support the life of researchers working on
Mars and as an oxidizer for traditional rocket (non-nuclear) fuel,
if used. Another challenge is to provide energy to greenhouses for
growing food crops. At the University of Dartmouth, by order of
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NASA, a project for a Martian greenhouse was developed [64].
The greenhouse will provide plant food for four astronauts daily
for 600 days on Mars. [64] Another challenge is to provide energy
for vehicles and machines for laying mines and tunnels.

Economic assessments of the construction of the considered
rector (electric power of 600 MW) on Mars have not yet been
carried out. It is obvious that the proposed concept of the core (and
the reactor as a whole) in terms of construction costs significantly
exceeds a NPP with a low-power reactor (~ 10 ... 1000 kW). The
diameter of the BN-600 reactor vessel is 12.8 m, the height is 12.6
m. (For comparison, the Hubble telescope is 13.3 m long and 4.3
m in diameter.) It is not yet possible to transport such a "product”
to Mars. But at first glance, unsolvable problems have always
stimulated and intensified scientific research in related fields. The
coolant should be transported separately by elements in solid form
(in the form of small briquettes). It is proposed to use long-lived
cesium isotopes. This requires the use of special containers for the
transport of cesium or full automation of loading and unloading a
space tug. By the time a NPP of such a large capacity is in demand,
a certain infrastructure and sources of electricity will already exist
on Mars (for example, a low-power NPP). Robots will play an
important role. The process of building a Martian NPP, filling it
with coolant and other procedures can be fully robotized. It is
advisable to make the reactor without a vessel. Instead of a body,
a concrete shaft lined with a thin layer of steel (5 ... 6 mm) can be
used. The technology of creating such a mine (for the BREST-
OD-300 reactor) exists in terrestrial conditions [23]. The lining of
a concrete shaft can be made with steel or with a composite
material. There is a technology for obtaining such a material. It is
lightweight, durable, heat-resistant, radiation-resistant material.
The material is reinforced with nanofibers of another polymer
composite material with a high capture cross section for neutron
and y-radiation [65].

Concrete is required for the construction of the mine. It can be
produced from Martian soil. There are many types of cement. As
in terrestrial conditions, the technological process for the
production of Martian cement consists of three main stages:
extraction and processing of raw materials (CaO, Si,03, ALOs3,
Fe,03); roasting of crushed and mixed raw materials to obtain
clinker; and grinding of clinker, gypsum and additives. Gypsum
can exist as minerals on Mars. Gypsum or its analog can be made
artificially from Martian rock. Cement can be produced from
Martian soil. It is not necessary to use earthy materials as additives.
Mars has significant and accessible deposits of water ice [66]. In
2008, the Phoenix space probe (NASA) obtained water from soil
samples collected from the surface of Mars [66].

6. Conclusion

The proposed innovations associated with the use of new
nuclear fuel based on UN-PuN micro grains and non-powder of
metallic uranium and a coolant based on the NaKCs alloy will
make it possible to create an alien NPP within the framework of
existing technologies. Computational and optimization studies
demonstrate the possibility of creating a safe space reactor with
an electric power of up to 600 MW. A reactor of such a relatively
large capacity may be in demand only in the distant future. It is
important to note that if it is possible to ensure the internal safety
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of a 600 MW reactor, then there will be no problems in ensuring
the safety of a smaller reactor.

The following physical foundations of the concept of a
Martian NPP can be noted:

e Fast reactor with electric power up to 600 MW (at the initial
stage it is possible to restrict oneself to a much lower power,
for example, 50 ... 100 MW);

e Low-maintenance or maintenance-free (fully autonomous)
NPP, operating without fuel replacement for 10 ... 20 years;

e Coolant based on eutectic (or near eutectic) NaKCs alloy;
e Double-circuit power conversion scheme;

e As an option, a NPP with a gas turbine cycle (CO;) energy
conversion;

e Burying the NPP under the ground;

e Land-based factory fabrication of NPP modules and their
transportation to Mars;

e Use of well-mastered technologies (it makes sense for the
construction of a ground-based prototype of the Martian
NPP).

LMEFR type reactors are characterized by high safety potential.
They are compact. The neutron spectrum (the absence of a
neutron moderator and the fuel used) allows such a reactor to
operate in the mode of self-supply of the core with fuel (the
breeding ratio in the core is about 1), i.e.,, for a long time.
Essentially, the Martian NPP will use a new type of nuclear
reactor: a pressurized fast reactor (PLMFR).

The proposed new cermets fuel will allow not only to ensure
accident-free completion of ATWS modes, but also to increase
the content of fissile materials in the fuel elements of the core
(hence, to increase the reactor power).

The power of the NPP will be determined by the range of tasks
to be solved, including those unconventional for the terrestrial
energy sector. For example, with the help of electricity generated
by a NPP, the problem of producing oxygen from carbon dioxide
will be solved. As Mars exploration progresses, the relevance of
charging batteries for an increasing number of electric vehicles
capable of moving across the surface of Mars will increase. There
will be a need to provide power to electric machines for walking
tunnels.

One should not be afraid of plutonium theft (material of direct
use in weapons of mass destruction) from "fresh" fuel before the
launch of the reactor. States whose representatives will visit Mars
on their spacecraft (especially with a nuclear rocket engine)
already possess nuclear weapons. In addition, the fuel cycle is
protected from proliferation.

The coolant based on the NaKCs alloy is characterized by a
much lower chemical activity compared to pure alkali metals.
This allows us to consider a two-circuit energy conversion scheme
(even with water in the second circuit). For Mars, a NPP with a
gas turbine cycle (based on the use of carbon dioxide in the second
loop) energy conversion with a low reactor power is more
preferable.
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The double-circuit scheme helps to simplify and reduce the
cost of the NPP design. With such an energy conversion scheme,
an additional scenario for the implementation of the void
reactivity effect is possible. It is associated with the possible
involvement of the working fluid in the reactor core. When carbon
dioxide is used in the second circulation loop, the involvement of
the working fluid into the core helps to reduce the reactivity and
shutdown the reactor.

It is known that it is much easier to ensure the safety of a low-
power reactor than a high-power reactor. The electric capacity of
the 600 MW power units is unlikely to be in demand for the
exploration of Mars in the near future. However, if it is possible
to ensure the safety of such a reactor, then the safety of a reactor
with a power of 10 times less does not pose a problem. The results
are focused on the distant future.

Deepening under the ground, ground-based factory production
of all modules and equipment, the use of well-mastered
technologies are the general tasks of creating infrastructure
facilities for the future Martian station.

It is obvious that the maximum use of the natural resources of
the developed planet can significantly reduce research costs.

Obviously, for the implementation of the construction of a
relatively large Martian NPP, international cooperation will be
required. Before the construction of such a NPP on Mars, it is
advisable to build a terrestrial prototype for testing technologies.
Of course, the construction of a NPP on Mars with a reactor of
electrical power of 600 MW may remain science fiction. But work
on such an idea stimulates the development of new technologies
that may be in demand in the future when exploring other planets.
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The technological revolution penetrates every aspect of our dailylives; it changed our lives
in different fields such as communication, decision-making, information access and work
environment. These changes have benefits, but they also have costs. These costs include
many ethical and social problems that need more investigation. The human element is the
most affected part of this technological revolution; it affects our sense of privacy, our

gey .w?rds;{' concepts of ownership, our consumption patterns and human relationships. A comprehensive
octat media review of various ethical concerns of using social media and how they affect our lives has
Ethics . . . . . : .
. been outlined in this paper. This study gives some recommendations and advices that help
Privacy . . : . .
Society the society and reduce the heinous crimes that take place over social media.
Digitization

1. Introduction

Recently, the emerging technology breaks through in different
fields including Internet of Things (IoT), robotics, artificial
intelligence, block chain, big data, cloud computing , autonomous
vehicles, 3-D printing, nanotechnology, biotechnology and
quantum computing. Mobile technology has grown rapidly over
the past few years and the capacities of cellular networks are
developed from 2G to 3G, 4G and 5G. This increase in network
capacity is engaged with unprecedented processing power and
huge storage capacity of the mobile devices. This leads to high
increase on number of mobile phone users to reach 5.22 billion
users in October 2020 [1], which is around 70 percent of the world
population.

The Internet service gains increasing popularity nowadays by
all generations as a forum for communication and self-expression
in the society. The number of people using the Internet around the
world has grown to 4.66 billion in October 2020 [2]. The use of
Internet varies from browsing the web, downloading music and
watching movies, buying and selling goods and products and
playing games. The Internet is also a source for social networking,
which is recently becoming increasingly popular [3].

Social media platforms such as Facebook and LinkedIn use
websites and applications to communicate informally with others,
find people, connecting with others through groups, developing
social and professional contacts, promote business and share

*Corresponding Author: Mohammad M. Qabajeh, mohammad.qabajeh@ptuk.edu.ps
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similar interests. Moreover, some platforms such as Twitter and
Tumblr are used to for posting very short entries or updates on a
social networking site, share and create hashtags and send direct
messages. Other platforms allow users to publish and share photos
with others either publicly or privately such as Instagram,
Snapchat, Pinterest, and Flickr [4].

Social media is easily accessible by people from all ages. In a
recent study [1], the number of people around the world that use
social media each month is more than 4 billion, and every day an
average of nearly 2 million new users are joining these platforms.
People around the world are spending more time on social media
too; the typical users roughly spending 15 percent of their life
using social media platforms, exploring the social networking
websites and online chat rooms, downloading photos, and playing
games [1], [5].

The lockdowns during COVID-19 pandemic affects the habits
and behaviors of most of people in different ways. It is clear that
the time spent in browsing the Internet has been significantly
increased. Also, the time spent on watching movies and streaming
service such as Netflix and Disney+ increased compared with the
time spent on watching broadcast and cable channels, since the
Netflix gets 16 million new sign-ups during COVID-19 pandemic
[1], [6]. In addition, YouTube videos reach four billion video
views a day and it is considered as the second largest search engine
after Google. At the same time, the use of social media increased
to interact with family and friends and helped in boosting moods
and sense of wellbeing during the lockdowns.
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It is a truth that social media become one of the megatrends
affecting our everyday life; it gives us both opportunities and
challenges. However, there are also significant risks that come
with it, especially the ethical issues. Organizations, governments
and individuals gather information through several means
including search engines, invisible data gathering mechanisms,
and marketing platforms. The information that is collected from
several sources can be used to build complete profile for each user.
Since available information on social media are globally
accessible, some individuals and organizations can use this
information for several purposes such as political issues, election
and marketing. Hence, this available data can be increasingly
utilized by most companies in the future [7, 8].

Many researches have examined the ethical issues of social
media including [1, 6, 7]. These studies were not covering all the
ethical issues and challenges arised recently. In addition to the
recent effects of COVID-19 pandemic on using social media,
which are not covered in the recent research articles.

Most people have their own ethics and morals and they have
their own beliefs as to what is right and what is wrong. However,
the ethical concerns of using social media is increased [9]. In this
study, section 2 investigates the unethical practices on social media
platforms and how they affects individual physical and mental
wellbeing. We also discussed the challenges that face the users in
many ways including personal, social, behavioral and ethical
challenges. Section 3 provides some discussions and
recommendations. In section 4 some concluding remarks are
given.

2. Literature Review

Many published research papers dealing with the ethical issues
in digitization and information technology, but they did not cover
all the issues raised when the individuals use new applications and
platforms. Also, they do not give recommendations and advices for
the users of such platforms specially for users with poor
background in information technology. This paper highlights a
wide range of the unethical issues that rise with the increased usage
of the social networks and digital technology. In addition, we
provide technical recommendations to prevent or reduce the
victims of this unethical activities in the future. Here, we will give
an overview about the similar efforts from the research community
that have relevance to this paper.

In [10], the social and ethical issues that arise when using
technology is discussed in different fields including Internet of
Things, robotics, biometrics, persuasive technology, virtual &
augmented reality, and digital platforms. The paper analized
different ethical concerns including privacy, security, autonomy,
justice and human dignity.

Authors in [11] discussed the ethical implications of social
media. This review shows the potential risks associated with using
social media by psychotherapists. They also highlight that the
absence of guidance and better understanding of using social
media by psychotherapists can lead to inadvertent self-disclosures
to clients and can place both the client and clinician at risk.

Authors in [12] showed the influence of social media on
business and the effects on the sales process. They discussed how
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the social media has directly affect sales and marketing and
highlights the challenges of using such technology.

Different types of unethical practices on social media are
studied and discussed in [3]. This paper identifies the physical and
mental effects of using such platforms. These unethical activates
include depression, suicidal thoughts, stress, family reputation and
disagreement. The authors highlighted the role of the community,
government, and family in reducing the overcoming unethical
activities resulted when using social media.

In [13], a discussion about the spread of using social media
among people with mental disease is presented. They consider the
impact of social media on mental wellbeing, they also study the
risks, possible harms, and needed safety precautions with using
social media for mental health. Many of the people with mental
diseaseS use social media to share their experience with mental
illness, requesting support from others, and to search for
information about treatment recommendations, accessing mental
health services and coping with the mental illness symptoms

3. Ethical Issues Of Social Media Platforms

Social media is now becoming more and more popular since it
facilitates the sharing of ideas, information, business interests and
other forms of expression and communication via virtual
communities and networks. The backbone of social media is the
activities of the users through sharing contents, posting of text and
comments and posting digital photos or videos. This data may be
sold to organizations for marketing purposes. Using social media
in unethical way resulted in a violation of individual privacy and
affected both information and physical security. In this section, we
will discuss some of the challenging issue that may result from the
unethical use of social media.

3.1. Privacy and Confidentiality

The rapid development of technology changes the way that we
live and work. Such technologies include global positioning
system (GPS) devices, smartphones, digital cameras, databases,
bigdata handling and greater Internet access. This technology can
document every aspect of our lives and we do not know what
people knows about us and how they can use that information. In
October 2020, the number of users of Internet reach 4.66 billion
and the users of social media reach 4.14 billion [1]. Unfortunately,
not all of them adhere by the rules of the community and behave
in ethical way.

Privacy is defined as to be free from intrusion, to be free from
secret surveillance, or unwanted disclosure of personal data or
information by government, organizations, or individual [9]. To
protect our privacy, we have to understand first what type of
information can be collected and what the risks is and problems
may rise when using this data. For professional IT users, they
understand the problems and they can plan to protect their privacy.
While, the ordinary users do not know how to protect their privacy.
The privacy threats come in several categories:

e The intentional use of our personal information from the
government or from private sector (in the government sector
primarily for law enforcement and tax collection, and in the
private sector primarily for marketing and decision making).
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Unauthorized use or release by “insiders,” the people who

maintain the information.

e  Theft of information.

e Inadvertent leakage of information through negligence or
carelessness.

e Our own actions (sometimes intentional trade-offs and

sometimes when we are unaware of the risks).

To protect our privacy from unethical and crazy social media
and Internet users, we have to protect things that we believe that
they should be prevented from being accessed online and not being
shared with others. Some private information includes our
financial data, our photos and personal information, addressing
information, family issues, religious thoughts and beliefs, our
political views, and our travel plans.

3.2. Cyberbullying

Cyberbullying means using technology to harass, threatening,
torment or humiliation by a person or group upon another person
(the victim) via using Internet or cell phone [10]. The accessibility
and the amount of time that people spend on the Internet and social
media has increased significantly. This led to new opportunities for
online aggression due to several reasons including problematic
use, talk to strangers, competition for status and esteem, dealing
with fake social media accounts, sexting by sending sexually
suggestive or explicit text or photos to boyfriends or girlfriends.
Based on [3, 11, 12], Facebook and Twitter are the two highest
platforms for cyberbullying.

There are several forms of cyberbullying, including and not
limited to the following:

» Impersonate the victim by sending messages to threaten him
and sending inappropriate messages

+ Stealing the password of the victim and updating his profile to
include inappropriate material such as sexual, racist,
homophobic, or posting inappropriate material that attracts the
attention of undesirable people.

» Using the social media pages of the victims to post personal
or false information related to the victim.

» Creating social networking account or building a web site to
threaten or humiliate the victim.

« Taking personal photos or inappropriate videos of the victim
and posting them online or sending them via cell phone.

» Using interactive games to send unethical messages while
playing and pass these messages between the players.

There are different forms of cyberbullying, which makes it
difficult to identify. This leads to a situation that children’s,
youngsters and females be the most targeted victims of
cyberbullying. Unfortunately, few of them tell their parents and
relatives when they became victims of cyberbullying. All the
victims should be educated and be aware of the potential effects of
cyberbullying in order to prevent their privacy violation and stop
cyberbullying from happening and worsening. In addition, they
need to know the consequences of their actions during using social
media .

WWwWw.astesj.com

Cyberbullying has direct harmful consequences on health such
as emotional distress, mental and behavioral health issues,
embarrassment, isolation from other community members,
anxiety, and depression and in some cases it can lead to an
increased risk of suicide.

3.3. Anonymity

Nowadays, social networking supports exchange of news,
ideas, opinions, discussions, rumors, and other information with
large number of followers and users. However, users of such
networks must often take ethical decisions about the efficient use
of this amazing freedom and power.

Anonymity is defined as the expression of opinions and ideas
by persons who do not show their identity [3]. In any democratic
society, the freedom of speech and expressing your opinion
without fear of punishment and reprisal is essential right. However,
communication without showing the identity may be exploit to
commit a crime or illegal and unethical activities. Hence, it is
unethical for someone not to present himself or represent himself
with wrong affiliations, credentials or expertise, it is unethical to
become anonymous ad showing himself to be someone different
way .

In cyberspace, users use anonymity and confidentiality for
harassment, extortion and fraud, to distribute pornography for
children's, to threaten victims, to steal business documents or other
personal information, and to infringe copyrights. Anonymity can
seriously damage personal relations, damage business and incite
violence. In addition, anonymity makes it difficult to track
wrongdoers.

3.4. Defamation

Recently, the rapid increase of social networks and content
gathering websites increased the risk of slanderous and reaching of
false statements to broad audience. Defamation involves writing or
saying something about someone, group of people, or small
company that injures or damages their reputation. Defamation
comes in the form of libel, or written defamation, and slander, or
verbal defamation. Our Facebook status update or tweet may
receive dozens of 'likes', comments and views by tens of thousands
of users. So, it's important that the potential victims, users and
sharers fully understand the law of defamation and impact of
online defamation [13].

It’s very easy for users to re-publish posts by sharing them and
re-tweeting materials in a short period of time and re-broadcast it
over social media. The users may fall in the trap when using the
social media, they feel that they are free to express anything they
want and after that find themselves liable for defamatory
publications. Therefore, it is easy that a user may become a
defendant and find himself faced with claims of defamation
because of this posts or comments that have different meanings in
different cultures for different people. Therefore, when users
creates, reposts, shares, or forwards defamatory content, they have
to know that they will be strictly liable for these publications.
Therefore, they need be careful and review the content they are
publishing since it may contain defamatory imputations
concerning the aggrieved [14].
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3.5. Cyberstalking

Nowadays, many social media users freely share their feelings
and desires, post personal information, share location information
and publish family photos. However, if they are not aware of the
danger of social networking, this can lead to numerous undesirable
consequences such as cyberstalking. Cyberstalking is defined as
harassment or stalking that takes place over social media or the
Internet in general. The victims might be individuals, groups, or
even organizations and can take different forms including threats,
frighten, defamation and slander. The motivation behind this
action may be to control or threaten the victim or to gather
information that may be used in other crimes such as identity theft
or offline stalking. This kind of crimes are naturally planned and
continued over a period of time [15].

When you feel that you are a victim of cyberstalking, it is
important to gather as much evidence as possible and immediately
make a report and document the harassment as it goes on. Also,
you should block any person who you wish to stop hearing from
and inform the involved platform about their abusive behavior to
technically protect you from cyberstalking. Additionally, you
should contact the local authorities if you feel that you need
protection.

3.6. Violence and Extortion

Violence on the social media platforms is a widespread and
continuous issue due to the large number of users of it and the
divergence of the user’s ideas and orientations because there is a
wrong understanding of the freedom that exists in the Internet
space. So, we find some users resorting to pseudonyms and
concealing their personalities, and it is no longer surprising that we
read insulting and insulting expressions in the dirtiest terms,
whether by users' peers or celebrities, direct threats, or publishing
offensive images using photo and video editing programs.

Electronic violence is defined as violence against the other,
whether through electronic extortion, photography, verbal threat,
or writing, and it targets all groups, especially women, whether
through photography or recording conversations, messages, or
offensive clips. The forms of electronic violence specially against
women comes in several forms. In cases of extortion, the Snapchat
application is considered a window for women's freedom and a
door to violence after the emergence of some applications that
provide downloading video clips and images from this application,
which made it easier for the extortionist to extort women because
of the clips they publish and a video of her without knowing who
the perpetrator is when he threatens her or publishes her in case he
does not agree to his requests.

3.7. Sexual Harassment

Sexual Harassment is the use of social media sites to send
sexual material that harassment the recipient, this material may be
messages to identify the recipient for sexual purposes, messages
that contain sexual expressions, sharing of lewd jokes, sending
pictures or video scenes, or sending threats and blackmail using
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pictures, or using pictures without the consent of the owner or
without his knowledge, and sharing it through the means of
communication .

There are various factors and motives behind the phenomenon
of electronic harassment. These factors include the reducing of
family control, looking at a woman as a body, ease of anonymity,
desire for revenge with an inability to cope, sexual deprivation,
incorrect childhood and lack of awareness, culture shock and
constant irritation across the media.

Many of the victims of sexual harassment are cut off from their
surroundings and escape from the society. The major complication
of the phenomenon is the psychological effects that may extend for
years. In addition, the victims may become more likely than others
to suffer from anxiety, depression, phobias and panic.

4. Summary and Discussion

All technologies have important benefits and face several
challenges. These challenges make using them unpleasant
especially using social media. Several challenges seems to be
trivial but they may have a serious effect on the mental and
physical capabilities of the users. From the discussions presented
in the previous sections, many points are concluded. These points
are summarized as follows:

e The social media platforms including Twitter, Facebook,
YouTube, Google, Instagram and Pinterest are not free tools
and treat their users as products. They are designed to collect
and utilize our activities an sell to others. Therefore, it is
important to remember that if you do not pay for a product,
you will be the product.

e Educating users specially users with limited background
about information technology and the risks, dangers and
threats of posting of sensitive information on social networks,
and teaching them how to protect their privacy and that they
have not to share their sensitive information such as contact
number or detailed address, because this data can be
dangerous and can harm them.

e With the increased storage media devices and intelligent
databases, evert details of our lives are recorded and can last
forever. Moreover, the websites and search engines record
everything we visit and search. They can sell it to anyone who
pay for them, and so users must protect their data especially
adult users.

e Relatively few people do not carry CellPhones. Most people
use CellPhones rather than laptops and PCs and they are
mostly connected to the Internet. Billons of applications are
downloaded to these devices without previous knowledge
about the purpose and identity of the developers of such
applications. These Apps can access more information than
we can imagine.

e The variety of anticipated applications with the availability
of tools such as sensors, call followers, motion detection, tiny
cameras, data detectors and invisible microphones they can
access and generate valuable information about everything
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about us. This data can craved by politicians, advertisers,
companies, organizations and by individuals.

e  Companies such as Apple and Google have tools called “kill
switches” which can remotely enable and disable any
application on our CellPhones and can delete all our data
from our devices. Can you imagine what will happen if any
outsider can access to this “kill switches” and operate them
on our devices?

e Using social media for long time will reduce the time spent
on doing physical activities (sport, reading books), change
our habits and culture (respect for rules/ beliefs), and change
our behavioral and mental activities (life management,
interaction/ communication). Based on recent reports, the
time per day spent using Internet exceeds 9 hours in some
countries (Philippines, South Africa, Brazil, Colombia,
Thailand), which is a troubling number. While in Japan they
only connect for an average of 4 hours and 22 minutes per
day.

e  During COVID-19 pandemic and lockdowns, more and more
people join the Internet and spent more time on social media.
This will generate a new wave of digital innovations and
resulting in new devices, platforms and services.

e The increased number of platforms such as Facebook,
TikTok, Twitter, Snapchat, Youtupe, Instagram, WhatsApp
and a lot other platforms make it difficult to secure the
accounts and keep our information safe. The platforms is
changing faster than we know how to understand them.

5. Recommendations

To minimize the challenges related to using social media some
advices and recommendations can be taken.

e Using the technological approaches for protection user
accounts such as encryption and filters to protect them from
exploring sites that have objectionable material or
pornography.

e Relationships with others on the Internet may be developed
based on mutual interests without caring or knowing
information about age, gender, nationality or race. Some of
those others might not be a human at all. There are Artificial
Intelligence programs that can simulate a human being in
social media.

e Information on social media might be inaccurate and
misleading, so do not take your decisions on what you read
or hear on social media.

e The governments must put strict laws, heavy penalties and
fines on people who misuse the social media and cyberspace.
This action will reduce the heinous crimes that take place
over the social media.

e The civil society organizations and governments must
develop and build systematic culture to save the youth and
the upcoming generations from the disorders and maladies
of social media platforms by promoting cultural education.

e  We have to form a balance view of the value and impact of
using technology that can be difficult. Some of the values are
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obvious. Some of the impacts might be dramatic and
frightening on people lives.

e Educating users about the ethical and legal issues related to
using social media. Grasping these issues may minimize or
prevent the negative incidents associated to social media.
Users need to know that they are responsible for everything
they are linked to and they have to think twice before they act
on social media.

e Encourage users to use the social media in ethical way, treat
others as you would like to be treated.

6. Conclusion

Widespread of using social media make it essential part of
human’s life everywhere. Younger generations and older
generations are quickly becoming members of this technology. It
enable its users to obtain and share information all over the world
in a very short time. Unfortunately, the consequences of unethical
use of social media are dangerous and harmful. There are many
ethical issues in using social media that must be taken into deep
consideration. The main objective of this paper is to determine
what is the ethical issues arise in using social media platforms and
how can we minimize the effect of the unethical use social media.

Most population of social media are unaware and not educated
of the procedures that are needed to minimize the level of
vulnerability of their sensitive data. Therefore, they should be
educated about the risk of participating in social media and to use
them in a responsible way. Also, the governments should have
ethical and moral principles that can be applied for all users and
lead to pleasant relationships regardless of nationality, race,
culture, religious and political persuasion and social status.
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This paper reports on the successful deposition of amorphous carbon nitride thin films (a-
CN,). Samples were deposited using a DC-pulsed sputtering technique in CH;CH>OH-N>
atmosphere at constant pressure (1 Torr). Raman spectra were collected to investigate the
bonding structure of the deposed thin films, while scanning electron microscopy (SEM) and
atomic force microscopy (AFM) were used to study thin-film surface morphology. Plasma
characterization was performed during the deposition process using optical emission
spectroscopy (OES), and the influence of the deposition process parameters on the chemical
fragmentation of species present in the plasma was determined. Raman results were typical
for a-CN; films, and SEM analysis showed that carbon clusters deposited onto the Cu
substrate form a non-homogeneous surface. The morphology observed by AFM indicated
that the thin films grow as islands, which corroborate the generation of amorphous
structures grown on the Cu surface. OES spectra verified the existence of CN radicals

within the CH;CH>OH/N> plasma during thin-film deposition.

1. Introduction

The miniaturization demands in the electronic industry required
development of new materials that allow the creation of these
miniature devices. A good candidate material is carbon, which has
a wide variety of allotropic forms with interesting physical and
chemical properties. Although the properties of diamond and
graphite have been extensively investigated, there are other
allotropic forms (fullerenes) that are of great interest today. Since
its discovery, carbon nitride (CN) has aroused great interest in
theoretical [1] and experimental studies, given its physical and
chemical properties. Carbon nitrides have attracted attention
owing to their potential applications in anti-corrosion photo-
electrochemical technology [2], photo-degradation [3], and
photo-catalysis [4, 5], which can be used in optoelectronics [6]
and the manufacture of biosensors [7, 8]. From an experimental
point of view, the most important material successes have been in
the synthesis of carbon nitrides in the form of thin films by
chemical and physical deposition of vapor. Among the physical

*Corresponding Author: Marcos Crescencio Gonzélez Dominguez,
kenny.sxe4@gmail.com
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deposition methods, the use of plasmas [9], especially the
sputtering method [10], has been successfully implemented for
deposition of carbon nitrides. Recently, a hybrid coating process
that combines RF and DC sputtering systems has been
successfully used: DC magnetron or DC-pulsed discharge [11, 12].
The advantages of these hybrid coating processes are that the
various deposition parameters (e.g., working pressure, sputtering
power, current, substrate bias voltage, and target material) can be
adjusted separately to produce films with excellent mechanical
and tribological properties.

The physical properties of carbon-based films depend upon
different forms of hybrid bonds of the carbon atom: sp!, sp?, and
sp’. The incorporation of nitrogen into the system enables the
formation of different kinds of carbon configurations, including
sp? (tetrahedral bond), sp? (triple bond) and C=N and N=C-type
chains. These configurations improve the mechanical and
physical properties of CN, compounds, increasing the application
range of the films [13]. To the best of our knowledge, there are no
publications in the literature reporting attempts to synthesize C-N
compounds by CH3;CH,OH-N, DC-pulsed sputtering. Even more
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significantly, there still exist various unanswered queries about
how the growth process impacts the resulting structure in
amorphous CN (a-CNy) films. The purpose of this article is to
investigate the morphological and microstructural properties of a-
CN; films deposited by DC-pulsed sputtering in a CH;CH,OH-N;
plasma mixture. Characterization of the bond structure of the thin
films was performed by Raman spectroscopy, and their
morphology and microstructure were investigated using scanning
electron microscopy (SEM) and atomic force microscopy (AFM).
Plasma characterization during thin-film deposition was also
carried out using optical emission spectroscopy (OES), and these
findings are correlated to variations in microstructure and
morphology of the thin films.

2. Materials and Method

Reactive sputtering is a suitable coating technique for the
preparation of thin films. The pulsed DC sputtering deposition
system used in this work (Figure 1) consists of a cylindrical
stainless-steel chamber (33-cm long, 20-cm radius, and a volume
of 1.04 x 10° cm®) and two mobile Cu electrodes (5-cm in
diameters) placed in the center of the vacuum chamber with a
separation space of 20 mm. The power supply consisted of
Pinnacle Plus+ generators, which delivered DC power in a pulsing
configuration to enable reactive sputtering. Pirani pressure
sensors (MKS, model 103170027SH) were used to determine the
total pressure in the chamber, and a flowmeter (Matheson Tri. Gas
FM-1050) was used to regulate the gas flow within the system.
An ocean optics spectrometer monitored the optical emission
spectra generated within the discharge and the chamber vacuum
was formed using a mechanical pump (Varian DS302). The
background and working pressure of the vacuum chamber were 2
x 1072 and 1 Torr, respectively.

High-purity CH3;CH,OH (99.9%) was used as the carbon
precursor, and high-purity nitrogen (99.9%) was used both as the
sputtering ion source, which bombards the target, and as the
nitrogen species, which is introduced into the thin films with
carbon ions. The relation of the mixture was 20%-CH3CH,OH to
80%-N,. To generate plasma, the vacuum chamber is first
evacuated with a mechanical pump until a base pressure of 2 x
1072 Torr is reached; next, it is filled with CH;CH,OH-N, mixture
gas and discharge is generated by applying a pulsed current (300
mA at 450 V) between two electrodes. Then, the CH;CH,OH-N,
mixture gas is ionized and accelerated by the electrical field
produced by the electrodes, forming an energetic ion beam that
provides both sputtering ions and reacting nitrogen and carbon
precursors. A Cu disk was used as a substrate for the growth of
CNx films. Pulsed discharge was performed for 1 hour. The
intention of growing CNx films on the surface of Cu

The bond structure and microstructure of the thin films was
investigated using Raman spectroscopy (micro-Raman, LabRam
HR 800 system). Raman measurements were recorded using a
He—Ne laser, which was focused using a 50X lens. During the
measurements, 60 recoded data were collected every 60 s. SEM
(Jeol IT-100 coupled to a Bruker X-Ray microscope) and AFM
(EasyScan 2 Flex AFM) were used to determine the thin-film
morphology. The SEM microscope was operated in high voltage
mode with an accelerating voltage of 20 kV. SEM studies were
carried out on the electrolytic Cu (99.99%) substrate to observe

WWwWw.astesj.com

the formation of attached carbon structures and thus corroborate
their existence.

To characterize the plasma during film deposition, the species
generated within the plasma discharge was observed by optical
emission spectroscopy (OES). An ocean optics HR 4000CG-UV-
NIR spectrometer was used, and spectra were observed in a
wavelength range of 200 to 850 nm, with a resolution of 0.75-nm
FWHM.

Flowmeter
-
Nz
CH3CH20H

Flowmeter r

> L J!‘ Wiyl L g :

Neamn sy Electrodes
Data adquisition —— el High voltage

computer Ocean optics systems —> ol "
P 4 I[’;“z-lr > 1,!’ . power supply

'-IPirani pressure sensor

Figure 1: Experimental apparatus

3. Results and Discussion
3.1. Raman spectroscopy

Raman spectroscopy is commonly used to analyze the bond
structure of carbon-related materials. Visible Raman spectroscopy
is 50 to 230 times more sensitive to sp® sites because m electrons
are preferentially excited with visible photons [12]. Thus, the
Raman spectra obtained for the deposited CNy films provided
double-link information, in addition to indication of changes in
film microstructure.

Intensity (a.u.)

500 1000 1500 2000 2500 3000
Raman Shift (cm”)

Figure 2: Raman spectra of thin CN, deposited by pulsed discharge at a
pressure of 1 Torr.

Figure 2 shows Raman spectra for CNy films deposited onto
Cu at 300 mA, 550 V and 120 W at a working pressure of 1 Torr.
Raman bands appear at 692, 1,362 (D peak), 1,588 (G peak), and
2,250 cm™! [14]. The 692 cm™' band is characteristic of CN films
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deposited under the influence of a reactive gas. This band may also
appear owing to structural disorder in the film. The G peak arises
from stretching vibrations at all sp? sites, both in olefinic chains
and in aromatic rings, while the existence of the D peak is
associated with breathing vibrations in the aromatic rings. These
peaks, therefore, indicate the presence of distorted-ring structure,
or the lack of coherence between adjacent planes of graphite-like
structures [15, 16]. This is due to the disorder in the link angles,
despite the graphite-like micro-domains induced by the binding of
sp> carbon atoms or the finite size of the sp? micro-domains.

The D peak is only related to the presence of aromatic rings.
The D peak arises in materials that exhibit formations of small
clouds or clusters organized into such rings (graphite clusters) [17].
The band centered at about 2250 cm™ is due to the stretching
vibration of a C-N triple bond, suggesting that the C and N atoms
are chemically bonded in the film. The position of the D and G
peaks, together with their widths and the relationship between their
inetnsities (/p/lg) provide valuable information concerning the
deposited films.

The position of the G peak is shifted toward higher energies as

a result of the current used within our system (300 mA). This
current value guarantees an increase in the system temperature.
The position of the G peak, independent of the composition of the
film or the growth method, is related to the vibrational energy of
the present bonds. Therefore, the shift toward high frequencies is
due to a decrease in sp> bonds and an increase in sp? links [18].
This indicates that a conversion of sp> to sp? bonds occurred in the
a-CN; films due to the increase in temperature. This conversion
process could form graphite domains with larger size and/or a
number of sp? clusters, eventually leading to graphitization.
The Raman shift of the D peak at high frequencies suggests a
densification of sp-ringed structures in the atomic network, which
also leads to increased sp’-link content [15]. On the other hand,
Ip/Ig=1.11, which suggests that C sp? are more likely to form C=C
and/or C=N bonds in rings and less likely to form C=C and/or C=N
bonds in chains. Additionally, the /p/I; value indicates the growth
of graphite domains or an increase in their number [19-21], i.e.,
graphitization by heating with an increase in the disorder of the
bond angles of C atoms and N sp? in the films [20, 22]. The width
of the D peak also reflects the crystallinity of the structure: a
narrower band suggests the structure is more crystalline, but if it is
wider, the structure is more amorphous. For the obtained spectrum,
it can be seen that peak D is wider, which suggests derangement of
the structure due to the creation of defects, possibly through the
introduction of C or N atoms between the graphite-like layers. This
may indicate that the structures formed in the thin-film are more
amorphous.

3.2. SEM analysis

The SEM images (Figure 3) acquired at different
magnifications reveal the morphology of the deposited thin-film.
In Figure 3(a), the carbon clusters deposited onto the Cu surface
form a non-homogeneous surface. It is likely that this lack of
uniformity is due to the distance between the electrodes (20 mm)
because the deposition rate is proportional to this distance [23].
The agglomerations observed in the SEM image cause the
formation of large islands with small grains, in turn generating an
uneven surface [24]. Images of the thin-film at different
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magnifications, shown in Figures 3(b) and 3(c), were collected to
better observe the surface. Thus, it is inferred that internal stresses
decrease within the material, allowing the diffusion of particles
within the film surface. This uniformity on the surface can be
explained by two factors: the energy with which the plasma
interacts with the target and the high internal strain generated
within the samples as a result of the formation of amorphous
structures

SED 20.0kV WD12mmP.C.33 HY
CuEtanc

x5, 000

Figure 3: SEM micrographs of thin CN, deposited by pulsed discharge at a
pressure of 1 Torr, taken at (a) 10X, (b) 50X, and (c) 1000X
magnification..
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3.3. AFM analysis

Figure 4 shows the three-dimensional (3D) AFM images of the
deposited thin-film using a current of 300 mA. Figures 4(a), 4(b),
and 4(c) show results obtained by AFM at different scales in
contact mode that is, at swept lines of 50, 25, and 10 pm,
respectively. The morphology that occurs in the deposited films
is determined by the non-uniformity in the surface morphology,
which can be explained by the presence of large graphitic domains
and a polymer component of CN.

Higher polymer components lead to a smoother film, whereas
higher graphite-cluster contents and larger cluster sizes lead to
more agglomerations [23]. A large polymeric component results
in low roughness, whereas a greater number of graphitic clusters
induce the formation of more or larger agglomerations. Although
no defined grains were observed on the surfaces of the films, we
have established that the CNy films had linear and graphite-like
polymer components, which could lead to the surface non-
uniformity. These results agree with those presented by [25]
regarding the morphology of CNj films.

The microstructure, in addition to the morphology formed
during thin-film formation, are important issues in determining
the mechanical (hardness and elastic recovery) and tribological
properties (friction coefficient and wear rate) of CN, films [26].
Therefore, such thin films could be important materials for
application in many tribological uses, because of their mechanical
properties, and in solar cells, due to their optical and electrical
properties [27]. Another interesting application of the present
work is that the observed morphology determined the non-
uniformity in the surface that effect could be reproduce using
phase-field model for planer film surface [28], by the
corresponding different nanoscale effects [29], or by thin planar
interfacial models [30, 31].

3.4. Plasma analysis

Figure 5 display the OES spectrum for CH3CH>-N; in the
spectral range of 200-900 nm. In the mixture, decomposition of
CH3CH,OH takes place by breaking the C-H chemical bonds in
the discharge, producing atomic and molecular impacts and
excitation reactions between radicals and N atoms. The species
observed are as follows: Swan bands (&°T1, - @°I1,), which are
characteristic of the C, molecule at 473.71 nm (Av = +1), 516.52
nm (Av = 0), and 563.55 nm (Av =—1) [16], and CN violet bands
(B’Z" - X?%%), for which the band heads appear at 359.04 nm (Av
=+1), 388.34 nm (4v = 0), and 421.60 nm (Av =—1). Here Av =
v' = v" is the difference in vibrational quantum numbers between
the upper (v') and lower (v") transition states. Also seen are CH
(B’Z-X?IT) at 390 nm and CH (4°A-X°T1) at 426.76 nm.

Figure 6 shows CN, N,, and Hp emissions observed in the
plasma discharge. The N (B°I1-C°I1y) band, which corresponds
to the second positive system (SPS, 337.1 nm), may be mainly
due to the presence of two consecutive reactions: (1) the electron
impact excitation of the N, molecular energy ground state and (2)
radiative decay to a lower level with the emission of a
characteristic photon. These reactions are respectively expressed
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Figure 4: AFM images of thin CN, deposited by pulsed discharge at a

pressure of 1 Torr, taken at different scales. (a) 50 um; (b) 25 pm; (c) 10 pm
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Figure 5: OES CH3CH,OH/N, plasma.
The interactions of N, species with C,HsOH lead to the
formation of CN species [32]. The violet and red spectral systems

of CN are shown in Figure 6. The violet spectral system of CN
may be produced by the following reaction:

CN(B?Z%) - CN(X22H) + hv 3)
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Figure 6: OES spectrum CN, N, and CH species.

which corresponds to Av= 0 and a radiative lifetime t = 60 ns.
The resulting vibrational distribution of CN (X’Z") can be
modified by relaxation processes that include vibrational collision
relaxation within each electronic state, inter-electronic transfer by
collision between vibrational levels of the states X’°>* and A°T1,
and the radiative deexcitation of the vibrational levels of A4°I1
toward vibrational levels lower than the X’Z" state. The latter of
these relaxation processes result in the appearance of the red
spectral system, as shown in Figure 7, and is expressed as
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CNAID)—-CNXPE Y +hy 4)
with Av= 3 and a radiative lifetime t = 6000 ns.

Conversely, from Figure 5 it can be seen that the CN species
at 388.3 nm and the N," species at 390 nm overlap, implying that
the production of CN radicals in that interval is mainly linked to
the excited state of N, (C’I1,). This phenomenon has two causes:
(i) resonant excitation in collisions between highly excited neutral
N> molecules (3.26 V) and CN radicals (3.19 eV) or (i) the high
energy of the excited N, (11.1 eV) favoring the generation of
atomic N, which in turn favors CN formation. The reaction of N
atoms with C or C-containing species is exothermal, which
facilitates these reactions [33—35]. N atoms within the discharge
could not be detected because their lifetimes are shortened by
bonding with N atoms and C-containing species.

Its peaks are also covered up by CN compounds with higher
intensities. The presence of CN radicals within the discharge is
mainly related to the excited state of N, [32]. C, Swan band
emissions arise from transitions between electronic states (d° /7
a® I1,) as a probable result of the dissociation of CH;CH>OH in
the following way:

CH;CH,OH—e
CH;CH,0H —— CH,0H, CH; ———— C0*,C}
e impact e,rad impact
——— > C(solid, CO) (5)
c condensation
6000
.| o)
i N,(B'T-A’E))
3
L.k
& S
E ON (A'T1-X’5)
[=

700 20 740 %0 780 a0
Wavelenghts (nm)

Figure 7: OES spectrum CN (red spectral system), N, and O atom species.

As can be seen in (5), atomic hydrogen is removed from
CH3CH,0H [32, 36] and the C-C bond finally dissociates by direct
electron impact, which leads to the formation of solid carbon. The
presence of C, can be taken as an indication of solid carbon
formation, as it is known that the C, species initially nucleates in
solid carbon clusters [37]. This would result in the presence of C»
Swan bands in the range of 480—530 nm.

Swan band heads correspond to (0,0), (1,1), (2,2), (3,3), and
(4,4) with a Av = 0. Carbon molecules react with N atoms in the
following way:

N+C->CN+C 6)
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We assume that generation of C, molecules was caused by
collisions in the plasma, which promote recombination of the
dissociated C of the CHs species. The C, species and the CN
radicals generated within the mixture contribute to the growth of
the CN thin films. The availability of C, species provides a
considerable fraction of sp? hybridization, as opposed to sp’
hybridization, which is an important factor in the formation of
graphite-like or fullerene-like structures with sp? hybridization in
deposited CN films.

The emission of CH (B*X™-X?T1) at 388.9 nm becomes
embedded in the CN signal, as seen in Figure 5. The presence of
CH in the CH3CH,OH discharge can be considered an indication
of solid carbon and higher order hydrocarbon formation. This is
because CH species are typically found as intermediate radicals in
the formation of these products [36]. CH species react with
nitrogen atoms in the following process:

N+CH-CN+H (7)

However, CH radicals can arise as intermediate reaction
products to generate CHy4, CoHa, CoHa, C2Hs, or CsHg [38, 39]
when hydrogen atoms (Ho. and Hp) react with solid carbon
fragments [40—42]. The presence of Ha and Hp in the discharge is
aresult of (7), which forms the hydrogen species. In Figure 5, these
species are seen as the most intense lines of the Balmer series.

e+OH—->0+H+e ®)

The presence of Ha and Hp is related to dissociation of the CH
and OH within the discharge, as seen in (7) and (8), which could
also be a new source for hydrogen generation.

4. Conclusions

CN; thin films were deposited on Cu substrates using a pulsed
discharge method with CH3;CH,OH as the source of carbon and
Ny as the sputtering ion and nitrogen source.

Through Raman analysis, it was demonstrated that the structure
of the deposited films was amorphous. The characteristic Raman
D and G peaks for carbon were identified. The position of the G
peak is related to the vibrational energy of the present bonds;
therefore, there is a shift toward higher frequencies due to the
decrease of sp? bonds and hence the increase in sp? bonds. This
indicates that a conversion of sp® bonds to sp? bonds occurred in
the CNy films owing to the increase in temperature. Such a
conversion process could form large graphite domains with large
size and/or an increased number of sp? clusters, eventually leading
to graphitization. The observed high-frequency D peak shift, on
the other hand, suggested densification of ringed sp? in the atomic
network, also increasing the sp?>-bond content. In addition, the
Raman analysis showed an additional band centered at
approximately at 2250 cm™', which appears because of the
stretching vibration of a triple bond C-N. This suggests that the C
and N atoms are chemically bonded in the film. An Ip/I; value of
1.32 suggested that C sp? is more likely to have formed in the film,
considering that C=C and/or C=N bonds can be formed in rings
and there are fewer opportunities to form C=C and/or C=N links
in chains. In addition, this /p//¢ value indicated the growth of the
graphitic domains or the increase of their number, i.e.,
graphitization by heating with an increase in disorder of the angles
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of the bonds of the C and N atoms sp? in the films.

Through SEM analysis, we were able to observe the thin-film
morphology, wherein carbon clusters deposited on the surface of
the Cu were observed. The lack of uniformity of the non-
homogeneous surface can be attributed to the distance between
the electrodes during the deposition process. Since the deposition
rate is considered proportional to the distance, these observed
agglomerations cause the formation of large islands with small
grains, in turn generating an irregular surface. These results were
later corroborated with AFM results, from which we determined
the morphology of the CN; film. The surface was found to lack
uniformity, which can be explained by the presence of large
graphite domains and a polymeric component of CN. This reveals
that the greater the content of graphite groups or the larger their
size, the greater the number of agglomerations. Finally, we
conclude that the films grow via island growth, very similar to the
results presented by [25].

OES measurements confirmed the decomposition of the
CH3;CH>OH molecule as a result of electron impact dissociation
in the plasma discharge. Products obtained from the dissociation
collide with the N species to generate CN radicals and form violet
and red emission spectra characteristic of CN. CN radicals are
important because of their variety of industrial applications,
mainly in materials science. In addition, the C, Swan band, a
species that also plays an important role in the appearance of CN
radicals, was identified. The presence of CH indicated the
formation of solid carbon. Hydrogen species were also detected
in the CH3CH,OH-N, plasma mixture. Therefore, the mixture
plasma is not only useful for producing CN but also for generating
hydrogen.
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Sustainable energy is gradually becoming the norm today due to greenhouse warming
effects; as a result, the quests for different renewable energy sources such as photovoltaic
cells as well as energy efficient electrical appliances are becoming popular. Therefore, this
article explores the alternative energy case for thermoelectricity with focus on the steady-
state mathematics, mixed modelings and simulations of multiple TEGs and TECs modules to
study their performance dynamics and to establish their optimal operation points using
Matlab and Simulink. The research substantiates that the output current from TEGs or input
current to TECs, initially respectively increases the output power of TEGs and the cooling
power of TECs, until the current reaches a certain maximum optimal point, after which any
further increase in the current, decreases the TEGs’ and or TECs’ respective output and
cooling powers as well as efficiencies, due to Ohmic heating and or entropy change caused
by the increasing current. The research main contributions are elaborate easy to understand
TEGs/TECs theoretical formulations as well as static and dynamic simulated models in
Matlab/Simulink, that can be used initially to dynamically investigate an infinite quantity of
TEG and TEC modules connections, be it in series and or in parallel. This is to assist system
designers grasp TEGs and TECs theoretical operations better and their limits, when
designing energy efficient waste heat recovery (using TEGs)/cooling (using TECs) systems
for industrial, residential, commercial and vehicular applications.

1. Introduction

generator (TEG). The reversed phenomenon is a Peltier effect —
which is basically the production of cold from DC electricity and
if the direction of current flow changes (swap voltage polarity),

According to [1], energy security and green economy are
becoming paramount today; as a result, the demands for
renewable and alternative energy sources such as solar, wind,
hydro energy, bio-fuels and fuel cells, as well as energy efficient
loads, are on the rise in an effort to ensure energy sustainability
and carbon free environment. In this regards, we investigated
thermoelectricity as a potential alternative energy for sustainable
energy source and loads — that is, as a clean DC power source for
low energy lighting/applications and as well to provide clean
cooling/heating in various human habitats. Thermoelectricity as
reviewed in [2], practically focuses on the Seebeck and Peltier
effects. Seebeck effect is basically converting heat to DC
electricity and the device that does this is a thermoelectric

"Corresponding Author: NP Bayendang, CPUT DEECE, +27765404896,
bayendangn@cput.ac.za
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heat is also produced and the device that does this is called a
thermoelectric cooler (TEC). Therefore, by efficiently applying
thermoelectricity prudently, a clean alternative energy source for
DC low power applications using TEGs and or energy efficient
loads in the forms of heat pumps, air conditioners, refrigerators
etc using TECs; can be passably implemented to help sustain
some human habitats basic energy consumption such as lighting,
cooling and heating; as well as reduce environmental pollution.

As already examined in [2], thermoelectricity lends itself to
various applications with focus on how TEGs and TECs can be
used respectively as a power source and as a load. Furthermore,
studied in [3], is a re-configurable TEG DC-DC converter for
maximum TEG energy harvesting in a battery-powered wireless
sensors network (WSN). Described in [4], is the analysis and
design of a thermoelectric energy harvester (TEH) prototype for
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powering up outdoor sensors and devices. Solar energy was
harvested using different TEG arrays in [5] and a theoretical
analysis of implementing a re-configurable TEG was researched
in [6]. Electronic cooling was investigated in [7] and the findings
revealed that the TEC cooling capacity could be increased by
increasing its cold side junction temperature and decreasing its
temperature difference. A multi-stage TEC module in cascade
was examined in [8]; whereas in [9], an extensive mathematical
analyses were articulated for TEG and TEC design and materials.
A TEG model was developed in [10] for maximum power point
tracking but lacks the detailed underlining maths and the parallel
TEG combinations was limited to just 2. A comprehensive TEG
and TEC models with the detailed maths supporting the TEG and
TEC models, were presented respectively in [11] and [12]. In
[13], a modeling of TEG using Modelica is asserted but deficient
in the comprehensive maths, especially considering modeling
infinite multiple TEGs and as well TECs modules —which were
not articulated. A parametric ANSYS study of TEG and TEC was
presented in [14]; however, the detailed maths and especially for
the case for infinite TEG and TEC modules use/ connection, was
inadequate. In addition, for large scale TEGs and TECs
applications, the following studies were examined. In [15], 600
TEGs with a temperature difference of ~120 °C, were applied to
harvest and generate up to 1 kW of DC power from geothermal
heat. It was further indicated a 2 kW power could be achieved
with a higher temperature difference and also the TEG cost is
much lower to generate equivalent amount of power than using
photovoltaic. However, the study lacks the theoretical details to
substantiate it. TEG harvesting of waste thermal energy from
household heat sources such as a generator exhaust pipe and a
kerosene stove, were performed in [16] and various parameters
measurements were made but without detailing the maths to
calculate these parameters. Light and heat from the Sun are the
most common forms of energy abundant on Earth; as a result, [17]
reviewed the possibility of integrating photovoltaic and TEG in a
hybrid photovoltaic-TEG system and further examined the
efficiency improvement. A 128 TEGs system was assembled in
[18] to generate ~684 W of power from radiation heat transfer at
a temperature difference of ~125 K and with a corresponding
power density of 845 W/m?. Their results further justified that
with a greater practical temperature difference of 200 K, the
respective generated power and power density of their TEGs
system could attain 1.23 kW and 1.51 kW/m?. Their TEGs system
open circuit voltage, its output power, its power density and its
conversion efficiency were investigated in details at different
temperature differences; however, the underlining maths was not
elaborated. A grid-tied 20 W TEG experimental model using 24
modules in series with the heat harvested from a waste incinerator,
was experimented in a lab and the preliminary and analytical
models of the electric output power as a function of specific
temperatures, were investigated in [19]. A micro combined cold,
heat and power system for a small household with a TEC as the
cooler and achieving a cooling power of 26.8 W, was presented in
[20]. In [21], a 3D printable TEG device architecture with a high
thermocouple density of 190 per cm? by using a thin substrate as
an electrical insulation between the thermoelectric elements,
resulted in a high-power output of 47.8 uW/cm? from a 30 K
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temperature difference. A stove-powered TEG (SPTEG) was used
in [22] to generate power from waste heat released during
cooking. They researched series and parallel TEGs connections
and the effect of pressure to address low power output due to
irregular temperature. Finally, an experimental and a numerical
investigations on TECs for comparing air-to-air and air-to-water
refrigeration were investigated in [23], with the findings revealing
that air-to-water achieves 30-50% efficiency, compared to air-to-
air cooling.

These are just a few noted studies; however, lacking in the
TEGs/TECs literature are comprehensive details on their maths,
modeling and operations when connected in series and also in
parallel to increase the output power (in the case of TEG) and the
cooling power (in the case of TEC). This article therefore,
expands on i) developing and expressing further the theoretical
maths covering TEGs and TECs various parameters/modules with
focus on the total internal resistance, ii) the modeling of multiple
TEGs and TECs modules focusing on their electrical parameters
and finally iii) their static and dynamic simulations with focus on
the optimal operation points investigation as well as the
interpretations thereof. The results are then validated with
established published studies and concluding remarks are drawn.

2. TEGs and TECs Mathematical Analyses and Modeling

In [9], [11] and [12], the standard static mathematics defining
various TEG and TEC parameters as well as their modeling are
demonstrated. We developed further and present in the following
sections: 1) TEGs and TECs maths and ii) the implemented models
(based on their maths) using Matlab/Simulink and the simulations
of TEG/TEC modules, be it in series and or in parallel connections.

2.1. TEGs and TECs Steady-state Mathematical Analyses

The derivations thus far of the TEG and TEC parameters have
been based-on the p-n junction thermoelement resistance at the
thermocouple level and by extension at the module level as
indicated in [9], [11] and [12]. However, in practice, more than one
TEG and TEC modules will be needed for more power production
and this will take the form of series and or parallel connections; as
a result, the electrical resistance will often change. This section
redefines the change in R to R, and is articulated next.

() TEGs Steady-state Mathematical Analysis

The following TEG parameters mathematics are developed and
presented step-wise for multiple TEGs case as follows:

e Thermoelectric (TE) device p-n junction thermocouple
resistance (7)

The TE device p-n thermocouple resistance » in ohm is:

r=pL/A (Q)
6]
with p being the TEG/TEC electrical resistivity in Q.m, L is the

length in (m) of the TEG/TEC p-n thermocouple and the
TEG/TEC p-n thermocouple area is 4 in metre squared (m?).

e TE device (TEG and TEC) module resistance (R)
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The resistance in (Q2) of a TEG/TEC module is computed as:
R=nr (Q) 2)
where n (which differs, could be 100, 127, 199, 255 etc) is a
TEG/TEC manufacturer p-n thermocouples amount used in a
TEG/TEC. The more the n, the more powerful is the TEG/TEC.
o TEG/TEC module(s) total resistance (R;)

The total resistance R; in (2) of a TEG/TEC module(s) is
simply calculated as:

R.=n=r=R= (Q) 3)

with 7, being the TEGs/TECs (TEG/TEC modules)
amount connected in parallel and 7 the TEGs/TECs (TEG/TEC
modules) amount connected in series. NB: all the TEGs/TECs used
in (3), have to be identical model to make sure the R of each
TEG/TEC is not vastly different; if not, (3) would be inaccurate.

o TEG(s) output voltage (V)
The TEG(s) voltage generated in volt, can be derived as:
Vo =nSAT - IR, %) @)

with S being the TE device Seebeck coefficient in V/K, AT
= Ty — T, the TEG(s) temperature difference in kelvin or °C and the
output current of the TEG(s) is / in ampere.

o TEG(s) output current (/)

The TEG(s) generated current / in ampere is deduced as:

[ = nSAT
T R+ R

(A) 3

with R; being the resistance of the electrical load connected
to the TEG(s) output. NB: more 7 causes the TEG(s) more Joule
heating, which negatively affects the TEGs efficiency.

e TEG(s) hot-side heat absorbed (QO»)

TEG(s) produce DC power when their hot-side is at a high
temperature 75, during which the TEG(s) becomes hotter and the
absorbed heat in watt is Oy, given as:

On = n[(SIT)) + (KAT)] — 0.5PR, %) (6)
with K being the TEG(s) thermal conductance in W/K.

e TEG(s) cold-side heat emitted (Q.)

TEG(s) produce DC power when the cold-side of the
TEG(s) is at a low temperature 7. releasing the heat Q. in watt.

O. =n[(SIT,) + (KAT)] + 0.5PR, W) @)
o TEG(s) output power (P,)

The TEG(s) modules generated power P, in watt, is found
variously as follows:

Po=0n— 0 W)y (3
P,=1V,=n[(SINT)]-PR, (W) (9
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e TEG(s) electrical/conversion/thermal efficiency (7)

n is the TEG(s) power output P, divided by the TEG(s) hot-
side heat absorbed Q;. 7 being a performance parameter is:

n = Po/Oh (10)
The conversion efficiency details is presented later.

e TEG/TEC Carnot’s efficiency ()

Carnot efficiency is the efficiency determined based-on the
temperatures 7 and 7.

ne=pr=Tilemy ()
h

e TEG(s) conversion efficiency expression (7.)

Simply, 7. is the raw expression of 7. That is, when
equations of O and P, (respectively (6) and (8) or (9)) are both
substituted in (10).

(nRL/R¢t)

[(1+71RL/Re)=0.5nc+((1/ (2ZT))(1+nRL/Re)? (1+Tc/Th))]

(12)

with ZT being the TE device average dimensionless
merit figure. NB: Zis the TE device merit figure in per K (K-') and
T =(T,+ T.) /2, is the TE device average temperature in K.

e =N

e TEG(s) maximum conversion efficiency (1)

nm 1s the efficiency of the TEG(s) at R, /R, =y 1 + ZT. The
expression as a function of TEG temperatures and Z is:

_ W1+2ZT)-1)
fm = rl”((\/1+z7‘“ + (T, /Th))) (13)

e TEGs maximum power conversion efficiency ()

As a function of temperatures and Z, 7, is the efficiency
of the TEG at its maximum output power P, — that is, at R, = R;.

Hmp = N/[2 — 050+ (2/ZT) (1+T/Ts)] (14)
e TEG(s) maximum power output (Poax)

The TEG(s) maximum transfer of power theoretically
happens at R, = R;. NB: in practice, R, = R, is hardly ever the case.

Pona= (nS AT)*(R/R)/R(1+(Ri/R))? W) (15

o TEG(s) maximum voltage output (¥ 0uax)

TEG(s) Vomax happens at open circuit, that is when R;, is not
connected or R; is infinity (extremely large), /= 0A.

Vomar = nS(Ty,— T,) = nSAT V) (16)
e TEG(s) maximum current output (Zyax)

TEG(s) Iua happens at short circuit — meaning, when the
load R; is 0Q. NB: R; will therefore ideally be the sole resistance.

Tviax = nSAT/R, = nS(T), — To)/R; (A) (17)
e TEG(s) generated current normalized ()

1, is the normalized current of the TEG(s) in the range 0 <
I, < 1. At the TEG(s) maximum transfer of power (R; = Ry), I,
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0.5. Simply, 7, is the TEG(s) generated current divided by the
TEG(s) maximum current output. It is calculated as:

I Re
In = =
IMax Rt + Ry
e TEG(s) generated voltage normalized (V)

(18)

¥V, is the normalized voltage of the TEG(s) ranging from 0
<V, £ 1. At the TEG(s) maximum transfer of power (i.e. R.=R)),

V.= 1/2. V,is the TEG(s) voltage generated divided by the TEG(s)
maximum (ideal) voltage generated. It is given as:

Vy=—o = _fL_ (19)

Vomax Ry +R¢
o TEG(s) output power normalized (P,)

P, is the normalised TEG(s) power bounded between 0 < P,
<1. P,=1 at the TEG(s) maximum transfer of power (R;=R;). P, is
the TEG(s) power generated divided by the TEG(s) maximum
output power. It is expressed as:

Po 4(RL/Rt)
= = 20
[(RL/RD+1]? (20)

Pomax
e TEG(s) conversion efficiency normalized (7,)

1 1s the conversion efficiency of the TEG(s) in the region
0< 5, <1. 7, depends on R, /Ry, T./T; and ZT. 5, is the conversion
efficiency of the TEG(s) divided by the maximum conversion
efficiency of the TEG(s), deduced as:

Nn = N/fm (21)
o TEG(s) effective Seebeck coefficient (S.)

Se measured in volt/kelvin, is expressed as:

Se = 4P0omax /(e T) (V/IK) (22)
o TEG(s) effective electrical resistivity (pe)
pe measured in ohm metre, is found using:
Pe = 4[(A/L)POma]/Mlnai’ (Qm) (23)
e TEG(s) effective figure of merit (Z.)

Z.measured in per kelvin, is computed as:

Ze= [/ T)A+TST) ) [ne((Vnmp)+0.5)-2] (K'Y (24)
o TEG(s)/TEC(s) effective thermal conductivity (k)
k. measured in watt per metre kelvin, is expressed as:

ke=S2/(peZ)  (W/mK) 25)

TEGs/TECs effective parameters enable researchers to
factor in TEGs/TECs system losses using maximum parameters to
bridge the theoretical and measured specifications differences [9].

o TEG(s) Heat Flux Density (HFD)
HFD is the amount of heat absorbed per TEGs hot-side

surface area (TEGsa) in watt per centimetre square.
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HFD = QW/TEGsq (W/em?) (26)

This concludes the TEG(s) modules static mathematical analysis.

(I) TECs Steady-State Mathematical Analysis

The following TEC parameters mathematics are examined
and developed step-wise for multiple TECs case as follows:

e TEC(s) voltage input (Vin)
The TEC(s) applied voltage in volt, is expressed as:
Vin =n[S(Th— Te)] + LinR; V) 27
where [;, is the TECs input current from the power supply.
e TEC(s) input current (/;;)

The TECs input current in ampere is derived as:

nSAT
Iy =
Rs— Rt

(A) (28)
where R; is the internal source electrical resistance of the
power supply connected to the TECs.
e TEC(s) cold-side heat absorbed (Q.)

TECs create cold when their cold-side is at a low
temperature 7. to absorb heat and supply a steady cooling power Q.
in W.

O. = n[(SI,T.) — (KAT)] — 0.51,°R, W) 29)
e TEC(s) hot-side heat emitted (Q5)

TECs produce cold when their hot-side is at a high
temperature 7 emitting the heat Q) in watt.

Oi = n[(SInTy) — (KAT)] + 0.51,7R, W) (G0
e TEC(s) power input (P;x)

The applied power P;, in watt required to power the TECs,
is calculated variously as follows:

Pin = Qh - QL' = n[(S]mAD] + IinZRt (W) (31)
Pin = Iin Vin (W) (32)
o TEC(s) coefficient of performance (CoP)

This is TECs cooling power Q. divided by its input power
Pi.
CoP = Qc/Pin (33)

e TEC(s) CoP Expression (CoP.)
CoP. is the raw expression of CoP when the equations of Q.

and P, (respectively (29) and (31) or (32)) are put in (33).

[(SIinTe) — (KAT) — (0.513*Re/n)]
[(SIinAT) + (Iin®Re/n)]

CoP, = (34)

e TEC(s) current to yield CoP (Z..p)
Leop 1s the TECs input current in (A) needed to attain CoP.
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_ nSAT
Leor = ez 1) @ 63
o TECs maximum CoP (CoPyax)

COP ay 1s the TECs maximum CoP that can be achieved.

(Te/aT)((VI+2T) - ;—’:)

((V1+ZT )+1)

COPrax = (36)

e TEC(s) maximum cooling power current (Icpmax)
Icpmax 18 TECs current in ampere needed to realise max Q..
Icpmax = nST/R;  (A) (37)
o  TEC(s) leop maximum cooling power (Ocpmax)
OcpPmax in (W), is TECs maximum Q. attained based-on Z.
Ocpumar = n[(SlepTe) — (KAT)] — 0.51c05°R: (W) (38)
e TEC(s) maximum temperature difference (A7 na)

TEC(s) ATwax in (K), occurs at maximum /;, and at Q.= 0W.

M= (T +2) = [T+ D2 -T2 ®) 39)

TEC(s) maximum input current (Zqx)

Lnax 18 TEC(s) maximum input current in (A) at Q. = OW.

TEC(s) maximum input voltage (Virtyax)

Vitimax 1s the maximum V7, in volt, that produces maximum
ATyax Wwhen Ly, = Lyax, R=0, T.=0, Q.= 0 and T}, is maximum.

Vitpae = nSTy (V) (41)
e TEC(s) maximum cooling power (QcCmax)

QOCpmax 1s the maximum absorbable heat or cooling power in
watt, at [;; = Luqe and AT = 0°C.

OCmax = (S)* (T — AT wa®)/2R, W) (42)
e TEC(s) input current normalized (/in,)
TEC(s) liny, is 1o divided by L.
lin, = Leop/Inax (43)
e TEC(s) input voltage normalized (Vin,)
TEC(s) Viny, is Vi, divided by Vinar.
Ving = Vi /Vitimax (44)
e TEC(s) cooling power normalized (Qc,)
TEC(s) Qcy is Q. divided by Q¢
Ocy, = O/QCmax (45)
e TEC(s) CoP normalized (CoP,)
TEC(s) CoP, is CoP divided by CoP g
CoP, = CoP/CoPax (46)
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e TEC(s) normalized temperature difference (A7})
TECs AT,, is AT divided by AT and it is expressed as:
AT, = AT/ATpax 47)
Normalized parameters give dimensionless parameters.
o TEC(s) effective Seebeck coefficient (S.)
TECs S. measured in VK., is defined as:
Se = 20¢mad/[Mhnax (Th + ATway)]  (V/K) ~ (48)
o TEC(s) effective electrical resistivity (pe)

TECs p. measured in ohm metre, is written as:

pe = ASe(Th = ATmax)/Llnax (Qm) (49)
o TEC(s) effective figure of merit (Z,)
TECs Z, measured in per kelvin, is given as:
Ze = 2T o/ (T - AT )’ K (50)

o TEC(s) midpoint current (/iq)
Iyia measured in ampere, is the mean of Icpyqrand Lp.
Lnia = 0.5(Icpmax + Leop) (A) (51)
e TEC(s) midpoint cooling power (Qcmiq)
Qcmia measured in watt, is expressed as:

OCmia = n[(ShniaT.) — (KAT)]=0.51,ilR, (W)

(52)
e TEC(s) midpoint input power (Pirmiq)
Pinyia measured in watt, is deduced as:
Pinmia = n[(SniahT)] + Lnid’R: (W) (53)
e TEC(s) midpoint CoP (CoPia)
CoPiq is computed as:
CoPpia = QCmid/Pilmia (54)

Midpoint parameters ascertain safer optimal TECs design.

TEC(s) cold flux density (CFD)

CFD is the cold amount produced (heat absorbed) per
TECs cold-side surface area (TECsa) in W/cm?. It is computed as:

CFD = Q./TECsa (W/em?) (55)

2.2. TEGs and TECs Modelling and Simulations

Covered in Section 2.1., are the TEGs and TECs parameters
of interests —which were extensively expressed mathematically
with emphasis/basis on the total internal resistance R,—which was
derived and the regular TEG/TEC equations re-expressed based-
on R, to now cover TEG(s)/TEC(s). The above equations are herein
further modeled in Matlab and Simulink, to institute the TEGs and
TECs models that can now be utilized to simulate and investigate
many connected TEGs and TECs optimal performance.
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Exemplified in Figures la and 1b, are the TEGs static and dynamic
simulated model GUIs, from which the TEGs parameters expressed
in Section 2.1.1, can all be statically and dynamically configured for
an infinite amount of TEGs connections and then simulated to
obtain the TEG(s) optimum operation points. Figures 1c and 1d
zoom-in on the TEGs internal modeling. Figure le expands on the
TEGs R, modeling — this must be matched to the load resistance R;,

— which can be changed before or while the simulation is running
to match the TEGs R, for maximum power transfer simulation.
Figure 2 exemplifies the TECs simulator user interface. Also,
multiple TECs combinations in 7; and 7, and the various
parameters presented in Section 2.1.11, can be optimally simulated.
Likewise, maximum power will be transferred also from the DC
power supply to the TECs by matching its R;to R;.
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Nganyang Paul BAYENDANG, March 2021: TEG Parameters
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Figure 2: TEC(s) simulator — simulates TECs various parameters by inputting a TEC specific data sheet parameters and calculates its theoretical outputs

WWwWw.astesj.com

67


http://www.astesj.com/

N.P. Bayendang et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 7, No. 1, 60-78 (2022)

3. TEGs and TECs Simulations Results

The TEGs and TECs simulations results are presented in three
parts as follows, the i) TEGs parameters static simulation results
ii) TECs parameters static simulation results and iii) TEGs
parameters dynamic simulation results. Understanding these
parameters operation is very paramount; otherwise, doing the
physical design would just be a matter of taking chances and
hoping for the best — which is sometimes the case, as most
designers have reported very bad design results, likely from not

Optimal Operation Point —_—
1

understanding TE devices dynamic operations and limitations. The
results from investigating the TEG(s) and TEC(s) parameters
optimal operation points are discussed in details in Section 4.

3.1. TEGs Parameters Static Simulation Results

Figures 3 — 6 expound the TEGs parameters simulated to
determine their optimal operation points — marked in green.
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TEG Generated Power (W) vs Output Current (A} vs P-N Thermocouple Resistance (Ohms)
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3.2. TECs Parameters Static Simulation Results
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TECs parameters are simulated in Figures 7 - 10 to determine their possible optimal operation points — shown highlighted in red.
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3.3. TEGs Parameters Dynamic Simulation Results

TEG modules temperatures, its series and parallel connections dynamic simulation results are depicted in Figures 11a - 11f.
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4. TEGs and TECs Simulations Results Discussions

The TEGs/TECs simulations results demonstrated in Section
3, are engaged below in their following respective sub-sections.

4.1. TEGs Parameters Static Simulation Results Discussion

Some of the crucial TEGs parameters simulated in Section 3.1.
and the significance of the results are herein asserted. As
exemplified in Figure 3, a TEGs generated power P, is proportional
to its temperature difference AT and output current /; however, /
above 5A (in this case) will decrease P, — which is because of the
TEGs internal Ohmic heating as a result of the increasing output
current /. The AT, P, and [/ optimum operation points are
emphasized in green in Figure 3. In Figure 4, a TEGs conversion
efficiency # is directly proportional to current output / up to ~5SA
max (in this case) and decreases later as highlighted in green. It
should be noted that 5 is as well directly proportional to P,.
However, a TEG P, is reciprocally proportional to its p-n
thermocouple junction resistance » and as well to its total internal
resistance R, (more than one connected TEG modules), though pro
rata to / up to ~5A (in this case) as portrayed in Figure 5. At this
optimal point; R;or R is 0, / is ~5SA maximum and P, is ~105W
as highlighted in green. In Figure 6, the TEGs current output / is
proportional directly to the TEGs absorbed heat Oy (at temperature
Ty on the TEG hot-side) which in turn is directly dependent on the
TEG AT. Figure 6 pictured the optimum point stressed-out in green.
It should be noted that these results are not specific to a particular
TEGs’ connections — the results just fundamentally give a holistic
theoretical understanding on what TEGs physical parameters must
be taken into considerations, how they are interrelated, their
associated dynamics and technical limitations and how they can be
practically traded-off or optimized for optimal performance when
designing TEGs power supply systems.
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Figure 12: Validating our model with [9] — TEG (i) output power Pp = ~55W vs
output current / = ~5A validating our Figure 3 result and (ii) conversion efficiency
n = ~10% vs output current / = ~4A validating our Figure 4 result.
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Depicted in Figure 12, is a result of a typical TEG model
simulated with Mathcad using TEG standard specifications from
typical manufacturers data-sheet as presented in [9]. This was used
as a benchmark to validate our TEG model simulation accuracy —
which is very close, besides a few discrepancies due to minor
simulation settings differences. In light of this, our implemented
TEG model can be used and developed further to simulate TEGs,
including infinite series and parallel connections, which are central
to our research and in large scale TEGs uses.

4.2. TECs Parameters Static Simulation Results Discussion

Some of the critical TECs parameters simulated in Section 3.2.
and the importance of the results are herein articulated. Figure 7
illustrates that TECs Q. on TECs cold-side T, is reciprocally
proportional to AT but proportional directly to I;; up to a maximum
point, after which Q. starts dropping. The reasons are due to i) Joule
heating (the more I;,, the more the internal heating effect) and also
ii) the second law of thermodynamics — simply put, heat flows from
a hotter to a colder body; in this regards, the heating caused by the
increasing /i, increases the TECs internal temperature up to a
temperature greater than that surrounding the TECs hot-side Tj;
consequently, heat now starts to flow from the TECs hot-side to its
cold-side, thus making the cooling process (heat pumping) on the
TECs cold-side inefficient. In Figure 7 and highlighted in red, the
O., AT and I;,; display three optimal operation points depending on
the TECs design constraints/ priorities. In option 1, Q. is 115.677TW
with a AT of 1°C and [, of 6A. In option 2, Q. is 110.668W with a
AT of 19°C and I;; of 14A. In option 3, Q. is 105.664W with a AT
of 4°C and [, of 16A. As evident, either AT and or /;, depending on
the design constraints, can be optimized by either minimizing the
TECs AT and or maximizing TECs /;, to increase Q. within max
operational limits. In Figure 8, P;, and I;, are directly proportionally,
which will initially increase Q. until a certain maximum limit, after
which increasing P;, and I;; drop Q. — contrary to AT which is
inversely proportional to Q.. The optimal operation point is
highlighted in red. Figure 9 shows a TECs P;, vs I;; vs R. Normally
R is set fixed when designed by the manufacturer but now, with R,
introduced, R can be fairly altered and if it is matched to Ry,
maximum power will be transferred to the TEC(s); thereby,
optimizing P;, and maximizing Q. as highlighted in red. Figure 10
demonstrates how CoP akin to Q.; increases with decreasing AT
and initially with increasing / up to a maximum value and then starts
decreasing, as current / increases as shown variously in Figure 10.
Depending on the design constraints, two optimal CoP operation
points are evident as highlighted in red — in optimal operation point
1, a CoP of 3.3763 is achievable by minimizing /;, to 1.8644A and
maximizing AT to 9.322°C; whereas in optimal operation point 2, a
CoP of 3.3638 is attainable by maximizing [, to 2.9831A and
minimizing AT to 0°C. Finally, our TECs model is reasonably
validated by comparing a specific Q. of Figure 7 with that of Figure
13, as shown. The discrepancy is due to different TECs parameters
setting. In sum, understanding the theory of TECs parameters and
taking the various operational dynamics involved into
considerations are very crucial in TEC(s) design/performance.
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Figure 13: Validating our model with Lee, 2016 [9] — using TEC cooling power Q.
=~8W vs input current / = ~1.5A vs AT=~30°C to validate our TECs Q. in Figure
7 result with cooling power Q.= ~16W vs input current / =~2A vs AT=~30°C.

4.3. TEGs Dynamic Simulation Results Discussion

Some of the critical TEGs dynamic simulated in Section 3.3.
and the importance of the results are herein discussed. The TEGs
temperatures and modules electrical connections (series, parallel,
series/parallel) dynamics were simulated. In which beginning with
the TEGs temperature dynamics, various arbitrary temperatures on
the TEGs hot and cold sides as demonstrated in Figure 1b and
Figure 1la, as well as summarized in Table 1, were simply
dynamically simulated using time-series inputs. As expected, the
TEGs dynamically generated power, voltage and current; increased
with increasing 7 and DT but with decreasing 7.

Table 1: TEGS time-series inputs dynamic simulations results summary

Matlab / Simulink Simulation Time
0.1 02 03 04 05 06 07 08 09 1.0
Figure 11a TEG modules T, Tc and DT dynamic temperature inputs in °C
TEGSs T 60 120 125 75 100 80 65 8 200 150
TEGs T. 10 20 25 30 35 15 40 0 5 45
TEGs DT 50 100 100 45 65 65 25 85 195 105

Parameters

Figure 11b 36 TEG modules in 10 dynamic 75, T, T; and R, auto configuration
Ts 36 18 12 9 6 6 4 3 2 1
T, 1 2 3 4 6 6 9 12 18 36
T: 36 36 36 36 36 36 36 36 36 36
R: () 54.8613.726.096 3.429 1.524 1.524 0.677 0.381 0.169 0.0423
Figure 11c 36 TEG modules ideal (if TE Ggeint= 0) power, voltage and current

TEGpoem (W) |129.1479.4423.270.86 108.8 108.3 7.995 73.61 196.1 12.2
TEGyvo. (V) |85.7285.7257.1519.2918.5718.57 4.763 12.14 18.57 5
TEG: (A) |1.5065.5937.4063.674 5.86 5.831 1.679 6.061 10.56 2.44
Figure 11d 36 TEG modules internal resistance power, voltage and current
TEGrint (€2) [54.8613.726.0963.429 1.524 1.524 0.677 0.381 0.169 0.0423
PTEGRgint (W) [124.5 429 334.346.2852.3351.821.909 14 18.88 0.2519
VTEGRr:in (V) |82.6376.7145.15 12.6 8.93 8.887 1.137 2.309 1.788 0.0103
ITEGRin (A) [1.5065.5937.4063.674 5.86 5.831 1.679 6.061 10.56 2.44
Figure 11e 36 TEG modules generated (terminal) power, voltage and current
PreG_ow (W) 14.65650.43 88.9 24.5856.51 56.49 6.086 59.61 177.3 11.95
Vieg_ow (V) 13.0919.016 12 6.6919.6439.687 3.625 9.835 16.79 4.897
IreG o (A) [1.5065.5937.4063.674 5.86 5.831 1.679 6.061 10.56 2.44
Figure 11f |36 TEG modules boost converter output power, voltage and current
Peony oue (W) 13.44544.0482.2922.9551.2551.82 5.314 53.39 167.5 11.17
Veomyow (V) [2.2918.193 11.2 5.9148.8378.887 2.846 9.02 15.98 4.125
Teomy our (A) ]1.5035.3767.3483.8815.7995.831 1.867 5.919 10.48 2.707
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The TEG modules quantity used and most vitally in series,
parallel and mixed connection were simulated, whereby as shown
in Figure 1b and Figure 11b, as well as summarized in Table 1; 36
TEGs were arbitrary chosen and then arranged in 10 different
combinations to study the effects of the various arrangements and
when matched to a 1.524Q electrical load. Each arrangement gives
a different R, consequently giving different generated powers,
voltages and currents. Figure 11c depicts the TEGs ideal power,
voltage and current generated — assuming the TEGs R;or TEGRriin 1S
trivial. Figure 11d shows the power loss, voltage drop and Ohmic
current due to the presence of TEGrin. Finally, Figures 11e and 11f,
show the resultant output power, voltage and current supplied to the
DC-DC boost converter and from it. As apparent, more TEG
modules increased the output values; however, what is more
insightful is how TEGs opt to be connected and matched to a R, —
to ensure maximum power is transferred between R; and a R;.

5. Conclusions

Sustainable energy is becoming popular to supplement the
traditional grid and for private use, as well as for green economy.
In view of this, we proffer thermoelectricity as an alternative energy
source (TEGs) as well as an energy efficient load (TECs) for
assorted applications that require low DC power, cooling and
heating. However, TEG and TEC require multiple units connected
in series and or in parallel to provide decent output and cooling
powers respectively. Usually, the uninformed perception would be
trying to utilize more TEGs and TECs with the hope to get more
output and cooling powers respectively. However, our findings
asserted this is not really the case, since i) TEG and TEC are not
entirely linear devices, especially with increasing current, ii) TEG
and TEC temperature difference AT and current parameters have
performance dynamics which must be operated within very strict
optimal operation limits to guarantee efficiency and iii) TEGs and
TECs total electrical resistance R, changes — increases when
connected in series and decreases when connected in parallel. Thus,
the overall power and efficiency will be affected, especially if the
source and load resistances are not matched to transfer maximum
power. In essence, our research major contributions include
formulas developed for various TEGs/TECs parameters with focus
on the TEG and TEC modules total resistance R, variations — when
more than one TEG and or TEC modules are connected in infinite
series and or in parallel combinations. Further contributions include
detailed TEGs and TECs theoretical simulated models using
Matlab/Simulink, whereby the TEGs and TECs models were used
to easily simulate and investigate some thermoelectricity profound
parameters performance dynamics, R, losses and to validate some
of their operation points with industry standard models. Assorted
large scale practical applications of TEGs and TECs were examined
and in light of their results, our future work will include embarking
on an actual lab design, testing our implemented models using them
and refining ours accordingly while taking the physical dynamics
into account. Thereafter, a practical pilot 1kW implementation shall
be devised for a low energy combined cooling, heating and power
(CCHP) system — as an alternative energy green option for private
use.
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Nomenclature/Symbols

A TEG/TEC p-n junction thermocouple area in m?

CCHP Combined cooling, heating and power

CFD TEC(s) cold flux density in W/m

CoP TEC(s) coefficient of performance

CoP, TEC(s) CoP expression

CoPpnax  TECs maximum CoP

CoPid TEC(s) midpoint CoP

CoP, TEC(s) normalized CoP TEC(s)

AT TEG(s) temperature difference (7, — 7;) in °C or K

AT pax TEC(s) maximum temperature difference in °C

AT, TEC(s) normalized temperature difference

HFD TEG(s) heat flux density in W/m?

1 TEGs output current in ampere through the TEG(s)

Leonv out TEGs booster converter output current

Leop TEC(s) current in ampere to yield CoP

Icpmax TEC(s) maximum cooling power current in ampere

I; TEC module(s) input current in ampere

Tin, TEC(s) normalized input current is the ratio of /.,
and Lyax

Dytax TEG(s) maximum output current in ampere

Lax TEC(s) maximum input current in ampere when Q.
=0

Lia TEC(s) midpoint current in ampere

I, TEG(s) normalized output current

ITEGRin:  TEG ohmic current — results to TEG Ohmic or Joule
heating

1156 ou TEGs generated current (input current to the boost
converter)

K TEC/TEG(s) thermal conductance in (W/K)

ke TEG(s)/TEC(s) effective thermal conductivity in
W/mK

L TEG/TEC p-n junction thermocouple length in
meter

n P-N thermocouples amount used in a TEG/TEC

n TEG(s) thermal/electrical/conversion efficiency

He Carnot efficiency

e TEG(s) conversion efficiency expression

Mn TEG(s) conversion efficiency normalized

Nm TEG(s) maximum conversion efficiency

Hmp TEGs max power conversion efficiency at the TEGs
maximum P,

p TEG/TEC electrical resistivity in Q.m

Pe TEG(s)/TEC(s) effective electrical resistivity in Q.m

Peonv out TEGs booster converter output power

P, TEC module(s) input power in watt

Pingia TEC(s) midpoint input power in watt

Po TEG(s) output power in watt — which is Oy — Q.

Poyax TEG(s) maximum output power in watt

P, TEG(s) normalized output power

PTEGrine TEG generated power loss — due to TEG internal
resistance

Prec o TEGs generated power (input power to the boost
converter)

O. TEC module(s) cooling power on its cold-side in

(W)

WWwWw.astesj.com

OcPmax
Qcmax

Qcmid
Qcy

r

R

Ry

R?
R
N
Se
T
Tc

T

TE
TEC
TECsa
TEG
TEGIoc

T E GPocM
TEG it

TEGsa
TEGs T,

TEG module(s) heat emitted on its cold-side in watt
TEC module(s) heat emitted on its hot-side in watt
TEG module(s) heat absorbed on its hot-side in watt
TEC(s) Icop maximum cooling power in watt
TECs maximum absorbable heat in watt, when AT =
0°C
TEC(s) midpoint cooling power in watt
TEC(s) normalized cooling power is the ratio of Q.
and OCmax
TE device p-n thermocouples unit resistance in ohm
TE device (TEG and TEC) module unit resistance in
ohm
TEGs electrical load resistance in € connected to the
TEG(s)

Power source resistance in ohm connected to the TECs

TEG/TEC module(s) total resistance in ohms

TE device Seebeck coefficient in V/K

TEG(s)/TEC(s) effective Seebeck coefficient in V/K

TE device average temperature (7 + 7¢)/2 in K or °C

Temperature on TEG/TEC cold-side in °C

Temperature on TEG/TEC hot-side in °C

Thermoelectric

Thermoelectric cooler

TEC cold-side surface area

Thermoelectric generator

TEG ideal generated current — assuming there is no
TEGRiint

TEG ideal generated power — assuming there is no
TEGRiint

TEG internal resistance (R;) — responsible for the
power loss

TEG hot-side surface area

TEGs cold side temperature

TEGs DT TEGs temperature difference

TEGs Ty
TEGVOC

TEH

Tp

TS‘

T,

Vcom v_out
Vin

Vin max
Vin,

Vo
VO max
Vn

VTEG Out
VTEGRiint

WSN
Z
Ze

TEGs hot side temperature

TEG ideal generated voltage — assuming there is no
TEG it

Thermoelectric Energy Harvester

TEGs/TECs module quantity connected in parallel

TEGs/TECs module quantity connected in series

TEG/TEC modules total quantity connected

TEGs booster converter output voltage

TEC module(s) input voltage in volt

TEC’s max Vi, in (V) that produces max A7}, when
Tin=Inax

TEC(s) normalized input voltage is the ratio of V;, and
Vitinax

TEG module(s) output voltage in volt

TEG(s) maximum output voltage in volt

TEG(s) normalized output voltage

TEGs generated voltage (input voltage to the boost

converter)

TEG generated voltage drop — due to TEG internal
resistance

Wireless Sensors Network

TE device figure of merit in per K

TEG(s)/TEC(s) effective figure of merit in per K
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ZT

TE device average dimensionless figure of merit
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The transmission network has been considered among the globe's prevalent complex
systems, comprised of hundreds of electrical transmission lines and other equipment used
to transmit electrical energy from one location to another. Over a decade, power engineers
have worked tirelessly to ensure that the transmission network operates reliably,
transmitting electrical energy from the power station to the consumers without interruption.
With growing generation capacity and the recent introduction of renewable energy systems
(RES) such as wind turbines and solar energy, the transmission lines are increasingly being
forced to run near their design limitations and greater unpredictability on the network
operational configuration. As a result, the transmission network faces greater challenges
than previously. As a worst-case scenario, large-scale electrical network power outages
caused by electrical faults can disrupt electricity availability for several hours, impacting
millions of customers and inflicting massive economic damage. These electrical faults must
be repaired before electricity is restored to consumers. This necessitates a thorough grasp
of the challenge and potential remedies to assure improved power efficiency. In the present
work, an expansion of preceding work, a novel algorithm for estimating faults on
transmission lines is presented. Impedance-based techniques are susceptible to producing
errors or incorrect predictions. The presence of faults induced from high impedance
sources produces an extra impedance to the ground, which negates the impedance
calculation and produces errors in the distance to the fault. This results in inaccuracies
that can affect a distance-to-fault estimation by 1-15 % of the overall line length. In this
work, a design of a fault detection-location element (FDLE) algorithm is proposed. This
algorithm relies on the dynamics of current and voltage signals on the transmission line
while deserting impedance. Comparison research is undertaken against the impedance-
based techniques to validate the proposed algorithm. Finally, the proposed algorithm
findings are compared to fault location estimations using an impedance-based technique.
Extensive trials on a simulated transmission line prove that the proposed algorithm is
responsive to faults with an error as low as 1%, reaching a precision of 98.9%.

1. Introduction

designers have worked diligently to guarantee that the
transmission network runs adequately, transmitting electrical

This paper is an extension of work originally presented at the
2021 6th Asia Conference on Power and Electrical Engineering
(ACPEE) [1]. The transmission network has been considered
among the globe's prevalent complex systems, comprised of
hundreds of electrical transmissions such as the addition of wind
turbines and solar energy. Therefore, the transmission network
faces greater challenges than previously. Over a decade, power
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energy from the power station to customers without disruption.
The demand for transmission lines is increasing as the penetration
of renewable energy systems (RESs), electric vehicles (EVs),
and energy storage systems (ESSs) grows in modern transmission
networks [2]. To achieve dependable, efficient, and reliable RESs,
significant improvement in the conventional transmission line
protection method is necessary. The rapid increase of current
during a fault doubles the potential risk of transmission
network degradation and thus presents the requirement that faults
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in RESs be separated by a protection method with the shortest
operational time. Due to the increased dependability and stability
of RESs, the ring model is the ideal design for RESs because of
the bidirectional flow of current in these configurations; the
standard protection system would not perform adequately. As a
worst-case scenario, large-scale electrical network power outages
caused by electrical faults can disrupt electricity availability for
several hours, impacting millions of customers and inflicting
massive economic damage. These electrical faults must be
repaired before electricity is restored to consumers. The
introduction of the proposed algorithm may aid in the
improvement of these systems.

Many electric utilities have opted to invest minimal, or no
effort in electrical transmission fault detection devices in the past,
alleging that faults are usually temporary thus do not necessitate
location. Moreover, [3] suggested that the data produced by
protection relays were not accurate enough to support deploying
personnel to check temporary fault locations. As a result, fault
location operations were commenced immediately after a fault
had become permanent and a solution was required. With the
restructuring and privatisation of electric power production
enterprises across the globe, such sentiments are beginning to
change [4, 5]. To attain the greater plant efficiency levels and
increased service reliability regulations that a dynamic industry
needs, electricity utilities are increasingly taking a more "pro-
active" strategy to most business operations, notably in the field
of transmission line fault location. The capability of impedance-
based techniques to address the errors and constraints of
protection relays was discovered in the mid-20th century when
various trial designs were introduced; several of them were
converted into industrial uses [6]. Although such designs are
more accurate than other methods, they were discontinued due to
dependability and maintenance issues, leading to a lack of
involvement and credibility. Impedance-based fault location
techniques are used repeatedly on transmission lines [7]. Many
causes drive the resurgence of impedance-based techniques, the
foremost of which is an industry need for quick and precise fault
location on economically vital, extremely lengthy high-voltage
transmission lines. Precise fault location lowers operational
expenses by eliminating costly and time-consuming inspections
[8]. Precise fault location speeds up line maintenance and
recovery, decreasing revenue shortfall due to outages.
Comparison research is undertaken against other techniques to
validate the proposed algorithm.

In [9], the authors proposed an artificial intelligence-based
approach for detecting faults in photovoltaic (PV) plants and
transmission lines. The method is known as recurrent neural
networks (RNN). The authors stress that faults in PV plants are
usually foreseeable, and while conventional methods are precise,
they are not cost-effective for mass application, allowing most PV
plants to operate unmonitored. They developed an algorithm for
precise fault diagnosis of PV plants that uses satellite weather data
and low-frequency inverter sensors. The algorithm enables
machine learning-based fault detection even for PV plants with
the absence of detectors, and it utilises a recurrent neural network
to detect all forms of defects based on the last 24 hours of
observations, rather than just the latest detected fault. The authors
also demonstrated that the proposed algorithm determines the
generated power loss induced by the fault, for example, the fault
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level, whereas the traditionally utilised techniques are restricted
to classifying the fault type. The results show that the algorithm
is responsive to as low as 5 % intensity defects, with a precision
of 96.9% utilising accurate climate data and 86.4% utilising
satellite weather data. The results reveal that the algorithm could
also detect unspecified defects, that is, defects that appeared to
be not included in the training data.

The authors in [10] presented a closed-loop sinusoidal pulse
width modulation (SPWM) monitoring device for the operations
of converters utilised in wind turbine plants for utility grid
purposes. Wind energy is a major form of clean energy; therefore,
windmills are commonly deployed in electrical distribution
systems and thus are coupled physically to electrical transmission
systems. Wind energy significantly influences the performance
of current configuration systems as network saturation improves,
resulting in the probability of faults on the transmission lines
transporting power to the main grid. The presented technique is
utilised to investigate wind turbine efficiency. The authors state
that voltage and current inverters produce discrete output
waveform signals, harmonic pollution, extra power losses, and
higher frequency noises. As a result, to achieve the required
current waveforms, large inductors must be connected in line with
the related load. The simulated results showed that the mentioned
technique has a higher harmonic elimination strength. As a result,
the transmission network will require fewer fault detecting and
locating devices.

In [11], the authors presented a technique for performing serial
fault repair in a wind turbine plant with synchronous actuator and
sensor defects. The technique is known as a robust sliding mode
observer (SMO). The authors used a diagonal transform matrix
and a post-filtering system to design a novel improved model.
The novel model then transforms the sensor fault into an actuator
fault to locate the fault. The novel model allows the SMO
technique to detect and pinpoint faults on transmission lines. The
simulated tests indicate how the presented technique can properly
restore actuator and sensor defects; thus, the active fault controller
can obtain optimum wind power extraction. Although this
technique works optimally for a microgrid that operates in an
islanded mode, there is no concise evidence of how this technique
functions when employed to a transmission line of a microgrid
configuration integrated into the main grid.

The theories of the single and double-ended impedance-based
fault location techniques are also discussed in this paper and
explain the concepts related to fault location and present different
impedance-based fault location algorithms. The work aims to
investigate numerous network faults and assess the efficiency of
fault locators in light of potential causes of inaccuracy [12].

In the present work, an expansion of preceding work [1], a
novel algorithm for estimating faults on transmission networks is
presented.  Impedance-based techniques are susceptible to
producing errors or incorrect predictions. The presence of faults
induced from high impedance sources produces an extra
impedance to the ground, which negates the impedance
calculation and produces errors in the distance to the fault. This
results in inaccuracies that can affect a distance-to-fault
estimation by 1 -15 % of the overall line length. This will have a
detrimental impact on the transmission network and renewable

80


http://www.astesj.com/

M.K. Ngwenyama et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 7, No. 1, 79-89 (2022)

energy systems. In this work, a design of a fault detection-
location element (FDLE) algorithm is proposed. The model
utilises MATLAB/SIMULINK software to study the electrical
faults on a transmission line. The proposed algorithm relies on
the dynamics of current and voltage signals on the transmission
line while deserting impedance. The authors provide simulation
results to demonstrate the efficiency of the proposed algorithm.
The FDLE algorithm findings are compared to fault location
estimations using an impedance-based approach. Extensive trials
on a simulated transmission line prove that the proposed
algorithm is responsive to faults with an error as low as 1%,
reaching a precision of 98.9%.

2. Techniques and Specifications for Fault Diagnosis

Various techniques of predicting fault position are currently in
practice in the industry [13]:

e Conventional methods:
= Impedance-based methods [14]:
- Single-ended method, and

- Double-ended method (Synchronized,
Unsynchronized, and Unsynchronized Current-
only).

= Travelling wave methods [15, 16]:
- Single-ended method, and
- Double-ended method.
o Artificial Intelligence methods:
=  Artificial Neural Network (ANN) [17],
= Support Vector Machine (SVM) [18],
=  Fuzzy Logic [19], and
= Matching Approach [20].

In this work, comparison research is undertaken against the
impedance-based techniques to validate the proposed algorithm
and presents the outcomes using real-world simulated faults.

3. Theoretical Foundations of Impedance-based Fault
Location Techniques

Various impedance-based fault location techniques have been
designed for transmission lines purposes. Single-ended techniques
are fault-locating techniques that use information recorded by a
fault location detection element at one end-point of the
transmission line to locate faults [21]. Double-ended techniques
use information from fault location detection elements at both
end-points of the connection. The impedance between both the
fault locator and the position of the fault is estimated using
voltage and current signals collected by fault location detection
elements during a fault [22]. The distance to the fault may be
precisely determined if the transmission line impedance in ohms
is known. When determining the proximity to a fault, each
technique has different basic data needs and requires different
estimates. These estimates may or may not be valid in a specific
fault position case [23]. Selecting the appropriate technique for
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pinpointing faults within quite a diverse set of impedance-based
fault location techniques is thus a challenging effort that demands
a diligent grasp of the essential principles of an individual fault-
locating technique. Constructed on the preceding knowledge, this
paper discusses the fundamental concept of single-ended and
double-ended impedance-based fault location techniques. The
aims are to properly articulate each fault-finding technique's input
data requirements, explain each technique's applicability in
pinpointing actual transmission line faults, and offer advice on
selecting the optimal fault-locating technique.

Yes
Fault detection Fault protection

—
No

i [

Fault location Fault repair

Figure 1: Flow Chart Procedure of a Conventional Technique.

4. Techniques and Prerequisites for Impedance-based
Fault Location

The underlying analysis is required for impedance-based
techniques:

Voltage and current amplitudes should be recorded,
Extract the essential elements,

Identify the fault category and faulted phasor/s, and
Employ the impedance-based technique.

Single-ended impedance techniques employ a simplified
approach. Hence, links between communicating and off-site data
are typically unnecessary [24]. Whereas double-ended techniques
are extremely precise. However, they require data from both end-
points of the transmission line. For this technique to be executed
[25].

Station A Station B
L4 Ie
B — -
. 1 1 I
| I | | I
xZ; i]_,- 1—x)Z, |

-

Figure 2: A Single-ended Impedance-based Algorithm.
Table 1: Different Formulae for Fault Types [1].

A-earth Va/(Ia + (k X 3 % 1))
B-earth Vi /(I + (k x 3 x15))
C-earth Vc/(lc + (k x 3 % lo))
A-B/ A-B-carth Vap/Iap
B-C / B-C-carth Voe/Ine
C-A / C-A-carth Vea/Ica
Any of the following:
ABC Vab/lyab{fvabflab, Vol I
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The single-ended impedance-based fault location technique
determines the fault position using the detected impedance through
examining the transmission line from a single end-point. Every
line's line-to-line and line-to-ground output signal must be
recorded to pinpoint all fault forms [12]. The impedance equations
shown in Table 1 may be utilised to approximate the fault position
assuming zero fault resistance.

Where V4, VB, and Vc are the phase voltages,

14, I, and Ic are the phase currents,

Zo the zero-sequence impedance,

Z1 the positive sequence impedance, and

Ko the residual compensation factor and may be expressed as:
Ko= (Zo—271)K *Z1 (1

K may be 1 or 3, depending on the fault location detection
element design. According to Kirchhoff’s law, the zero-sequence
Io in Equation (2) will be zero in a balanced system.

lo= (Ia + I +1c)/3 2)
s Vs Vi R
I: In
‘+—p -
m I-m
- 7 L

Figure 3: A Double-ended Impedance-based Algorithm.

Where m in Figure 3 denotes the distances to a fault per unit
[26], Vs the sending voltage, V; the receiving voltage, Is the
sending current, I the receiving current, and Z; the impedance of
the line.

The difficulties in accurately locating faults using single-
ended techniques are recognised and documented in numerous
publications [27].

To summarise, the preceding circumstances may result in
single-ended impedance-based fault location techniques
producing errors:

e Imprecise fault-type (faulted phase/s) detection.

e Incorrect line parameters that do not correspond to actual
parameters.

Lack of accuracy of the line model.

Current and voltage transformer errors.

5. Single-ended Impedance-based Method
5.1. Simple Reactance Technique

The potential difference loss at the sending (S) end of the
transmission line, illustrated in Figure 4 is:

Vs = (mx Zy, x Is) + (Ry X I) 3)
WWwWw.astesj.com

Station A I Station B

Fault Location
Detection =
Element

Figure 4: Faulted Transmission Network with Fault Location Detection
Element.

For an A phase to earth fault, it must have the following
characteristics,

VS=Va—g and Is=la+(k><3xlo) (4)

The objective is to reduce the impact of the Ry X I; variable.
The basic reactance algorithm divides all variables by Ig (/
obtained at the fault location) and excludes the variable Ry X

(I /1s)-

To achieve this, preserve the imaginary component and solve

m.
Ly (Vs/1s) = Ly(m X Zy)) = m X Xy, (5)
m= —I";(f) (6)

Erroris 0 if 2I; = £l or R = 0
5.2. Takagi Technique

The Takagi technique needs the collection of pre-fault and
fault data. It mostly enhances the simple reactance technique by
minimising the influence of fault resistance and lowering the
impact of load flow [28].

Vi = (mxZy xIe)+ (R x If) 7

Superposition current (s, ) may be used to identify a
variable that is in conjunction with /:

Isup = If - Ipre ®
I = Fault Current 9)
Lyre = Pre — Fault Current (10)

Potential difference loss produced by the sending bus:
Vi = (mxZy, x 1)+ (R X I) (11)

Multiply both sides of (7) with the complex conjugate of
Loup (Is*up) and keep the imaginary component. Secondly, solve
m:

I (Ve X Lgpe) = [ X L) (Zyf X I X L )] +

[(Rflm) (If x Isup*)] (12)
o Im(VexIgypr)
 Im(ZapXIsX gy ) (13)
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The fact that I; and Ir angles are the equivalents that are
important to the Takagi technique's efficiency. These angles are
the same in a perfect homogenous network. The inaccuracy in the
fault position estimation improves as the angle between I; and I¢
improves [29].

5.3. Modified Takagi Technique

For earth faults, the modified Takagi utilises zero-sequence
current from the sending end (3 X [,;) rather than the
superposition current. As a result, no pre-fault data is required for
this technique. Angle rectification is similarly possible with the
Modified Takagi technique. Provided that the user understands the
network source impedances, he/she can change the zero-sequence
current using angle T to enhance the fault position estimation for a
specific transmission line [30].

Ln(Vex(3xIp5)*xe ™ IT)
m = =T
Im(Z1pxIsx (3%Ios)*xe™IT)

(14)

The defined angle T is only applicable for a single fault point
within the transmission line. Figure 5 demonstrates methods to
compute T.

3zs

Figure 5: Correction of a Zero Sequence Angle.

If _ _ZostZoL*Zor
3xIgs  (A1-m)X(ZoL+ZoR)

= AsT (15)

Even though the Modified Takagi technique outperforms the
Takagi technique, the precision of position estimations is
dependent on having the source impedance characteristics
precisely.

5.4. Eriksson Technique

This technique employs the generated impedance
characteristics to avoid any reactance inaccuracy induced from
fault resistance, loads, or non-homogeneity network to determine
the distances to the fault. Furthermore, such a technique evaluates
the magnitude of fault impedance, which is important in detecting
the main reason for a fault and verifying a transmission network
short-circuit design [31].

Equation (16) summarises and updates the variables in
Equation (14).

m? — (kym) + k, — (ksRg) = 0 (16)

Wherein ky, k,, and k3 represent complex algebraic
expressions of a transmission line voltage, current, impedance,
and supply impedances; thus, can be presented as follows:

k1=a+jb=1+(z_’zll)+(£)

Z11XIlg

WWwWw.astesj.com

o= = (22) (1+22)
o= e = (22) (1 + 1)

By dividing (16) into actual and unreal components, total
distance to fault m may be calculated using the quadratic formula
a7.

(=P (2P ()
m= (17)

Should m be known, any other unknown variable may be
obtained using Equation (17). Given that the fault position
prediction has to be smaller than the entire transmission line
distance, an m value of between 0 and 1 per unit must be utilised
for the distance measurement.

Therefore, Equation (18) may be used to determine fault
tolerance:

Assuming that the supply impedance Z;; is not known, and
the load impedance Zy, is precisely calculated, the impedance
Z ;1 can be estimated using fault occurrence records as:
VGl_VGlpre (19)

ZG = -
1
IGl"Glpre

5.5. Novosel et al. Technique

The Novosel et al. techniqueis a revised edition of the
Eriksson technique for pinpointing faults on a compact, radial
transmission line. At downstream of the transmission line, all
the loads supplied or connected to the line are combined. Given
that there is a fixed load impedance design, the initial action is to
determine the load impedance using the pre-fault current and
voltage as inputs [14]; this is expressed as:

Terminal G

Figure 6: Novosel et al. Technique Applied to a Transmission Network with a
Constant Impedance Load

. 14 re
Zioaa = R+ jX =22 =7, (20)
Gipre
Resolving the quadratic Equation in (17) results in the
distance to the fault per unit, whereby the variables are specified
as:

k1=a+jb=1+(Z?Tjd)+(z:1ﬁ)
ks = €+jf= (Zfiﬁ)+(1+ZLani‘:ZG1)
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Similar to the Eriksson technique, m can include any of these
variables on the Novosel et al. technique. Given that the fault
position prediction must be less than the total transmission line
distance, several m between 0 and 1 per unit must be used for
distance measurement.

6. Double-ended Impedance-based Method
6.1. Synchronised Two-ended Technique

This technique is built on the hypothesis that data from both
end-points of a transmission line are coordinated to a similar
period response using a global positioning system (GPS). During
fault position analysis, any three symmetric variables can be
employed. However, utilising negative-sequence elements is
highly beneficial because it is unaffected by load current or zero-
sequence connected loads feeding to the system. To demonstrate
the fault-finding concept, a negative-sequence system amid an
imbalanced fault must be considered [32].

Figure 7 illustrates how to compute Vr2, the negative-
sequence potential difference at the fault location F, using
Terminals G and H. The Equations are represented as:

Tel’minal G VFZ = VGZ - (mZLzlcz) (21)
Terminal H: Vg, = Vg — (1 — m)(Z2142) (22)
Terminal G Terminal H

F
Ve, Ia? Ir VH2, IH2
Zgz mZi: | N | (1—m)Ze | Zyz
Vr2

Figure 7: Negative Sequence System during Asymmetrical Fault.

The potential difference Vr2 determined on either bus of the
transmission line is equivalent. As a result of matching Equations
(21) and (22), the distance measurement to a fault is calculated as:

V2—VH2+(ZL21H2)
= === 23
(IGg2+1H2)ZL2 (23)

A symmetrical fault may be located using Equation (23). On
the other hand, negative-sequence components do not occur when
a symmetrical fault is present. In this scenario, the identical fault
pinpointing approach is used for the positive sequence system,
and the fault distance is calculated as:

Ve1—VH1+(ZL1lH1)
= Vo1 Vi1 +(ZLalh) 24
(Ug1+1H1)Z11 (24)

6.2. Unsynchronised Two-ended Technique

In this technique, current and voltage signals recorded by
fault location detection eclements at opposite ends of a
transmission line could be out of synchronisation. The GPS
sensor could be damaged or barely working properly. Fault
location detection elements can also have various sample speeds
or pinpoint the fault at marginally varying time intervals [33].

A phase shift can be caused by the communication route that
transmits data from one fault location detection element to the

WWwWw.astesj.com

other. As a result, e/ must be employed as a synchronising
controller to synchronise the voltages and currents measured at
Terminals G and H. This process is as follows:

Terminal G: Vg; =V, js — (mZLiIGieja) (25)
Terminal H: Vg; = Vi — (1 — m)(Z;i1y:) (26)

Asymmetrical faults are calculated using the negative-
sequence element, whereas symmetrical faults are calculated
using the positive-sequence element. The sync-controllers, as
indicated in Equation (27), are formed by matching Equations (25)
and (26).

Js| — 1 — |Yri-A-m)ZLiln)
|e | 1 | Vgi—(MZyilg)) 27)

The distance measurement to fault m is an algebraic
expression obtained after simplification and arranging the
variables.

m= —B+VBZ%-4AC (28)

2A

Where the parameters are specified as follows:
A =1Zylgi? = Zyily?
B =-=2xRe[Vg(Zyle)" + Vi — Zyily) (Z1ilui)']
C = WVail® = Vi — ZyiLy?

When the algebraic expression in (28) is solved, two
parameters of m are obtained. The fault position estimation must
have a value of 0 to 1 per unit.

6.3. Unsynchronised Current-only Two-ended Technique

This technique is used when there are data accessibility
constraints, assuming that merely current signals at buses G' and
H are provided for fault analysis and the voltage signals V;;, and
Vy, are either absent or unavailable. Vy, is determined from the
two buses using just the current as well as the supply impedance
characteristics as:

Terminal G: Vg = —(Zgy + mZ; )15, (29)
Terminal H: Vgy = —(Zyy + (1 —m)Z )1y, (30)

Vg, 1s removed by dividing Equations (29) by (30). This is
to prevent difficulties of synchronising data collections from all
buses of the transmission line and simply use real numbers:

(Zg2+mZL,)
ZH2+(1-m)ZL7)

X Ig, €2))

2| =

The fault distance m is then calculated using the algebraic
Equation (28), where the variables are specified:

a +]b = IGZZG
c+jd =171
e+jf =Zya+Zy,

g+jh=12,
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A = Igp)? x (g7 + h?) = (¢* + d?)
B =—2X|Iy,|?> X (eg + fh) — 2(ac + bd)
C = |Iy2)? x (e* + f?) — (a* + b?)

This technique is only convenient for pinpointing imbalanced
faults. Given that current data is available, the position
predictions' precision depends on having the supply impedance
characteristics precisely [34].

7. Proposed Model

The proposed model is shown in Figure 8. The model is
applied to a simulated transmission line design. The sequencing
plan of the algorithm utilised to pinpoint the transmission line
faults is indicated in Figure 9.

Faultlocation

Display
Trip ;lme

ata Lonversion

AND
Togea
Operator

—
>
>
>

NEg =

o o g
o » o
Y

Figure 8: Proposed Algorithm Model.

Measurements will be obtained, parameters will be computed
to construct an appropriate transmission line model utilising
MATLAB/SIMULINK software, and several adjustments will be
required to achieve a robust and efficient network.

The second process is implementing multiple faults on a
selected line at various intervals from a designated end terminal.
The pre-fault, fault, and post-fault voltage and current waveforms
will be studied. These data can then be utilised to determine the
location of the fault. Assuming that all the phases are completed
successfully, the precise current and voltage signals are gathered
and used to pinpoint the exact position of the fault, as illustrated
in Figure 9.

WWwWw.astesj.com

Gathering date

Processing of data

| Run MATLAB/SIMULINK software |

Yes

| Implement a fault |

=

| Computation & assessment |
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Figure 9: Proposed Algorithm Flow Chart.
The MATLAB/SIMULINK Model is presented in figure

I

i

Modifications

—

=

(]

10.

Figure 10: Transmission Line Design with a Single-ended Impedance-based

Fault Location Technique.
8. Simulation Results

The Simulation results are as fellows
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Current
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£
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© 2000 fl
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Figure 11: Balanced Voltage & Current Waveforms.
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Fault location on a 200 km transmission line
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Figure 12: No Located Fault/s.
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Figure 13: Distorted Voltage & Current Oscillations Induced by L-L Fault.
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Figure 14: L-L Fault Pin-pointed at 160.5 km.
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Figure 15: Distorted Voltage & Current Oscillations Induced by L-L-L Fault.
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Figure 16: L-L-L Fault Pin-pointed at 119.7 km.
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Figure 17: Distorted Voltage & Current Oscillations Induced by L-G Fault.
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Figure 18: L-G Fault Pin-pointed at 79.9 km.
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Figure 19: Distorted Voltage & Current Oscillations Induced by L-L-G Fault.
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Figure 24: L-G Fault Pin-pointed at 140.9 km.
2 10° Voltage
4 | Va
Vb
-2 Vo
=
5o
& |
o
=2
_.1[
0 005 01 015 02 025 03 035 04 045
=10% Current
la
! n b
=05 le
z |
5
005 .
A
0 005 o1 015 02 025 03 035 04 045

Fault-occured Time

Figure 25: Distorted Voltage & Current Oscillations Induced by L-L Fault.
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Figure 20: L-L-G Fault Pin-pointed at 10.6 km.
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Figure 21: Distorted Voltage & Current Oscillations Induced by L-L-L-G
Fault.
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Figure 22: L-L-L-G Fault Pin-pointed at 41 km.
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Figure 26: L-L Fault Pin-pointed at 179.2 km.
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Figure 23: Distorted Voltage & Current Oscillations Induced by L-G Fault.
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Figure 27: Distorted Voltage & Current Oscillations Induced by L-L-L Fault.
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Figure 28: L-L-L Fault Pin-pointed at 98.9 km.

9. Practical Results

In this section, the calculated fault distances using the
impedance-based technique are presented in Table 2. The results
were obtained from test fault cases involving different faults on a
200 km transmission line. The accuracy of the fault distances was
calculated using Equation (32).

|Actual distance—Calculated distance|
Total length of the line

%error = x 100 (32)

Table 2: Error of Estimation: Impedance-based Technique.

Length of Distance | Calculated
the Line Fault of the Fault Error
(km) Type Fault Distance (%)
(km) (km)
200 L-G 80 78.7 1.65
200 L-L 160 146.8 6.6
200 L-L-G 10 6.4 1.8
200 L-L-L 120 115.2 2.4
200 L-L-L-G 40 32.1 395
200 L-L 180 176.5 1.75
200 L-G 140 136.7 1.65
200 L-L-L 100 106.4 -3.2

It is observed that the impedance-based technique achieves
accurate estimations that are within 1-15% of the designed
transmission line.

10. Results Comparison

This section presents the percentage error of the simulated
results utilising the proposed algorithm against the calculated
results of the impedance-based technique for the designed
transmission line. Table 3 illustrates that the proposed algorithm
provides a more accurate fault location than the impedance-based
technique in all scenarios.

It is shown in Table 3 that the proposed algorithm gives
precise predictions with an approximation of less than 1% from
the simulated transmission line. As an outcome, it is evident that
the proposed algorithm provides more precision.

WWwWw.astesj.com

Table 3: Error of Estimation: Impedance-based Technique against the Proposed

Algorithm.
Length Distance | Calculated

of the Fault of the Fault Error
Line Type Fault Distance (%)

(km) (km) (km)
200 L-G 80 1.65% 0.05%
200 L-L 160 6.6% -0.25%
200 L-L-G 10 1.8% -0.3%
200 L-L-L 120 2.4% 0.15%
200 L-L-L-G 40 3.95% -0.5%
200 L-L 180 1.75% 0.4%
200 L-G 140 1.65% -0.45%
200 L-L-L 100 -3.2% 0.55%

11. Conclusion

This work presents the results of an impedance-based
technique to the results of the proposed algorithm on a 200-km
transmission line. It was observed that the impedance-based
techniques are susceptible to producing errors or incorrect
predictions. The presence of faults induced from high impedance
sources produces an extra impedance to the ground, which negates
the impedance calculation and produces errors in the distance to
the fault. This results in inaccuracies that can affect a distance-
to-fault estimation by 1-15 % of the overall length. Comparison
research was undertaken against the impedance-based techniques
to validate the proposed algorithm. The simple reactance
technique is considered to be the most basic technique. However,
the precision of such a technique suffers in a non-homogenous
network due to fault resistance, load current, and distant infeed.
The Takagi technique, for instance, is load resistant; however,
insensitive to distant infeed. For most scenarios, double-ended
impedance-based fault location techniques achieve better
outcomes. Studying the fault location usage situation can help
determine what extra devices are required to improve the
performance of fault-location techniques.

In the present work, an expansion of preceding work [1]
introduced a novel algorithm for estimating faults on transmission
lines. Extensive trials on a simulated transmission line led to the
conclusion of this work. It was observed that the impedance-
based technique achieves accurate estimations within 1-15% of
the designed transmission line, and the proposed algorithm gives
precise predictions with an approximation of less than 1% from
the simulated transmission line, reaching a precision of 98.9%.
As an outcome, it was evident that the proposed algorithm
provides more precision.

In future work, the authors will test the proposed algorithm
on a distributed system due to the availability of multiple
incomers and feeders connected to the system. Furthermore, the
authors will perform a study by simultaneously integrating the
proposed algorithm and an artificial neural network
(ANN) technique on a complex transmission line and comparing
the two algorithms' accuracy.
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The present work develops an estimator for thermal conductivity using a simple experiment
implemented in a simulated solid metallic bar. The bar is sectioned in a finite number of segments,
lately called nodes, and a discretization of the Fourier heat equation is applied in each node
to generate a timed-spaced model of the temperature behavior along the bar. Considering
only one-dimensional heat flow, an algorithm based on the temperature measured in each
node generates the calculus of the estimated thermal conductivity for every segment of the
bar. The calculations of thermal conductivity depends on previous values, such as temperature
measurements and adjacent segments thermal conductivity, leading to an error propagation. The
analysis of uncertainty related to this values is used to establish a range of values for thermal
conductivity estimation. Using the proposed technique allows to calculate thermal conductivity
in real time and add to the results a uncertainty estimation for thermal conductivity, providing a
more complete information about the measurement procedure. Knowing the uncertainty allows
to indicate, in statistical terms, the dispersion of the actual values for thermal conductivity,
since the values calculated may vary from real, a higher uncertainty implies a lest reliable

calculation according to statistics.

1 Introduction

Modeling physical phenomenons is an increasing topic in science
and engineering projects. A very accurate model is not only a
validation of theory, but a significantly affordable option for test per-
forming without put in jeopardy any actual equipment or material.
Hence, the necessity for accurate models provides a research line
leading to expand the state of art of current techniques. Alongside,
in order to incorporate realistic behavior and obtain valid simulation
results, software algorithms are more powerful and faster. How-
ever, the more complicated is the model, the more computational
work is required. The need of accurate model must be compared
with the processing power available for the project and, in most of
the cases, the researches has limited resources. The mathematical
model used to describe the behavior of thermal conduction is the
Fourier heat equation, a second order-partial-differential equation
that includes the time and space behavior of the temperature in a
solid body. The solution of this equation has been widely studied
in different papers, and it has become in a handy useful tool for
introduction in partial-differential equations theory. Tough the so-

lution is known, interpretation and programing in computational
simulator may not be as simple, due to the solution is described in
literature as a Fourier series [1] and different approaches to deal
with the solution [2], [3]. In order to obtain a simplified version
of this model, a discrete Fourier equation is developed in [4]. The
space discrete model becomes then in a linear system of ordinary
differential equations, with the temperature in each segment as the
dependent variables and time as only independent variable. This
new model fits to results given by the Fourier series solution, with
an error estimation related to the physical parameter involved in
Fourier equation, density, specific heat and thermal conductivity.
These three parameters are non-constant, even two objects of the
same material, but they are easily obtained with experimental data.
Density is the simplest of them all, due to density is the ratio of
mass and volume of the object. Specific heat is more sophisticated,
but with a simple temperature test, the value can be calculated as
shown in [5], [6] and [7] . A similar experiment may be applied for
thermal conductivity, obtaining the average thermal conductivity of
the object. Using the space-discrete Fourier equation and a exper-
iment shown in [8] to calculate the thermal conductivity in every
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segment of the object, the resulting values provides a description
of the thermal conductivity along the object. Furthermore, using
multiple measure points provides multiple conductivity values, and
using a Gauss-Markov estimator, the thermal conductivity in any
space position of the bar is calculated. Moreover, the calculation are
supposed correct, but there is an uncertainty related to each calcula-
tion. In order to describe the error propagation in the calculation of
thermal conductivity, an uncertainty analysis is conduced, leading
to a range of values in which the correct thermal conductivities are
bounded. The work is presented in the following order. Section
2 provides a fundamentals review including the mathematical in-
volved, such as the Fourier equation, its space-continuous and space
discrete solution and comparison, and the concept of thermal param-
eters. Section 3 presents the thermal conductivity estimation using
simulated data and the methodology of the experiment, including
varying punctual thermal conductivity. In Section 4 it is presented
an uncertainty analysis, and the estimation of propagation error.
Finally, in section 5, the conclusions and future work are presented.

2 Fundamentals

In this section, the fundamentals and theory applied in the present
work are introduced. The general concepts and descriptions are
focused referring to the present article. For further information
the reader is referred to the selected bibliography included at the
document closure.

2.1 Fourier heat equation

The thermal transference in a solid rigid body is represented by the
Fourier heat equation, a partial-differential equation developed by
Fourier at lately 19th century. The equation balances the thermal
energy provided by the temperature evolution in time and the tem-
perature evolution in space. This balance is represented in equation
1. Fourier heat equation is aim of several studies in differential
equations solutions. Some of this works provide an analytical so-
lution using Fourier series, but there are numerical solutions also.
The solution of Fourier equation may be obtained in analytical
form using Fourier series [1], applying Fourier analysis [2] or using
semi-analytical approaches [3].

oT
C— = kV°T 1
PC— (D
With
o p the body density in %
e C the body specific heat in "c

T the body temperature as a function 7'(¢, x, y, z)

k the body thermal conductivity in m_Wc

V the operator defined as V = (0_x o E)
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The right side of equation | contains the Laplacian of temper-
ature. Solving for %, the right side becomes in the expression
below. T &

== @
t  pC

The thermal parameters of the body then are combined into a

general thermal parameter known as thermal diffusivity a.

V2T

k
pC
Merging equations 1 and 3 and the definition of V operator, the
balance equation may be described as follows.

=a A3)

’T LoT 0T 62
axz  9y? 6 2

oT

== ) @)

2.2 Continuous solution of 1 space-dimensional
Fourier heat equation

The solution presented is based on traditional analytic approach
performed in reference [1]. In order to simplify the mathematical
involved in this work, the solution of the Fourier heat equation is
shown in the 1 dimensional case, thus, the temperature function has
only two independent variables, time ¢ and dimension x. Therefore,
the Fourier equation in this case is represented en equation 5. For
this solution method, the thermal parameter « is considered constant
for both of the independent variables.

oT 0T
E = Q(@) (5)

Applying the method of separable variables, as shown in the
refernce [1], the solution is presented as a Fourier series.

T(x,1) = Z B, sin(nnx)e™™ ™! 6)
n=1
1
B, =2 f sin(nmx)T (x,0)dx 7)
0

Find a numerical solution is an accurate path to avoid the math-
ematical complexity shown in the continuous solution above. Fur-
thermore, the solution in 3 dimension is more complex and requires
larger calculations. For the Fourier equation, one of the most applied
numerical methods is the differential discretization proposed by Eu-
ler. Using a discrete-space approximation leads to result similar to
finite volumes technique, as seen in reference [9].

To achieve a space discretization, the finite differences method
is applied [10].

Definition 1 Let f : R — R be a continuous and differentiable
function. The differential ' at the point x = a is approximated by
the following expression

f(®)

fa) = =5

with b a value sufficiently close to a.

f(a) - f(b) ®)
a

Previous definition is applied for non-even partitions. For the
discrete method, even partitions are required, leading to following
definition.
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Definition 2 Let f : R — R be a continuous and differentiable
function. Assume the domain of the function is partitioned in suffi-
ciently small intervals with length Ax. The differential f’(x) is given
by

S+ Ax) - f(%)

f ==

©))

Using definition 2, the first order differential of Fourier heat
equation becomes discrete. For the second order differentials, the
same algorithm may be used for the first order differential.

Definition 3 Let f : R — R be a continuous and at least twice
differentiable function. Assume the domain of the function is par-
titioned in sufficiently small intervals with lenght Ax. The second
order differential " (x) is given by

fx+Ax) - 2f(x) — f(x — Ax)
(Ax)?

') = (10)

However, the second order differentials in Fourier equation are
partial. Moreover, the function T is not defined from real numbers
to real numbers. A more accurate interpretation of the second order
partial differentials is given in definition 4.

Definition 4 Ler f : R" — R be a continuous and at least twice
differentiable function. Assume the domain of every independent

variable x; of the function is partitioned in sufficiently small inter-
2

0
vals with lenght Ax;. The second order partial differential a—x]; of

the variable x; is given by equation 11.

Using definitions 2 and 4, both sides of the Fourier equation are
expressed in discrete form in equations 12-14 and 15 respectively.
Remembering that temperature 7'(¢, x, y, z) is function defined from
R* - R.

PT T, x+Ax,y,2) —2T(t,x,y,2) + T(t,x — Ax,y,2) (12)
x> (Ax)?
y* (Ay)?
FPT _ T(t,x,y,2+ A7) = 2T(1,%,y,2) + T(t, x,y, 2= A2) (14)
02 (Az)?
T T(t+At ~T(t
or _Ta+ALxy,2)-TxY,2) (15)

ot At

In order to compute the differentials appearing in equations 12-

15, the rigid body is then meshed in a set of stationary points, such
in time as in space.

Definition 5 A node in a rigid body is a space position with coor-
dinates (x,y,z). The temperature of each node in a time instant t
is given by T(t, x,y,z). The distance between two adjacent nodes
in space variable x is AX. Same description for distance in space
variable y and z. The value At is known as the sampling period.

www.astesj.com

To ignore the A values, the nodes are numerated and indexed for
each of the four variables.

Definition 6 The temperature in the node (1,1, j, k) is the result of
value the function

T(l = At i Ax, j* Ay, k = Az),

and it is identified by the indexing T jx )

Rewriting the equations 12-15 using definition 6, the following
expressions are obtained.

PTaijwy  Taivrjn = 2Twiim + Tai-1jn 16
ox: (Ax)? (16)
PTuijn _ Taijrin = 2Taijn + Twij-10 17
B @y an
T juo _ Taijikeny = 2Tajigo + T ji-n) 18
02 (A2)? (18)
ar - T — T (19)

8t Li,j.k At

Equations 16-19 are expressions depending only of node index
and the constant A values. Using this expressions, the Fourier heat
partial-differential equation becomes in an ordinary linear equation,
as shown in equation 24

2.3 Sampling considerations

In order to defined the parameters Az, Ax, Ay and Az, the sampling
theorem postulated by Nyquist and Shanon is applied.

Theorem 7 (Sampling theorem [11]) Let s(t) a continuous time
function and F(s(t)) its Fourier transform. Assume that F is
bandwidth limited by the frequency f.. The function s(t) can be
reconstructed if and only if the sampling frequency f; satisfy

fs>2fe

For a system response, the frequency f. is associated to the
slowest pole. The value of the slowest pole of the system matches
the value of f, in rad/s. In a thermal system, the value of poles
may be extremely near to 0, due to the slow temperature variation.
Sampling period 7, is defined as the inverse of sampling frequency
fs. Therefore, sampling periods in thermal system can be signifi-
cantly extended in comparison to other dynamical systems, such as
electrical. Time sampling periods for thermal systems are defined
in minutes.

For the space sampling, meaning, the distance between the
nodes, a slight variation of sampling theorem is used.

(20)

Lemma 8 Let R(x) be a one dimensional space function with do-
miain [0, 1] and F(R(x)) its space Fourier transform. F domain is
upper bounded by % Signal R can be reconstructed at 99.9% of
accuracy if the sample nodes are placed with a distance d;

2n
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if‘_f('xl’..',xi+A‘xi’."7'xn)_2f('x1"."xi’.."xn)+f(x1"."xi_A'xi’."’xn) (11)
ox? (Ax;)?
Tusrijo — Taijw
At -
T 2T T T, 2T (23)
itk — 2Twige + Tai-tjn Taigerk = 2Taign + Taij-10  Taijerty = 2Tagik + Taiji-1)

=of A

Using these approach, the minimal distance between nodes
along x axis can be calculated as

L
Ax = —

10 22)

with [, the length of the body along x axis. Hence, the minimal
required nodes per axis is eleven.

Using equation 24 and solving for T, k), it is possible to
calculate the temperature for a fixed node, using information of
adjacent nodes in the previous sample.

2.4 Space-state model for temperature distribution

As shown in previous subsection, the discrete approach of Fourier
equation leads to a numerical solution, and it is widely used in
discrete estimations. However, in order to propose a continuous
control algorithm as well as a continuous state observer a contin-
uous space-state model is required. For the continuous model the
following considerations are imperative

e Every state of the model represents the temperature of a par-
ticular node in the rigid body.

e The nodes on the body surface experiment conduction and
convection at the same time, so the equations for these nodes
are different from the rest.

o Fourier equation defines the system natural response, no input
is applied.

e The number of nodes is previously calculated and exposed in
subsection 2.3.

e Only space discretization is being considered, time remains
continuous.

Following the previous considerations, the time differentials of
equation 24 remains continuous. The / index is ignored, hence the
equations is rewritten as seen on equation ??

The symbol 7' j is used as differential representation. Using
equation ??, the continuous differential of each node temperature is
calculated as a linear combination of the rest of node temperatures,
in particular only the adjacent nodes contribute. Therefore, the
temperatures are presented in a space-state representation.

www.astesj.com

(Ay)?

(Az)? )

2.5 One-dimensional state-space representation

In order to explain the model in more detail, the first approach is
made for only one space dimension heat flow, considering n nodes
evenly distributed.

Excluding the border nodes, the remaining n — 2 nodes are rep-
resented by equation ??, but ignoring the j and k indexes and the y
and z respective differentials. Hence

. Tivry — 2T + Ti-yy .
Ty =a (Ax)? ,J1>izn—-1 (25)
. a a a
Ty = ———Tist) = 2—— T + —— T 26
0= G e =2 To + mapTen (26)

In matrix condensed form, the space state is represented as seen
in equation 31.

For the border nodes, thermal energy interaction is defined by
two independent processes, conduction and convection. In convec-
tion process, Newton law is applied.

dT
pc— = hl(T — Ta) 27

dt

: d
Solving for d—f
, dTy  hi

Fop= L0 Mgy 28
W=7 pc( o —Ta) (28)

Moreover, a border node has only one adjacent node in the
one-dimensional approach. Hence, the fourier equation is reduced.

T(0) = ——2 Ty + ——T,

Va0 Ey (29)
. (04 o

T(n) = _WTM) + (A_x)T(”_”

Merging equations 28 and 29, the following expression is ob-
tained.

. hl a a
TO)= —(Tw —Ta)— ——=T —T
0 pc( 0 —Ta) A2 Ok Bx O 0
, hl @ @
T(n) = —(Tiy = Ta) — ——Tny + —— T
(n) pc( m —Ta) A o+ A Ty

The complete model obtained from Fourier and Newton equa-
tion is presented in equation 32. This expression represents a contin-
uous space-state model for the temperature of the nodes in the body.
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. aT(l’],k)
Tijw = Fran
24
- Tist ) = 2T jry + Tii-1,jk) N T e — 2Tk + T j-1.4) . Taijeety = 2T ip + T, j,k—l)) 24
(Ax)? (Ay)? (Az)?
[ T
Ta) 1 2 1 0 0o o o] |7y
To, 12 1 0 0 0 0| |Tu
T 0 1 -2 0 0 0 o |Tg
: a | : : : : : : Do :
T(,') h (Ax)?210 O 0 o - =2 .- 0 0 O Ty (D
f(n_z) 0 0 0 0 0 -2 1 Tin-2)
)| 00 0 0 0 1 =2 1] |Te
| T,
T ) .
T r hl a a T oc
Pl pae om0 o 0 (B
T ar  law 0 0 0 To) 0
. 0 a7 0 0 0 .
T. ) 0 0 e S2pEs 0 0 T. 0
o = : : G |+ T, (32)
: 0 0 0 o 0 : :
, (Ax)?
Tu-2) 0 0 0 g _a Tn-2) 0
Tu-1) (07, A T(n-1) 0
(n 0 0 0 0 e~ 2%y . hl
T(n) P Tn pc
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Though the model is no linear, due to the appearance of environmen-
tal temperature, the linear system decomposition matches with the
n X n matrix in equation 32. Using these matrix, the stability of the
system can be analyzed obtaining the eigenvalues. Moreover, the
model can be extended, including external energy inputs and output
temperature sensors, leading to a controllability and observability
analysis.

2.6  Thermal conductivity

Thermal conductivity is one of the three thermodynamical parame-
ters involved in Fourier heat equation (eq. 1), and there are previous
analysis remarking the heat coefficients, as in [12]. Thermal con-
ductivity, definition and formulas are introduced in this subsection.

Definition 9 Thermal conductivity k is the ratio of heat per length
unit and temperature variation.

_ oL
T AAT (33)
With

o k thermal conductivity in %

Q the heat flow

L the body length

A the traversal section area

AT the temperature variation

A comparative method for calculating thermal conductivity is
shown in [8]. The comparison requires a material with known ther-
mal conductivity k, coupled to an unknown thermal conductivity
material k;. Considering no heat loss, heat flow remains constant
in steady state. Thermal conductivity k; can be calculated using
equation 34.

(34)

2.7 Non-homogeneous thermal conductivity

Furthermore in this section, lets consider the thermal conductivity
of the bar modeled by equation 32 is not constant. Hence, the case
a non-homogeneous thermal conductivity is analyzed. Thermal
conductivity, as explained in section 2.6, represents the ratio of heat
flow along a determinate length and the temperature variation. Then,
thermal conductivity is defined in length intervals. Considering the
nodes defined in definition 5, the segment between every couple
of adjacent nodes may have a different thermal conductivity. This
distribution is illustrated in figure 1. Considering non-homogeneous
thermal conductivity, the expression 3 can not be used as a sim-
plification for thermal parameters. In order to obtain a model that
considers non-homogeneous thermal conductivity, other assumption
is applied. Using equation 25, the epxression is rewritten to appre-
ciate the different thermal conductivities, in equation 35 consider
K, as the total thermal conductivity of the two segments. Then,
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in equation 36, the nodes are isolated from every segment, hence
thermal conductivity for every segment is used. All the terminus are
regrouped to obtain equation 37.

' '
' '
' '
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' '
' '
' '
' '
S k10 !
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' '
' '
' '
1 1
' '
1 1

L mmmmcmce e e = m
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Figure 1: Rigid body with non-homogeneous thermal conductivity

. K,
Ty = oA ———— (Ti+1y = 2T + Ti-1y) (35)
Te = i i Ta + Tie 36
0= Ax )2( i) — Tw) + (A )2( o +Ti-y)  (36)
To = WUQT(M) — (ki + ki)To + ki Ti-ry)  (37)

For the border nodes a similar analysis is applied. Considering
that in border nodes the conduction is only present in one side, the
expression for border nodes is presented in equation 38.

, hl ko
T0)=— (T —Ta)+ —— T~ T)

pc pc(Ax) (38)
, hl
T(n) = p—C(T(n) —Ta) + ———= T -1y — Tty)

ko
pe(Ax)?
3 Thermal conductivity estimation

This section presents a method for thermal conductivity charac-
terization in a solid rigid body. The experiment is based in the
technique of concentric cut bars shown in [8] for homogeneous
thermal conductivity. Merging the described experiment with the
node representation of a solid body introduced in section 2.7, a
method to determinate thermal conductivity per node in real time.
The experiment presented in [8] consist of two different materials
aligned in concentrically form. A heat source is placed in an edge
of material A. This material has a known thermal conductivity. As
the heat is transferred along the materials by conduction, the tem-
perature at the edge of the materials is measured. Three points are
measured, the edge of material A (nearest from heat source), the
contact point of two materials and edge of material B (farthest to
heat source). Only one directional heat flow is allowed, so the mate-
rials are isolated. Once thermal equilibrium point is achieved, the
values of temperature are used in equation 40 to calculate thermal
conductivity of material B.

Thermal conductivity can be calculated using the equation 39,
as seen on section 2.6

oL

= AAT 39)
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Lets consider one dimensional heat flow, an isolated rigid body
composed of two different materials, with respectively thermal con-
ductivities k, and k;, and a heat source located in one of the body’s
edges. Using equation 34 with the steady state temperature measure-
ments and considering the cross area is equal, thermal conductivity
kp of an unkown material is calculated with equation 40, with AT,
the temperature difference between the borders of material a, L, the
length of material @ and AT}, the temperature difference between the
borders of material b, L, the length of material b.

ky = k. AT, Ly,

ATyL,

Knowing the nominal thermal conductivity in material b, and

using the approach given by the node representation defined in 5

and equation 36, in steady state the heat flow in each of the nodes

is equal to 0. This fact is corroborated for the model presented in

equation 32, due to equilibrium point of the space state system is

calculated when the differentials of each node temperature is zero.

T; = 0. Hence, using Fourier heat equation represented in the form
of equation 25

(40)

Tivn = 2T + Ti-1)
(Ax)?
Merging this expression with equation 36 leads to

0 41)

ki ki—l
N Tieny = Ti) + — (T + T =0 (42
pc(Ax)z( @+~ To) pc(Ax)z( @+ Ti-1) (42)
ki(Tirny — Tay) + kici (=T + Ti-1)) = 0 (43)

With K; the thermal conductivity of the segment between the
nodes i and i + 1. From previous equation, thermal conductivity of
segment i can be calculated using thermal conductivity of segment i
and temperature measurements in nodes i — 1,7 and i + 1, as seen
on equation 44

ki = ki (44)

Using the calculated conductivity of the material k;, provided
by equation 34, the first iteration ko becomes k. Then, for the
following nodes, the resulting equations are obtained

ko = kp
k = kbw
(T, —Ty) 45)
T, -T
ky = klg
(T3 - T2)

3.1 Simulated thermal conductivity estimation

The procedure above is used to estimate thermal conductivity for
simulated data. Using temperature derived from the model described
in section 2.7. For the simulation is performed in the complement
Simulink of Matlab. For the simulation the following values are
considered.

www.astesj.com

k1= 220 (Aluminum)
e L=0.5m

Ax =0.05m

p=2675 %

o c=897 &

The aluminum bar is represented in nodes and the space state
equation given by 32 is programed in simulink using a value of
Ax = 0.05m, and the temperature values for each node are obtained.
The parameter of thermal conductivity in the segment between
nodes six and seven is set to a value of 187, the rest of the nodes
thermal conductivity are set to 220. Using the temperature values
for each node, thermal conductivity of each segment is the calculate
using equation 44, considering the nominal thermal conductivity
of aluminum for the initial thermal conductivity. The results for
thermal conductivities in each segment are presented in table 1.

Table 1: Thermal conductivity of each segment in the simulated aluminum bar

Segment | Left temperature | Right temperature k
(cC) (C)
1 45.1478 44.1361 220
2 44.1361 43.1244 220
3 43.1244 42.1126 220
4 42.1126 41.1009 220
5 41.1009 40.0892 220
6 40.0892 38.8991 187.03
7 38.8991 37.8874 220
8 37.8874 36.8756 220
9 36.8756 35.8639 220
10 35.8639 34.8522 220

The temperature in the nodes are presented in figure 3. Results
of table 1 in graphic form are observed in figure 2, the variation of
temperature along the bar is small, hence the slope of the graphic
may not vary even the thermal conductivity is different in the red
segment. The method not only provides an accurate value of thermal
conductivity, it also isolates the only thermal conductivity variation
as if it was related to another material incrusted in segment 5. Figure
4 shows the evolution of segment 5 thermal conductivity along time.

220
H 200
10

Figure 2: Thermal conductivity along the bar in steady state

187

Thermal
conductivity
(W/m°K)

Nodes
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Figure 3: Temperature along the bar in steady state

K
-
=)
S
S

[0

o

o
T

D
o
o

B
o
o

N

o

o
T

Thermal conductivity (W/m°K)

o

25 3 3.5 4 4.5 5

Time (hrs)

0.5 1 1.5 2 5.5

Figure 4: Thermal conductivity of segment 5

4 Uncertainty analysis

The results presented in section 3 are consistent with the calculation
of thermal conductivity for the anomaly detected in the simulated
bar. Since this is a simulation, no external consideration has been
made. However, the data obtained for the temperature measurements
are limited by the uncertainty of the sensor used for this purpose.
Moreover, with each calculation a new thermal conductivity is ob-
tained, and this new value becomes an uncertainty source for the
new calculation, leading to a error propagation. In this section, an
analysis of uncertainty and error propagation is presented in order
to obtain a range of values to bound the thermal conductivity values
obtained using the method presented in section 3.

Definition 10 (Uncertainty) Uncertainty is a parameter, associ-
ated with the result of a measurement, that characterizes the dis-
persion of the values that could reasonably be attributed to the
measurand [13]

Let y be the final measurement of a procedure and variables
X1, X2, - , X, the uncertainty sources. Assume all the variable x; are
not correlated. Then, y can be expressed as a function of variables
X; as seen in equation 46.
y:f(-xl’x29"' ,xn) (46)
The combined uncertainty U.(y) for the measurement y is cal-
culed by equation 47.

n 8
U200 = YL @)
i=1 !
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With u(x;) the corresponding uncertainty of each x; variable.

The term 0—}{[ is known as the sensibility coefficient for variable
Xi.

In section 3, equation 44 is used to calculate a thermal con-
ductivity using temperature measurement points. Matching this
with equation 46, leads to a function to calculate thermal conduc-
tivity k;;; using as inputs: thermal conductivity k; and temperatures
Ti-1,T;, Tis1, as seen on equation 48

(T; = Ti-y)
=kiv1 = f(ki, Tic1, T3, Tivy) = ki o~ 43
y = kv = f( 1 +1) T =T (43)
The sensibility coefficients for this measurement are
of Ti—Ti
—_— = 49
Oki Ty —T; “9)
0 ki
Oof __ ki (50)
0Ty Ti-Tiyy
of Tiv1 —Tio
— =ki——= 51
aT; (Tiv1 = Ti)? GD
0 Tio1—T;
f 1 (52)

0Ty (Tisy — T
Considering the measurements are made with an extremely accurate
temperature meter, the uncertainty related to temperature measure-
ment in each node is set as u(T;) = 0.05°C. Hence, for the first
segment the thermal conductivity is taken as nominal, then ky = 220.
Using equations 53-56, and information in table 1, the sensibility
coefficients for output k; are calculated next.

3_1222:5‘::1 (53)
5_7{; - % =217 (54)
% - ko% = 434 (55)
6‘9_7{; - ko% =217 (56)

Using equation 47, the uncertainty related to output k; is then
calculated.

UX(ky) =

57
[(D(O)]? + [(217)(0.05)]% + [(434)(0.05)]* + [(217)(0.05)] ©7

U.(k1) =26.57 (58)

Thus, the interval of values for thermal conductivity are [193.43
246.57]. Even if the range is quite near the expected value, the
iterative method to calculate the rest of thermal conductivities in the
bar leads to an error propagation, increasing the uncertainty value
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for every segment of the bar. In table 2 the values of uncertainty for
each thermal conductivity are shown.

Table 2: Uncertainty for each thermal conductivity

Segment | Sensibility coeflicients Uc(ki1) U (k)
(ki-1, Ti-1, TiTi1) | Allw(T) = 0.05

ky (1,217,434, 217) 0 26.57
ko (0.99,217 ,434 ,217) 26.57 37.66
k3 (1,217 ,434 ,217) 37.66 46.13
ky (1,217 ,434 ,217) 46.13 53.26
ks (0.85,217 ,434 217) 53.26 52.53
ke (1.17,157 ,369 ,184) 52.53 65.63
k7 (1,217 ,434 ,217) 65.63 70.82
kg (1,217 ,434 ,217) 70.82 75.67
ko (1,217 ,434 217) 75.67 80.22
k1o (1,217 ,434 ,217) 80.22 84.52

300 = T

275

250 T

225 s e S

200 /

175

150 = 4

125 4 -

100

1 2 3 4 5 6 7 8 9 10

= Maximum U(ki) value = Minimum u(ki) value =~ —e—ki

Figure 5: Thermal conductivity uncertainty along the bar in steady state

Table 2 shows that the uncertainty in the segment 10 of the bar
is 84, leading to a range between 136 and 304 W/m?. It is clear that
every recursion increases the value of uncertainty associated.

5 Conclusions and further work

The model proposed fits the results for the numerical solution of
the Fourier Heat equation, using a correct spacing it is possible to
reconstruct the temperature distribution along the aluminum bar.
The discrete approximation of the partial differential is a well dis-
cussed method, however, maintaining the time variable as contin-
uous provides a useful model in state-space representation with
applications in control theory such as control design and imple-
mentation, state observers, mathematical simulation, linear algebra
tools, differential geometry theory, among others, besides, the in-
formation of the space-discrete model is preserved, at least the 99
percent of the general partial differential equation of Fourier Heat.
Moreover, the thermodynamic parameters associated to the model
are normally non-homogeneous in a rigid body, particularly the
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thermal conductivity. The reinterpreted experiment to estimate the
thermal conductivity distribution along the bar allows to calculate
the thermal conductivity variations along the bar, using simulated
data in Matlab. The model provides an accurate estimation of the
temperature distribution, and the estimation method for thermal
conductivity is proven using simulated data, calculating then the
thermal conductivity on-line. Using this technique allows to detect
and isolate thermal conductivity changes in a physic thermodynamic
system. The thermal conductivities obtained from this procedure
matches the originally proposed in the simulated model, with an
error below 0.05 units. Even that a segment of the bar has a different
thermal conductivity, the procedure is capable of recognize this
variation and calculate an estimate value. The implications of this
feature are 2: First, the model now can be completed considering
non-homogeneous materials, and second, the procedure can predict
the location for thermal loads along the bar, this could be generated
by other materials addition in an specific location. The results in
simulation are quite near to perfect, since the estimation error is low,
but this could change for a real time implementation. For instance,
the measurement instruments used for the temperature may not be
calibrated. The uncertainty of measurements could have a direct
impact in the estimation of thermal conductivity, due to a recursion
equation using in the procedure. When a temperature instrument
is used for the node temperature measurement, the instrument has
associated a measurement uncertainty. Considering a extremely
accurate temperature measurement instrument, and obtaining the
uncertainty related to every segment, it is possible to estimate the
combined uncertainty for each segment thermal conductivity. Ther-
mal conductivity uncertainty increases with every new calculation,
leading to an error of 84 units in the worst case scenario. This
error propagation impacts directly in the state-space model and the
accuracy of thermal conductivity estimation is reduced. Thus, the
error propagation needs to be corrected in future works to avoid
this problem and provide an optimal model for the rigid body tem-
perature distribution. Knowing the measurement uncertainty is a
useful information in order to validate the procedures and main-
tain conformance with normative standards, but it also provides a
reference for the reliability of the calculation, in statistical terms,
the calculation of thermal conductivity may vary at most 84 units,
leading to different values in each repeated experiment.

The analysis presented in this article has a limited approach for
many physical characteristics, in order to maintain the models and
calculations simple to make a comparative with the simulation data.
Hence, the assumptions conceptualized before the article develop-
ment had been confirmed, e.g. the model using finite difference and
state space model can be used to determine thermal conductivity in
different segments of a bar, the next step in this research is to study
more complex situations. For instance, the geometry of the element
in the case study must be different than a rectangular bar. More com-
plex geometries lead to a different node and segment definition. The
heat flux is considered uni dimensional in this approach, this is made
for matching the requirements of the documented bibliography for
the experiment to determinate thermal conductivity. The analysis of
multidimensional heat flow is closer to real world conditions. The
uncertainty is calculated using the minimum necessary number of
nodes, but using software tools on Finite Element, the number of
nodes is not a problem for the calculation. A follow-up article may

98


http://www.astesj.com

explore the possibility of merging Finite Element techniques with
uncertainty propagation and analyze the error derived for each node
calculation.
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Photovoltaic systems are classified as non-linear systems. On the other hand, the
characteristics of photovoltaic cells are non-linear. For this reason, researchers use
several methods of maximum power monitoring (MPPT) to improve the performance of
photovoltaic system. It is therefore necessary to use an adaptation stage between the
photovoltaic generator (GPV) and the load to take out at any time the maximum power
available of the GPV and to transfer it to the load. This stage acts as an interface
between the two elements by ensuring the transfer of the maximum power supplied by
the generator using a control system used for this purpose. This work described a study
on two Maximum Power Point Tracking (MPPT) techniques, classic sliding mode
control (SMC) and particle swarm optimization (PSO) for controlled boost chopper. The

decisive simulation results that by applying the PSO and the conventional SMC to a
well-built model, the PSO achieves high precision results compared to the sliding mode
control. In fact, we have suggested a new MPPT method based on the optimization of
the command parameters in sliding mode by the PSO optimization algorithm.

1. Introduction

The integration of renewable energies into power generation
systems is becoming important, especially with the increase in the
world's population and technological advancement. Solar energy
is considered a renewable energy source with great potential and
widely distributed geographically. Its drawback remains the high
initial cost of implementing the system [1] [2]. To make a
photovoltaic system more profitable, an method for finding the
maximum power point tracking MPPT is released to command a
DC-DC converter placed between the photovoltaic panels and the
load, what is called the adaptation step [3] [4]. The objective of
this algorithm is to maximize the energy extracted of the solar
panels, and thus growth the overall performance of the system.

Besides, and because of the strongly nonlinear electrical
characteristics, many researchers have proposed control solutions
whatever the climatic conditions [5].

Several researchers have worked on the MPPT method as in
[6-8] they have shown that the technique founded on fuzzy logic
control (FLC) can quickly go along with the point of M. In [9], we
studied the sliding mode control (SMC) and compared it with the
P&O algorithm we concluded that this method is more robust and
faster. We also found that they worked on the backstepping method
but they improved it in [10] we combine it with the artificial neural

*Corresponding Author: Ilhem Bouchriha, ilhem.bouchriha@gmail.com

WWww.astesj.com
https://dx.doi.org/10.25046/aj070110

network (ANN) method [11]. This gave us a good performance in
maximum point tracking. Indeed, the first work on the evolution
of Sliding Mode Control for DC-DC converters introduced in 1983
[6] and 1985 [9]. This work shows how SMC can be used in
different topologies of second order DC-DC converters. The
concept of fetching the equivalent command to the duty cycle in
order to obtain a sliding mode controller controlled by PWM can
be found in [6]. A general SMC synthesis method applicable to
most DC-DC converter topologies is proposed by [5] which shows
that SMC allows greater robustness to variations in load and circuit
parameters.

This method appears more adequate and gives a good transient
response. On the other hand, many works propose the control of
the duty cycle rather than directly controlling the state of the
transistor ensuring the commutation and this without degrading the
properties of the controller. In this case, the discontinuous
command is replaced by the equivalent command [12]. The latter
can be assimilated to the duty cycle since we are working at high
frequency. The advantages of this method are that it does not
require additional circuits and that the transient response remains
good.

This work is an extension of the work initially presented in
International Conference on Advances in Science, Engineering
and Technology 2021(ICASET) [2]. In this article, the MPPT
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control of the photovoltaic system is processed under varying
climatic irradiation.

The photovoltaic system is composed a photovoltaic panel,
boost chopper, MPPT controller and resistive load.

This paper describes a study of the two MPPT techniques, this
is firstly the SMC (sliding mode control) method and the second is
the PSO (particle swarm optimization) algorithm. Then we
optimize the parameters of the SMC using the PSO algorithm. The
two proposed techniques are implemented on the Boost converter
with MATLAB.

In the following, we will first present a model of a
photovoltaic panel. Then modeling a DC-DC step-up converter as
a linear switching system. Next, we will describe the two MPPT
commands SMC and PSO. And finally our contribution is the
combination between the two methods to improve the performance
of the sliding mode method. The results of the simulation are
presented in the last part.

2. Modeling of the proposed system

A photovoltaic PV system is a set of elements of electricity
production. Our system is shown in Figure 1. These components
are essentially the PV, a boost chopper and the command MPPT.

Temperatur
iy . L .
: Boost
J_ 0 Load
'. Y, ’_ cotverter
Iradianee :
’ Duty %
eyele
\'P L J
| Sliding Control
b
Figurel: PV System
where:

Ip: the output currents of the photovoltaic panel (PV).
Vp: the output voltage of the PV.
Vs: the output Voltage of the DC/DC converter.

3. PV Array

The electric model of a solar cell consists of one or two diodes
in parallel and a series resistor Rs supplied by an ideal current
source, the first diode D1 describes the semiconductor properties
of the cell and the second D2 models the phenomenon.
Recombination of charge carriers. We have, this time, two diodes
for the phenomena of polarization of the PN junction and two
resistors. When the surface of the PV cell is exposed to light, it
absorbs light energy and turns directly into electric current. The
voltage generated can vary between 0.3V and 0.7V depending on
the aging of the cell, the temperature of the material used and the
sunshine. The operation of a solar cell can be described by
considering the equivalent electrical schema below figure 2 [13—
15].

q(V+IRs) q(V+IRs) V+IR:
[=1p—Ig [e KTn1 —1]—152 [e KTnz —1]— ;ps (1)
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Knowing that: I and V are the current and output voltage of
the photovoltaic cell. I4; and Iq, are the saturation currents of the
diodes. d1 and d2 are the diode factors. Iph is the photo generated
current, it is often given by.

Ioh (T) = Iphmax * S 1073[1 + (T — 298.K).5.107*]  (2)

Rs I

I, Irp
Ly l 2

Ipll Ci\ Vv
-’) dl a2 Rp

0

Figure 2: Diagram of the model equivalent to two diodes of a PV cell.

With : S is a Sunstroke. T is the temperature of the cell in
Kelvin. From these equations, it is evident that the characteristic I-
V strongly depends on insolation and of the temperature.
Temperature dependence is further amplified by saturation
currents inverse of the diodes which are given by:

Eg

ISl = KlTSEKT (3)
5 Eg

I, = K,Tzext @)

where Eg is the gap energy of the semiconductor and ki, k» having
the following values.

Ki=1,2A/cm> K3
K>=2.9.105A/cm? K>?

To confront our model a little more with reality, it is necessary
to study how these parameters will influence the characteristics of
the cell. The figure 3 and 4 presents the curves of I and P in
function of V, for different levels of sunshine at constant
temperature, and for different temperatures with constant sunshine.

— = 1 Wi |
R =t o
= - — L=1W'm
/ \H
? ] i — 1 _‘\\ 'i
o

] — ]‘

| = A
4

L] 1 I ] 1] 1z 4 1 18

PV Array Violtage (V)
Figure 3: Power curves of PV module at various temperatures simulated with the

MATLAB model Boost converter
4. Boost converter

The DC / DC converter makes it possible to connect the PV
field to a DC bus, to which the various energy machines of the
system are connected to the load. A chopper can be realized using
an electronic switch which can be controlled on opening and
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closing, such as GTO thyristors or bipolar or insulated gate field
effect transistors operating in switching mode. The principle of a
chopper consists in establishing and then periodically interrupting
the source-load connection using the electronic switch. This must
be able to be closed or opened at will in order to have an adjustable
continuous output voltage. Our Boost chopper is shown in the
figure 5.
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= =500 Win’
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b

&

(5]

\

N \
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(¥
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Figure 4: Curve of the current as a function of the voltage of a PV panel at
various solar radiations simulation with MATLABC
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Figure 5: BOOST converter

Table 1 shows the nominal parameters of the circuit.
Throughout the duration dTs of the switching period Ts, the switch
is closed and the diode is off. The current increases until it reaches
the peak value in the inductor. When the thyristor is blocked, the
diode will be conductive, the current will decrease until it reaches
its minimum value and the output voltage equals the input voltage
[16].

Table 1: The Value of the Boost Chopper Coefficient

Symbol Description Value

Vpv Input voltage 220v

F Switching 50Hz
Frequency

C Capacitance of | 2000.10-6
capacitor

L Inductance 0.3pH

R Load resistance 500

The energy accumulator in the coil is dissipate into the
capacitor and the load. In the interval t, <t <ty + dTy, the
switch T is shut and the diode is off. We obtain :

WWww.astesj.com

dip, _

LV, 5)
And
avs _ Vs
CE =-7 (6)

The first configuration is represented by the linear model:
diy,
| _ [0 0
vl =0 ——
" RC

. 1
L -
L]+ L

AR ™

In the interval ty, + dTs; < t <ty + Ty, the diode D is passant
and T is open . We will then have:

— =k ®)
And

avs . Vs

ey 9

The second configuration is described by the following linear
model:

dir, 0 —|pq [2

dt L L -

0l R [VJ*[(L)]Ve (10)
dt C RC

The general equation which describes the functioning of the
Boost converter is:

diy, (1-d)
al_| O T + ; v, 11
% - (1—d) _i Ve 6 e ( )
dt c RC

Based on equations (11) and (12), the equivalent model
representation of the state space is described by the following
model (12).

1-d 1
X =——x+-V

L. L (12)
X, =%y Lx
27 ¢ 71 pe2

where : (x4, X,)= (iL,vs)
_107,.
And y—[l](lL,vs)

5. MPPT control strategy

PV systems are classified as nonlinear systems. Indeed,
researchers have proven that simple commands and PID correctors
are effective for linear systems. But for nonlinear systems
sometimes the PID correctors are not sufficient. This is why we are
always looking for other methods to have good precision and the
system will be more stable and robust [17], [18].

5.1 Sliding mode control (SMC)

The variable structure controls by the sliding mode, which
appeared in the 1960s, due to the research of the mathematician
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A.F. Philipov, is a more nonlinear method fonder on the use of
discontinuous expressions. After the work developed by the team
of Professor Emelyanov in the Soviet Union and due to problems
with chatter and implementation, the variable structure control is
obtained in the late 1970s. It has appeared well in the fields of
electronics and computing. Indeed, this command is based on a
high frequency switching for a better sliding speed [19], [20,21].

The principle of operation of the SMC method is to bring the
system of states to arrive at the sliding surface and switch it by a
suitable logic switching round it until the point of equilibrium,
hence the sliding phenomenon. [23] The form of a variable
structure command can be given by:

S<OifS> xyq (13)
S>0ifS> Xpq

where: S is the output voltage.

Equation 14 defines the path of the first order system. And
so, the speed of convergence will be controlled.

S=—A(S — Xq) (14)

When we do the combination of equation 14 with the two
equations 12 and 10, we get the duty cycle equation d which allows
us to tune the output of our system. d will be the duty cycle of our
boost chopper.

vpy + [Vpyp?+aS,(S;—x2d)
d(it)=1-

28,

(15)

where

= 4/1(LC/1 L)
a= R

Our command described by equation (15), is show in the Figure 6.

AVs

Figure 6: Sliding Mode Control Matlab/SIMULINK
The SMC is characterized by its simple design and robustness
regardless of the types of disturbance. The best features of this
approach are: [22,23]

e The classification of the switching principle introduced us to
a dynamic comportment of the system.
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e In closed buckle, the response is unfeeling to the types of
perturbations and to changes in parameters.

e Choice of a fairly large area according to the case. It's faster
while still having the opportunity to grow in an unstable
state.

5.2 Particle Swarm Optimization (PSO)

Particle Swarm Optimization is a biologically inspired method
for solving optimization problems. Like artificial neural networks,
genetic algorithms, or ant colony algorithms, the PSO is a bio-
inspired algorithm.

The objective function of the PSO algorithm has been defined
as the power delivered by our PV system.

The equations (15) and (16) represent the movement of
particles through each iteration of the program and its objective
functions (fitness) are calculated to be capable to measure the best
position of all the Pg.

vi(k +1) = wy;(k) + o1y (Pbest —X; (k)) Ty (gbest -
xi(k)) (16)

where k is the number of iterations, i The number of the particle,
v;(k) is the speed of the particle at the precedent step, v;(k + 1)
is the new value the studied velocity of the particle, cl and c2 are
positive parameters specific to cognitive actions and to the
algorithm of individual social particles, rl and r2 are taken
randomly between [0,1], Py, is the better position acquired by
the measured element in the objective function, gp.; is the better
position obtained amongst all the particles evaluated in the
objective function, w presents to an inertial mass which directly
affects the current velocity of the particle with respect to the rate
which precedes [24,25]

The updating of the Pb and Pg is carried out at each iteration
as described by the organization chart of Fig.4. The steps are
repeated as long as the stopping criterion is not reached.

e Stage I: Initialize coefficients c1 and c2, the inertia coefficient
(w).

e Stage II: Random construction of the initial particle group and
calculation of the fitness of each element (Pyesr): better position
of the number i in the current group; (Pgest): Better positioning
in all group (best of the best).

e Stage III: Based on the formula, we again calculate the
velocity and location of each particle.

e Stage IV: In the current state, we calculate the best fitness of
the group and compare it with the last one to have the better
of all the groups (Pgpest)-

e Stage V: Increment Kby 1 so k=k+ 1.

e Stage VI: If the stop condition is obtained, we go to the 7th
step. Other, go back to stage III.

e Stage VII: the optimal solution will be saved in (Pypest)
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Figure 7: Flowchart for the PSO algorithm.
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Figure 8: Block diagram of the PSO-SMC method

5.3 The Proposed PSO-SMC Controller

This part presents the sliding mode method to optimize
with the evolutionary algorithm PSO as seen previously the
SMC method can be better improve its performance, the
parameters (S, 1) can be obtained using the PSO algorithm.
After initialization the values of the particles. Our PSO

algorithm tests the search space based on equations (16) and
(17). Each particle keeps its best position (Pypes:) which will
be compared each time with the best position of the other
particles. And finally to have a minimum value of objective
function, the optimal parameters are Soptimum and A optimum [26].

6. Simulation Results and Discussion

To know the stability and follow the dynamic response of
our two MPPT methods: SMC and PSO. We implemented the
model of our PV system proposed in the MATLAB /
Simulink. We vary the irradiations and with a constant
temperature equal to 25°C [27].

Table 2: The parameters of the PSO method

Parameters Values
C1l 2

C2 1.8

w 0.8
Kmax 10
Number of particles 3

Figure 9 and Figure 10 shows the simulation results of the
two tested methods. Figure.10 present the output voltage value
and the Figure.9 present the power of boost chopper.

The simulation showed us that the SMC method gave us
an acceptable result from a stability point of view. But if we
compare it with the PSO method we find it more efficient and
faster. And for that we are going to combine the two methods
together and we will find the result in the figure 11. We notice
that the PSO-SMC method is correct our new method and
faster and stable and more exact folds as shown in the table.

Table 3: Comparison of MPPT techniques

Algorithm PSO SMC PSO-SMC
Complexity Low Low Low
Setting Time ts | 10.034 | 10.044 10.034
Peak time tp 10.011 | 10.005 10.011

D 2.726 |7 5

7. Conclusion

In this article we worked on a photovoltaic system
controlled by two techniques PSO and SMC. After
comparative with the two methods, the PSO is very robust in
relation to SMC.

So, we have optimized the parameters of the SMC by the
PSO algorithm to obtain a new SMC-PSO method. We can
conclude that the SMC method when combined with PSO has
become faster and more stable.

140 120 t
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Figure 9: Optimum power of the PV system for varying conditions of irradiation
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Figure 10: Optimum voltage of the PV system for varying conditions of irradiation.

SMC,PSO and SMC-PSO

NG P50 and SMC-PSC
T T T e
= i 15—
10— -1
10— S
0= 1 -
:
§ - | oas—
H— — 100 —
SMC
: ® PsO .
0 ® SMC&PSO )
‘ ‘ | ‘ = i i \

) : ‘ ‘ ) 1 u 0 1

SMC&PSO
PSO
SMC

0 2 4 6 8 0 [ 1 1
Time

10 1005 101
Time

i 1 11t b 3
Tne

Figure 12: Optimum voltage of the PV system for varying conditions of irradiation
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Using Proofs of Retrievability (PORs), a file owner is able to check that a cloud server correctly
stores her files. Using Proofs of Retrievability and Reliability (PORRs), she can even verify at
the same time that the cloud server correctly stores both her original files and their replicas. In
2020, a new PORR combined with Verifiable Delay Functions (VDFs) was presented by Gritti.
VDFs are special functions whose evaluation is slow while verification is fast. Therefore, those
functions help guarantee that the original files and their replicas are stored at rest. Moreover,
an important feature of the 2020 PORR solution is that anyone can verify the cloud provider’s
behaviour, not only the file owner. This paper extends Gritti’s version. In particular, a realistic
cloud framework is defined in order to implement and evaluate accurately. Results show that
this PORR solution is well suitable for services provided for cloud storage.

1 Introduction

Cloud data storage has exploded over the last decade, for both busi-
ness and personal purposes. The latter have offered the opportunity
to delegate the storage of individuals’ files, through various services
that have been developed and diversified with competitive fees for
data owners (e.g. copies of files stored in different storage locations).
However, due to its complex structure, many unfortunate events
have happened over the last few years. In 2015, lightning strikes
engendered data loss on Google centers'. The startup Front Edge
CNC’ used to keep its online production data in Tencent Cloud
Storage but realised in 2018 that it was completely lost>. More
recently, according to McAfee, 99% of misconfiguration incidents
occurring in a public cloud environment are not detected, thus
exposing enterprises and organisations to a huge risk of undetected
data breaches?. Therefore, it has become urgent to carefully design
cloud storage solutions to overcome all possible unfortunate events
such as the aforementioned ones.

An ideal solution will enable a simple deal between a client,
who owns some files, and a cloud provider (also called cloud server),
who offers safe and attractive cloud storage services. For instance,
the cloud provider may propose to store copies of a file in addition

to the file itself, and spread them across multiple servers, avoiding
single point of loss. The cloud provider may also offer to decrease
fees per copy, to encourage the client to adopt the replication pro-
cess as much as possible. More precisely, both the client and cloud
provider are financially incentivized: the client wants to save fees
as much as possible while uploading files as many as possible,
while the cloud provider wants to earn as much as possible while
saving storage as much as possible. Those assumptions clearly
motivate their behaviours. The rational cloud provider may claim
to store the client’s files while actually not, and thus offering the
free storage space to other clients. The malicious client may claim
to upload copies of the files, with lower fees, but rather upload-
ing different files where fees would have higher if behaving honestly.

This work is an extension of [1], in which a new solution was
proposed for secure and efficient cloud storage for a client who
owns some files stored on a cloud provider. Security is enhanced
by allowing detection of a misbehaving cloud provider that does
not store the client’s files correctly and prevention against a mali-
cious client who tries to save fees. Informally, the cloud provider
is asked to create copies of the client’s files stored across various
locations and can be challenged to prove the client that all files and
their copies are entirely stored. The client uploads encrypted files

*Corresponding Author: Clémentine Gritti, CSSE Department, University of Canterbury, clementine.gritti@canterbury.ac.nz
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to the provider but does not have the responsibility of creating the
copies, avoiding the client to upload fake copies (i.e. files that are
not at all linked to the original ones). Efficiency is conserved even
with improved security. In particular, experimental results presented
for the first time in this paper show that the mechanisms used to
preclude malicious behaviours incur low costs on the computational
and communication processes.

1.1 Problem Statement

Let a client subscribe to data storage services offered by a cloud
provider. Proof of Data Possession (PDP) and Proofs of Retrievabil-
ity (POR) are cryptographic protocols proposed to enable the client
to verify that the cloud provider actually proceeds as agreed, that is
correctly stores the client’s data.

The latter protocol, POR [2], guarantees the client that her data
is available in its entirety. The former protocol, PDP [3, 4], allows
the client to verify that the stored data has not undergone any modi-
fications. Recent PDP works [5, 6, 7] offer a replication feature: the
cloud provider creates copies of the data and the client can check
in a single instance that both the original and copied data are all
correctly stored.

However, the aforementioned solutions do not reflect the actual
framework. Limited bandwidth is offered for free and costs grow
quickly with the increasing bandwidth. In most of existing works,
the replication and uploading processes rely on the client, imposing
huge burden and fees to the latter. In addition, fees for storage
of extra replicas of a given file are less consequent than fees for
storage of different files. Hence, a malicious client may attempt to
upload different files while claiming that they are replicas of the
same file. The cloud provider cannot observe such a trick since data
is assumed to encrypted before being uploaded, and thus are not
readable.

Limitations also raise on the cloud provider’s side. The lat-
ter may appear to be financially motivated and consequently act
maliciously. For instance, it attempts to not store all file replicas
and offers the resulting unoccupied storage space to other potential
customers. Then, such a rational cloud provider creates the missing
replicas on the fly when the client who owns the original file asks
for storage verification. In addition, the client may put tacit trust
on its cloud provider and neglect to carefully read the service level
agreements [8]. Likely, the client does not take the time and effort
to verify how the cloud provider deals in storing her data.

The design of an appropriate solution for secure data storage in
the cloud is clearly encouraged by the aforementioned financial con-
cerns. Clients are motivated by reducing the costs due to bandwidth
and storage while the cloud provider is stimulated by partitioning
data to make profit. Those concerns have been carefully studied
and overcome in [9]. The authors presented an extension of POR,
called Proof of Retrievability and Reliability (PORR), to encompass
the correct storage verification of both file and its replicas at once.
However, the main obstacle of the PORR instantiating in [9] is the
private feature of verification: only the client is able to check that
the cloud provider correctly stores her file and its replicas.

In [1], we proposed a new PORR protocol overcoming all the
aforementioned challenges at once. Along with getting over mali-
cious clients and rational providers, we overcame the likely laziness:
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the client can delegate the task of checking that the cloud provider
has been acting honestly on her data.

1.2 Idea

Our solution is designed to enable a client to upload her file and
the cloud provider to generate the replicas of this file. By doing so,
we prevent malicious clients to upload different files and claim that
there are all replicas of the same file.

Moreover, we offer the client the guarantee that the cloud
provider correctly stores both the original file and its replicas at
rest. By using slow functions, we prevent rational cloud providers
to compute replicas of an original file on the fly when challenged to
prove correct storage. Indeed, evaluating a slow function is notice-
ably slow while verifying its unique evaluation output is fast and
easy. Therefore, if the cloud provider tries to generate a replica on
demand, it will take a noticeable time to evaluate the slow function
attached to the replica and output the unique solution, rather than
just storing the replica along with the output from the evaluated
slow function.

The cloud provider is challenged by a verifier, that can be
anyone on behalf of the client. The verification allows a client to
ensure that the cloud provider stores the original file and all replicas
in their entirety.

Our PORR solution with public verification is a combination
of the publicly verifiable POR protocol with RSA signatures from
Shacham and Waters [10, 11] and of the slow exponentiation-based
Verifiable Delay Functions (VDFs) in finite groups from [12].

We suggest an extension of the POR scheme built by Shacham
and Waters [10, 11], where replicas of the challenged file are con-
tained in the verification mechanism. Public verification allows
anyone, on behalf of the client, to request the cloud provider a
proof of correct storage. Such a feature overcomes a possible lack
of data integrity awareness from the client. In order to stop the
cloud provider to generate the file replicas on demand when being
challenged by the verifier, we incorporate slow functions from
[12], namely VDFs. Of course, storing VDF outputs must result
into storage costs that are at least as high as storing replicas as
required. In fact, rational cloud providers are expected to commit
minimal computation resources when generating a correct response.
Therefore, the cost of replying to a challenge on the fly should be
more than the cost of storing the replicas correctly.

To our knowledge in [1], the author presented the first PORR
protocol that both delegates the construction of the replicas to the
cloud provider and that permits anyone to verify that the latter
correctly stores the files and their replicas.

We give an overview of the PORR protocol in Figure 1. A client
encodes and processes a file M as M*, and outsources it to the cloud
provider. The latter commits to store M* entirely across a set of r
storage nodes. This means that M* is updated to contain the original
copy of M and r replicas. On inputs the public parameters, the
verifier (possibly the client as in the figure) can efficiently launch
challenge requests and verify the responses from the cloud provider.
The cloud provider must store both the original file and its replicas
at rest, at r storage nodes.
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Figure 1: PORR protocol: First the client prepares her file M by encrypting and
encoding it, resulting into M*. Second, she uploads M* to the cloud server along
with some additional elements, such as a tag 7. The cloud server generates the
replicas based on the additional information. Later, and multiple times, the client and
cloud server enter into a challenge-response protocol to allow the former to check
whether the latter correctly stores her file and its replicas.

1.3 Related Work

We first present existing works on Provable Data Possession and
Proof of Retrievability. We then move on Proof of Reliability, where
several variants have been proposed based on different mechanisms,
namely data replication, erasure codes, proof of location and proof
of space. Finally, we review slow functions that allow to generate
puzzles, and in particular Verifiable Delay Functions.

1.3.1 Provable Data Possession and Proof of Retrievability.

Provable Data Possession: The authors in [3] introduce the con-
cept of Provable Data Possession (PDP), which enables a client to
privately verify the integrity of her files stored at an untrusted cloud
provider without the need to retrieve the entire files. Thereafter, the
authors in [13] improve the efficiency of the previous PDP scheme
[3] by using symmetric encryption. Subsequently, PDP construc-
tions for static data have been proposed in the literature [14]-[17].
PDP schemes with additional properties, such as data dynamicity,
have been suggested in [18]-[23]. Several works have been pub-
lished recently [24]-[30], proposing PDP schemes preserving data
privacy and publicly verifying data integrity.

Proof of Retrievability: In [2], the author defined Proof of Re-
trievability (POR), that is a similar concept to PDP. In POR, the
client can correct existing erros and recover the whole files, in addi-
tion to check that the cloud provider stores her files in their entirety.
In [10], the author proposed two POR schemes: a first one with
public verification built on BLS signatures, and a second one with
private verification based on pseudo-random functions. In [31], the
author improved Shacham-Waters POR schemes by achieving only
a constant number of communication bits per verification rather than
linear in the number of sectors. Subsequent works on distributed
systems follow in [32]-[34], as well as POR protocols with data
dynamicity in [35, 36].
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1.3.2  Proof of Reliability.

Based on Data Replication: The authors in [5] extend the
scheme from [3] by enabling the file owner to verify that at least k
replicas are stored by the cloud provider. In [37, 38], the author pro-
pose a mechanism with a tunable masking feature in order to let the
cloud provider be responsible of the repair operations and the client
manage the process of repair. In [39], cross-client deduplication is
enabled at the file level by extending [38]. In [6, 7], clients are able
to modify and add some pieces of a given file, while to check the
correctness of replications of this file. In [40], the replication pro-
cess is made transparent in a distributed system for cloud storage by
extending [18]. The aforementioned solutions, a similar framework
is encountered: replicas are prepared by the client, and further sent
to the cloud provider with the original files.

More recently, the Proof of Retrievability and Reliability
(PORR) protocol is defined for the first time in [9] to illustrate
the case where the cloud provider prepares the replicas rather than
the client. Tunable puzzles are used for replicating the file, guaran-
teeing the the replicas are stored at rest. Nevertheless, only a private
verifying process is available.

Based on Erasure Codes: In [33], the author provides a high
availability and integrity layer for cloud storage. By using era-
sure codes, data retrievability and reliability are guaranteed among
distributed storage servers, and clients can detect and repair file
corruption. The authors in [41] achieve a more efficient mechanism
for repairs by extending HAIL [33] and moving bulk computations
to the cloud provider. The authors in [42] present a scheme for
remote data checking in network coding-based distributed storage
systems. The scheme minimizes the communication overhead of the
repair component compared to the erasure code-based approaches.
The repair mechanism in [42] is improved in [22], such that the
computation cost for the client is reduced. Following the idea of
adding a third party auditor [22], in [43] the author offer a network
coding-based scheme such that the repair mechanism is executed
between the auditor and the cloud provider, and the client is let
apart.

A proof of fault tolerance, as a protocol based on erasure codes,
is proposed in [44]. The scheme uses technical characteristics of
rotational hard drives to build a time-based challenge, such that the
client can check that her encoded files are stored at multiple storage
nodes within the same cloud provider. Thereafter, the authors in
[45] construct POROS for erasure code-based cloud storage systems
by combining POR with time-constrained operations. In order to
set a time threshold for the response generation and thus to force the
cloud provider to store replicas at rest, rotational hard drive-based
ideas are leveraged similar to the ones in [44].

More recently, in [46] the author uses erasure codes to guarantee
data reliability, and ensures that the burden of replica generation
as well as the repair operations are shifted to the cloud provider.
Nevertheless, contrary to [44, 45], the solution in [46] does not rely
on the technicity of rotational hard drive technology. Indeed, such
method is inevitably dependent on the parameters of the underlying
erasure code system. However, in [46], only the client can check
the behaviour of the cloud provider in storing her files and replicas.
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Proof of Location: Proofs of Location (PoL) [47, 48] have been
introduced to prove the geographic position of data, such that
whether certain servers in a given country store such data. A PoL
scheme is presented in [48] as a combination of geo-location mecha-
nisms and the Shacham-Waters POR schemes [10]. The PoL model
looks similar to the PORR one, such that files are uploaded only
once by the client to the cloud provider. Then, the cloud provider
generates the file tags, prepares the replicas and scatters the latter
across servers that are geo-located at different places. Individual
POR instances are invoked by the client with all servers to verify
whether the latter correctly store the files. On the contrary, PORR
schemes must enable clients to launch a single instance to check
that all file replicas are correctly stored instead of one instance per
replica.

Proof of Space: Proofs of Space (PoS) [49] allow the prover to
reply correctly as long as a given amount of space or time per ex-
ecution is invested. In our case, we require that the prover invests
a minimum amount of space. In addition, we need to get a single
instance to check that all file replicas are correctly stored, that is not
made possible with PoS. Hence, the notion of PoS does not suit our
requirements.

1.3.3  Slow Functions.

Time-lock puzzles [50], benchmarking [51], timed commitments
[52] and client puzzles [53, 54] rely on the sequential nature of large
exponentiation in a finite group.

In [53], the author design a slow function by extracting mod-
ular square roots. No algorithm is known for computing modular
exponentiation which is sub-linear in the bit-length of the exponent.
Nevertheless, the puzzle difficulty is limited to O(log p), meaning
that a very large prime p (being the order of the group) must be
chosen to produce a difficult puzzle. In [54], the author consider
the sequential nature of Dwork-Naor solution to suggest chaining
a series of such puzzles together (e.g. for lotteries). However, this
construction does not provide asymptotically efficient verification,
hence it can rather be seen as a pseudo-Verifiable Delay Function
(VDF).

Time-lock puzzles [50] involve computing an inherently sequen-
tial function, by repeating squaring in a RSA group. Used in the
context of POR with data reliability guarantees, the cloud provider
requires an apparent amount of time to solve those puzzles while the
latter are efficiently solved by the client using a trapdoor. Moreover,
storing the solution of a time-lock puzzle incurs extra storage costs
that are at least as large as the required storage for replicas. The
difficulty of a RSA-based puzzle can be easily adjusted by the client
(who creates the puzzle) to cater for variable length and different
cost metrics. However, such puzzles are not guaranteed to be pub-
licly verifiable: the client (or a dedicated verifier) uses a secret
element to prepare each puzzle and to verify the solution.

A given number of sequential steps are required for VDFs, re-
sulting into a unique output verified in an efficient and public way.
The construction of a VDF with a trusted setup was proposed [55].
The authors in [12] observe that the trusted setup can be discarded
by choosing a sufficiently large random number N, such that N = pq
with high probability, for p, g two large prime factors. Nevertheless,
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the adversary would benefit for parallelizing the arithmetic due to
the large size of N, and the running time of the verifier would then
increase. The authors in [12] rather suggest to build a VDF from
exponentiation, based on the assumption that the adversary cannot
run a long pre-computation from the publication of the public pa-
rameters to the evaluation of VDF. Hence, this solution achieves
proofs that are shorter than the proofs in [55] at a similar level of
security.

1.3.4  Work Comparison.

In Table 1, we compare our work with main other ones, based on the
specific features that enable secure cloud storage against malicious
servers and clients. We omit the Proof-of-Space (PoS) mechanism
for Proof of Reliability since it is too far-off our work.

Table 1: Comparing existing protocols similar to PORR

Type Work | Proof | Replicas? Public?
Where? Private?
Original PDP [3] PDP | no replicas private
[13] | PDP | no replicas private
Original POR [2] POR | no replicas private
[10] | POR | no replicas private
(pseudo)
[10] | POR | no replicas public
(BLS)
Proof of [5] POR | replicas at private
Reliability client’s side
(data [39] | POR | replicas at private
replication) client’s side
[9] POR | replicas at private
server’s side
ours | POR | replicas at public
server’s side
Proof of [33] | other | replicas at private
Reliability client’s side
(erasure [46] | POR | replicas at private
codes) server’s side
Proof of [48] | POR | replicas at private
Reliability server’s side
(proof of but individual
location) POR instances

Most of the compared works are based on PDP and POR proofs.
When replica services are offered, we consider proof of correct data
storage in a single instance for both original files and their copies
(otherwise specified). Replica options are an important service to be
offered by cloud providers, in order to avoid unfortunate data loss
due to technical issues (e.g. single point of failure).

In almost all works, only private verification is offered. Private
verification means that only the client can challenge the server for
correct storage. We think that such an assumption is too strong as
clients may be too lazy to do so. We suggest that delegating such
a checking process to a third party will guarantee a better storage
experience for both clients and cloud providers.
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The closest work to ours is definitely the work from [9]. In-
deed, the authors aim to develop a cloud storage solution to prevent
both rational cloud providers and malicious clients. To do so, they
combine POR instances with RSA-based puzzles [50].

One limitation in [9] is from the private aspect of POR instance
verification. Indeed, either the client or someone in possession of
the secret key can perform the verification of integrity of stored
data. We aim to develop a publicly-verifiable PORR scheme, that
allows everyone, using only public elements, to check that the cloud
provider correctly stores original files and their replicas.

2 Contributions and Road Map

In [1], the first Proof of Retrievability and Reliability (PORR) with
public verification was proposed. The original file of the client is
first uploaded to a cloud provider. The replica plan has been agreed
by both the client and cloud provider. Following that plan, replicas
of the original file are prepared by the cloud provider. Anyone (and
possibly the client) can challenge the cloud provider to check the
integrity of the stored files and replicas.

In [1], the publicly verifiable RSA-based POR scheme
from Shacham and Waters [10, 11] was combined with the
exponentiation-based VDF construction from [12]. This allows
us to define a common parameter setting, roughly a RSA-based
one, while benefiting all the properties offered by the two schemes.
Namely, the verifier can efficiently launch a large number of chal-
lenge requests and checks the cloud provider’s responses using only
public elements, while the cloud provider is forced to store the
client’s original file along with all the replicas at rest (otherwise
being timely noticed).

In this paper, we provide the experimental analysis of our pub-
licly verifiable PORR protocol. Implementation and evaluation
results reveal realistic applications. Communication overhead be-
tween the client, the cloud provider and the verifier remains fair.
Computation costs are affordable for the client and verifier, while
they are made such that the cloud provider does not gain in com-
puting the replicas on the fly from challenge requests. We also
compare our solution with MIRROR [9], a PORR prototype with
private verification, built upon Waters and Shacham’s POR [10] and
RSA-based puzzles [50].

Therefore, our solution fits cloud-related bandwidth and storage
requirements, while preventing malicious clients and rational cloud
providers from being successful.

In the following Sections 3 and 4, we recall the definition and
construction of Shacham-Waters POR [10, 11] and of VDF from
[12]. The reader can directly jump to Section 5 if being familiar
with concepts of POR and VDF. In Section 5, our publicly verifi-
able PORR protocol presented in [1] is described. In Section 6, we
depict the implementation framework of our PORR and analyse the
experimental results. We conclude this paper in the last section.
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3 RSA-based POR with Public Verifica-
tion

In this section, we recall the publicly verifiable RSA-based POR
construction from [10, 11]. Since our choice of slow functions [12]
is based on RSA and also publicly verifiable, such POR construc-
tion is welcomed. The RSA-based POR construction in [11] is an
extension of the RSA-based PDP construction in [4].

3.1 Definition

A Proof Of Retrievability (POR) comprises five algorithms. The
client runs the two first algorithms. A public and secret key pair
(pk, sk) are generated by running the key generation algorithm. For
each file M, the client computes a corresponding tag 7. Using the
secret key sk, the file and tag generation algorithm processes the file
M, resulting into M*, and computes the tag 7.

The client challenges the cloud provider when she wants to ver-
ify her files are stored in their entirety. A challenge set Q, selected
when running the challenge generation algorithm, defines the file
blocks that the cloud provider must prove to store correctly. From
this challenge, the latter replies by running the response generation
algorithm and shares the response resp with the client. The latter
can then verifies resp by running the verification algorithm. The
output of this algorithm tells the client whether or the cloud provider
stores her files in their entirety.

In the above description, we suggest that the client verifies the
cloud provider’s response. However, in a publicly verifiable case,
anyone can verify resp since only public elements are required to
run the verification algorithm. In a privately verifiable case, only
someone with a secret element can check resp, the client in general
would have such competency, but a private verifier can also be given
a secret key. We only consider the first case in our paper.

POR protocols must be proved correct and sound. Correctness
requires that for all key pairs (pk, sk) output by the key generation
algorithm, for all file M € {0, 1}*, and for all pair (M*, T) output
by the file and tag generation algorithm, the verification algorithm
accepts with challenge and response respectively output by the chal-
lenge generation algorithm and the response generation algorithm.
Soundness states that if a cheating cloud provider convinces the
verifier that it is storing the file M, then it is actually storing the
file M. Shacham and Waters formalize the notion of an extractor
algorithm that interacts with the cheating cloud provider using the
POR protocol.

3.2 Notations

The processed file M’ (obtained from applying an erasure code on
the file M) is split into n blocks, and each block is then split into s
sectors. Each sector m; ;, fori € [1,n] and j € [1, 5], is an element
of Zy. For instance, for a processed file M’ that is b-bit long, there
are n = [b/slog(N)] blocks.

A challenge is an /-element set Q = {(i, v;)}. The size [ of the set
Q is a system parameter. Each tuple (i, v;) € Q can be described as
follows:

e The value i is a block index in [1, n].
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e The value v; is an element in E C Zy. Let E C Zy be the
set of coefficients v; chosen for verification requests. For in-
stance, E = Zy, such that coefficients v; are randomly chosen
from Zy.

3.3 Construction

Let « be the security parameter. Let «; be a bit length such that
the difficulty of factoring a (2k; — 1)-bit modulus fits the security
parameter . Let max(E) be the largest element in E. Let k;, be the
bit length equal to [log(/ - max(E))] + 1 [10, 11].

The construction of publicly verifiable POR with RSA signa-
tures given in [11] is as follows:

Key Generation: On input a security parameter «, the randomized
key generation algorithm outputs the public key and secret key
pair (pk, sk) as follows. Let (spk, ssk) <« S.KeyGen(k) be a
random signing key pair. Choose two primes p and ¢ at ran-
dom such that p, g € [247!,2% — 1]. Let N = pg be the RSA
modulus such that 2672 < N < 24, Let G : {0, 1}* — Zy be
a full-domain hash function, seen as a random oracle. Pick
at random a prime e of length 2«; + k; bits, and set d = ¢!
mod @(N).

Set the public key pk = (N, e, G, spk) and the secret key
sk = (N, d, G, ssk).

File and Tag Generation: On inputs the secret key sk and the file
M, the file and tag generation algorithm outputs a processed
file M* and the tag T as follows:

1. Apply the erasure code on M to obtain M’.

2. Split M’ into n blocks for some integer n, each of
them being s sectors long, resulting into a n X s ma-
trix {m; j}ie[1m,jer1,s)- Each sector m; ; is an element of
Zy.

3. Choose a random file identifier id € Zy.

4. Pick at random s random numbers ug, uy, - -

5. Let Ty = idllnllurlluzll - - - llus.
T = To||S.Sig ().

6. For each i € [1, n], compute o; = (G(id||i) - ]—[;:1 u?."”)d
mod N.

7. The processed file is M* = ({m; j}icr1.n),jer1,51 (Tiier1.n)-

“ U € Zy.

Compute the file tag

Challenge Generation: On inputs the secret key sk and the tag 7',
the randomized challenge generation algorithm outputs the
challenge set Q as follows:

1. Use the key spk to verify the signature on 7. If the
signature is invalid, then output O and halt.
2. Otherwise, recover id, n,uy, up, - - - , Us.

3. Pick at random an [-element subset / from the set [1, n].
For each i € I, choose a random element v; € E. Let

O = {(i,v)}ier-

Response Generation: On inputs the processed file M* and the
challenge set Q = {(i, v;)}ies, the deterministic response gen-
eration algorithm outputs a response resp as follows:
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1. Compute py; = 3 ,)e0 ViMti,j € Z for j € [1,s] (note
that there is no modular reduction).

2. Compute 0 = [0 0 mod N.
3. Set the response resp = ({14} je(1,s1, 0)-

Verification: On inputs the response resp, the deterministic verifi-
cation algorithm checks first whether each y; is in the range
[0, N - max(E)]. If some values are not in the range, then
halt and output 0. Otherwise, check whether the equation
0 = [iwe Gldlli) x [T}, #; mod N. If so, then it
outputs 1; otherwise, it outputs O.

3.4  Security

The security for POR is linked to unforgeability, extractability and
retrievability. Informally, the security proof is split in three parts
such that:

e The first part shows that the verifier can not receive an ille-
gitimate (i.e. forged) response from the adversary (i.e. the
cheating cloud provider).

e The second part shows that there exists an extractor extract-
ing a constant fraction ¢ of file blocks (previously encoded
with an erasure code) as soon as there exists an adversary
that succeeds the verification process a noticeable number of
times. Indeed, all responses that have been checked should
be legitimate.

o The last part shows that one can use an erasure code to rebuild
the whole file M if the constant fraction ¢ of file blocks has
been recovered.

The RSA-based POR construction has been proved correct and
sound. We let the readers refer to [10, 11] for the formal security
proof.

4 Verifiable Delay Functions From Expo-
nentiation in a Finite Group

In order to prevent rational behaviour from cloud providers, we
aim to use slow functions (also called puzzles). Slow functions are
constructed such that:

e Puzzles and file blocks are combined, resulting into r correct
replicas of the file M. Homomorphic properties required for
compact proofs are preserved.

e The client can adjust the difficulty of the puzzles supply mul-
tiple cost metrics.

e The costs from the storage of the solution of the puzzle are at
least as high as the storage needed for the replicas of the file
M.

e The cloud provider needs more time to solve the puzzles than
the client, since the latter has access to a trapdoor.
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In this section, we recall the construction of VDFs [12] that we
use in our PORR. In order to successfully combine Shacham-Waters
POR with VDFs, we opt for the exponentiation-based version with
bounded pre-computations in a RSA group. This version is secure
against attackers with bounded pre-computations, from a gener-
alization of exponentiation-based time-lock puzzles in groups of
unknown order.

4.1 Definition

An algorithm is said to run with p processors in parallel time 7 if
one can implement it on a PRAM machine with p parallel proces-
sors that run in time ¢. The total sequential time refers to the time
required for computation on a single processor.

A Verifiable Delay Function (VDF) is composed of three algo-
rithms, to set up the system, evaluate the slow function and verify
a solution. On inputs a security parameter k and a delay parameter
t, the randomized setup algorithm outputs the public parameters
pp containing an evaluation key ek and a verification key vk. This
algorithm must be polynomial-time in k. The delay parameter ¢
must be sub-exponentially sized in «.

On inputs the evaluation key ek and a puzzle x from some known
sampleable set, the evaluation algorithm outputs the solution y and
a (possibly empty) proof . For all public parameters pp and for
all puzzles x, the evaluation algorithm must run with poly(log(?), )
processors in parallel time #. For a given puzzle x, there must be a
unique output y whose verification will be correct.

On inputs the verification key vk, the puzzle x, the solution
y and its proof m, the deterministic verification algorithm outputs
either 1 if y is a valid solution for the puzzle x, or O otherwise. The
verification algorithm must run in total time polynomial in log(t)
and «. This algorithm is much faster than the evaluation one.

The VDF is expected to be sequential where honest parties can
compute (y, 7) by running the evaluation algorithm in ¢ sequential
steps, while no parallel-machine adversary with a polynomial num-
ber of processors can make the distinction between the output y
from a random value in many less steps. Moreover, the VDF is
expected to be efficiently computable, where honest parties run the
verification algorithm as fast as possible such that the total time
should be O(polylog(t)). The VDF is finally expected to be unique
where for all puzzles x, the value y is difficult to calculate such that
the verification algorithm outputs 1 while y is not an output of the
evaluation algorithm on inputs pp and x.

4.2 Notations

Given an integer n, let [1, n] denote the set of integers {1,2,--- ,n}.
LetL={l; =3,l,b=5,--- 1} be the first t odd primes. The param-
eter ¢ is the provided delay parameter. Let P be the product of the
primesin L, i.e. P =1[; - I ---1,. The parameter P is a large integer
with about 7log ¢ bits.

4.3 Construction
Here, we describe in details the exponentiation-based solution for

VDF in [12].
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Setup: The trusted setup process is the following:

1. Set a RSA modulus N = pgq (for instance, 4096 bits
long) such that the prime factors p, g are strong primes.
The factorization of N is only known by the trusted
setup algorithm. Let H : Z — Zj, be a random hash
function.

2. For a given pre-processing security parameter B (for
instance, B = 23°), do the following:

e Compute H(i) = h; € Z}, and g; = h;/P € Z, for
i€[l,B].
o Setek = (Zy, H, g1, 82+ » gp) and vk = (Ziy, H).

While the parameters of the verifier are short, the ones of the
evaluator are not.

Evaluation: Solving a puzzle x works as follows:

1. Map the puzzle x to a random subset L, C L of size
and a random subset S, of x values in [1, B], using a
random hash function.

2. Let P, be the product of all the primes in L, and let
8= HieSx 8i-

3. The puzzle solution is y = g//~.

The computation of the solution takes O(tlog r) multiplica-
tions in Zj,.

Verification: Verifying a solution y works as follows:

1. Compute P, and S, as in the evaluation algorithm on
inputs ek and x.

2. Compute h = [];e5, H().
3. Output 1 if and only if y** = h.

We observe that exactly one element y € Zj, will be accepted
as a solution for a puzzle x. The verification process takes
only O(k) group operations.

4.4 Security

Security is defined in face of an attacker able to perform polynomi-
ally bounded pre-computations. A VDF scheme must satisfy:

Correctness and Soundness. Every output of the evaluation algo-
rithm must be accepted by the verification algorithm. The
solution y for a puzzle x is guaranteed to be unique because
the evaluation algorithm evaluates a deterministic function
on the sampleable set of puzzles. The proof 7 does not re-
quire to be unique but should be sound and a verifier cannot
be convinced that some different output is the correct VDF
outcome.

7-Sequentiality. No adversary should be able to compute an output
for the evaluation algorithm on a random puzzle in parallel
time 7(f) < ¢, even with up to many parallel processors, and
after a potentially large amount of pre-computations.

113


http://www.astesj.com

C. Gritti et al. / Advances in Science, Technology and Engineering Systems Journal Vol. 7, No. 1, 107-124 (2022)

We let the readers refer to [12] for more details on the security
models for VDFs.

The above construction does not satisfy the definition of a se-
cure VDF presented in [12]. More precisely, an adversary who
is able to run a large pre-computation once the parameters pp are
known can break the above construction. There are various possible
pre-computation attacks requiring zB group operations in Zy, [12].

New parameters must be generated after B challenges; other-
wise, the scheme is not secure. This is sufficient for our application
of a VDF, for instance by choosing B = 23°. Regarding experiments
of other solutions [9, 45, 46], storage challenges never excess such
B.

5 RSA-based PORR with Public Verifica-
tion

In this section, we describe our RSA-based solution for Proof Of
Retrievability and Reliability (PORR) with public verification, us-
ing exponentiation-based VDFs to prevent the cloud provider to
generate replicas on the fly when being challenged.

A client encodes and then processes a file M into M*, and out-
sources the latter to the cloud provider. The cloud provider then
commits to store M* entirely across a set of r storage nodes with
reliability guarantee R. This means that M* contain the original
copy of M along with replicas.

A PORR protocol is executed between a client and a cloud
provider provided by its k storage nodes. The goal of such protocol
is to enable either the client or anyone else to check the integrity
and reliability of the processed file M*.

5.1 Definition

Informally, our PORR protocol combines the RSA-based POR
scheme of Shacham and Waters [10] and the exponentiation-based
VDF scheme from [12].

The Setup phase initiates the protocol. It corresponds to the
key generation and file and tag generation algorithms of Shacham-
Waters POR scheme and to the setup algorithm of the VDF scheme.
The client generates the parameters of the protocol, corresponding
to the ones found in the two underlying schemes. She prepares her
to-be-stored M by encrypting and processing it, and by generating
the tag T and the authenticators o; for i € [1,n] (where n is the
number of blocks) as in the POR scheme [10]. According to the
agreed number r of replicas that the cloud provider must store, the
client also prepares the VDF puzzles x(k) fori e [l,n], j€[l,s]
and k € [1, r]. In other words, there is one challenge per sector per
replica (we recall that there are s sectors per block).

Once the cloud provider receives the file-related elements to be
stored, the Setup phase is over. It can then start the second phase,
namely the Replica Generation phase, in order to create the r repli-
cas of the original file M. To do so, the cloud provider evaluates the
VDF puzzles x(k) by running the evaluation algorithm. It appends

each solution y ) with the corresponding sector replica m( ). for
ie[l,n], jell, s]andke[l r].
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The next three phases can be requested multiple times. There is
an interaction between a verifier (the client herself or someone on
her behalf) and the cloud provider. During the Challenge Genera-
tion phase, the verifier generates the challenge chal and sends it to
the cloud provider, by running the challenge generation algorithm
of Shacham-Waters POR scheme. During the Response Generation
phase, the latter replies back to the client with a response resp by
running the response generation algorithm of POR scheme. Finally,
during the Verification phase, the verifier then checks resp using
only public elements, using the verification algorithms of Shacham-
Waters POR scheme and of the VDF scheme. Indeed, verification
exactly contains two steps: one check for POR and one check for
VDF. If the output is 1, then the verifier is guaranteed that the cloud
provider stores the file in its entirety along with its r replicas.

5.2 Construction

Here, we describe in details our publicly verifiable RSA-based
PORR solution.

Setup: This phase includes the POR-based key, file and tag genera-
tions along with the VDF-based setup process.

Let « be the security parameter. Let (S.KeyGen, S.Sign, S.Ve-
rify) be a digital signature scheme. Choose two primes
p and ¢ at random such that p,q € [2x-1 2% — 1], Let
N = pg be the RSA modulus such that 272 < N < 24,
Let G : {0,1}" — Z}, be a full-domain hash function, seen
as a random oracle. Pick at random a prime e of length
2k| + Ky bits, and set d = ¢! mod ¢(N). Let t be the delay
parameter and B be the security parameter for VDFs. Let
L ={l, =3, =5,---,1} be the first r odd primes and
P=1I xXIlpx---xI,. Let H:Z — Zy be a hash function,
seen as a random oracle.

The client wishes to store a file M € {0, 1}* at the cloud.
Without loss of generality, the file M is assumed to be en-
crypted and encoded (using the specific erasure code). En-
cryption guarantees confidentiality and encoding guarantees
extractability and retrievability.

As in [10], the file M is first split into n blocks, and then
split into s sectors. Let us denote a sector as m; ; € Zy, for
i € [1,n] and j € [1, s]. Bit representation of each sector m; ;
includes a characteristic pattern (e.g. a sequence of zero bits),
in order to guarantee extractability [9]. Pattern length and file
size are dependent such that the former should be larger than
log,(n - s).

The client runs the algorithm S.KeyGen(k) and gets the sign-
ing and verification key pair (ssk, spk). She also chooses
an identifier id € Zy for the processed file M*. She then
picks at random s non-zero elements uy,uy, - ,u; € Zy.
The client computes Ty = id||n||lu;||uz]|- - - |lus and then
T = TollS.Sign,u(To). Moreover, the client calculates
o = (G@dll) - T}, u?”’)d mod N for i € [1,n]. We no-
tice that all operations are done in the multiplcative group Zj,
of invertible integers modulo N.

Both the cloud provider and client have agreed to create r
replicas of the file M and store all of them at rest. She com-
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putes h; = H(i) and g; = hil/P for i € [1, B]. She also chooses
the values x{') for i € [1,n], j € [1,s] and k € [1, 7],

Finally, the client uploads the processed file M* =
({mi,j}ig[l’n],je[l’s],{O'i}ie[l’n]) to the cloud provider. She
also forwards the public parameters params =

(N,e,G, H, spk, L, P, T,{gw}we(1,8 {X f])}zenn] jell.slkel,]) 1O
the cloud provider and anyone interested in playing the role
of the verifier.

The client keeps secret the tuple (N, d, G, ssk).

Replica Generation: This phase includes the evaluation process
of the underlying VDF.

The cloud provider calculates the solution y(k) for each x(l?,
and then build the replica m of the original sector m; ;, for
kell,r].

First, the cloud provider maps xﬁ”‘} to LS? C L of size x and the
random subset Si’? of « values in [1, B], using a random hash
function. Second, it sets PE? as the product of all primes in
L(k) and computes g =11 wes') 8w- Third, the cloud provider

<k))P/P“’

computes the solution y(k) = (g i € Zy.

Finally, it computes m;

sector m; ;.

=m;;+ y ) as the k-th replica of the

Challenge Generation: This phase corresponds to the challenge
generation of POR.

First, the verifier (possibly the client) generates the challenge
chal. Given T = T||S.Sig, (7o), check that S.Sign,(Ty) is
a valid signature by running the algorithm S.Verify, . If the
signature is invalid then halt.

Thereafter, elements id, n, uy, us, - - - , ug are recovered the ver-
ifier. The latter then sets I C [1, n] of / elements and randomly
selects [ elements v; € Zy, for i € I. Then, let Q = {(i, v;)}ies
where i is defined as the index of the block m;. A setR C [1,r]
is also set by the verifier. Finally, let chal = (Q, R) be for-
warded to the cloud provider.

Response Generation: This phase corresponds to the response
generation of POR.

Upon reception of the challenge chal, the cloud provider cre-
ates its response resp. First, it computes u; = Z(i veo Vil j €
m®

Zand o = [[;eo(oi - H] lﬂkeRu “yi mod N. It sets
resp = ({4} jer1,5), o) and forwards it to the verifier.

Verification: This phase includes both POR- and VDF-based veri-
fication steps.

Upon reception of the response resp, the verifier verifies that
whether each i is in the range [0, [- N -max(Zy)]. The verifier
halts and outputs ) as soon as some values are not in the range.
Otherwise, the verifier checks whether the following equation
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holds:

o = |] G(idlli)v"xl_l ptie

@i,vi)eQ

(T

(i,vi)eQ j=1 keR

mod N

(D

The verifier outputs 1 if the equation holds. She outputs 0
otherwise.
5.3 Security

In this section, we first describe the possible misbehaving entities
in PORR, w.r.t. the cloud provider and client. We then present
the security goals of a PORR scheme and define the correctness
requirements, according to the ones in [9]. Our PORR solution must
guarantee three security goals, namely:

o Extractability: The client can recover the original file M in
its entirety.

¢ Soundness of replica generation: The replicas of the origi-
nal file M must be correctly generated.

e Storage allocation commitment: The cloud provider uti-
lizes at least as much storage as required to store the original
file M and its replicas.

Traditional security notions are either embedded in those security
notions (e.g. integrity), or assumed to be guaranteed by default (e.g.
confidentiality).

We also sketch the security proofs of our scheme accord-
ing to their respective security goals. We let the reader reach
[9, 10, 11, 45, 46] for more details about the PORR security models
and proofs. Indeed, the extractability proof is based on the secu-
rity of the original POR scheme [10, 11]. Proofs for soundness of
replica generation and storage allocation commitment follow the
same arguments than in MIRROR [9]. Those security goals are
however made guaranteed based on the security of the VDF puzzles
[45, 46] in our case rather than of the RSA-based puzzles [50] as in
MIRROR.

5.3.1 Misbehaving Entities.

Two entities, namely a cloud provider and a client, participate in our
PORR protocol. Both are assumed to attempt malicious behaviours.

Rational Cloud Provider: If the cloud provider cannot save any
costs by misbehaving, then it is likely to simply behave hon-
estly. The advantage of an adversarial cloud provider depends
on the ratio between costs for storage and accessibility to var-
ious resources (e.g. computing) and their availability. Hence,
a cloud provider is restricted to a bounded number of concur-
rent threads of execution.

Therefore, we say that a cloud provider is rational when it
can achieve cost savings by cheating. For instance, the cloud
provider may attempt to get some storage space saved while
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the overall cost for operations has not increased. Such cost
is limited to the number of storage servers along with lim-
ited computational and storage capacities of each server. If
supplying computational resources incurs additional costs,
then the cloud provider invests in extra computing resources
if such a strategy would result in lower total costs (including
the underlying costs of storage).

Let us assume that a rational cloud provider achieves to gen-
erate a valid response while not reliably storing the client’s
data. If in order to reach such a behaviour, the cloud provider
either provides more resources for storage or provides more
resources for computing than resources when it follows the
protocol honestly, then the cloud provider likely decides to
not behave maliciously.

The client is protected from a misbehaving cloud provider
that is not storing the file in its entirety by considering the
extractability notion. The client is also protected from a
misbehaving cloud provider that is not committing enough
storage to keep all the file replicas by considering the storage
allocation notion. Both properties guarantee both the integrity
of the original file and its replicas. This means that the cloud
provider invests enough redundancy to keep the client’s data
safe.

Malicious client: We say that a client is malicious when she can
encode additional data in the replicas by cheating. This addi-
tional data cannot be found in the original file.

A client may attempt to abuse on storing more data in the
file replicas than what has been approved between the client
and cloud provider. In particular, replicas may have a lower
cost than their original files (e.g. Amazon S3). Therefore,
additional data may be inserted into replicas by a malicious
client.

The cloud provider is protected from such a misbehaving
client by considering the correct replication notion.

The security model used to build our security proofs comes from
[9, 45, 46]. We do not consider the confidentiality of the outsourced
file: we simply assume that the client encrypts it before the start of
the PORR protocol.

We first show the correctness of our PORR scheme. We then
move forward to the security properties with relation to cheating
cloud provider and client, namely extractability, storage allocation
and correct replication.

Informally, our PORR must achieve the following properties:

o Extractability: The file can be recovered in its entirety if and
only if at least a fraction ¢ is stored at the cloud provider.

e Storage allocation: Misbehavior will be detected with over-
whelming probability if less than a fraction ¢ is stored at the
cloud provider.

e Correct replication: The client does not participate in the
replica generation. Moreover, the size of the file is inde-
pendent of the size of the parameters needed to create the
replicas.
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5.3.2 Correctness

If both the cloud provider and the verifier are honest, then on input
the challenge chal sent by the verifier (output by the challenge gen-
eration algorithm), the response generation algorithm (run by the
cloud provider) generates a response resp such that the verification
algorithm outputs “1” with probability 1. This means that an honest
cloud provider should always be able to pass the verification of
proof of data reliability. From it, the PORR scheme is said to be
correct.

During the verification phase, if both the verifier and cloud
provider are honest, then on input Q = {(i, v;)};e; generated by the
verifier, the cloud provider should output a response resp such that
the Equation (1) holds with probability 1.

Proof. Let N be the modulus, e be the public exponent and d the
private exponent. The elements Pfkj) and S, (k) are calculated as in the

Replication Generation phase. We recall that hgkj) = [1,cq0 HW)
) iy
and so:
(k)
G = (@I = ()P = 1Y) mod N
From a challenge set Q = {(i,v)}ier, With u; = 3 ye0 Vitti,j

and o = [];,)e0 0> We get the following mod N:

[T [1[]a

g =
(imv)EQ j=1 keR
N )
- [ 1 I
(im)EQ (iv)eQ j=1 keR
3 . 2 mi 4yl
= L[ T ][]
(iv)eQ j=1 (iv)eQ j=1 keR
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- Geidliy - [ ] u™ " "
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5.3.3  Extractability

The client is protected against a malicious cloud provider that is not
storing the file in its entirety, through the notion of extractability.

An honest client should recover her file M with high probability.
Following the notion of extractability in [10, 11], if a cloud provider
can convince a honest client with high probability that it stores the
file M* (i.e. the processed version of the original file M), then there
exists an extractor algorithm that, given enough interaction with the
cloud provider, can extract the file M.

Sketch of Proof. Let us define a game between an adversary and
an environment. The environment is a simulation of honest clients
and honest verifiers. The adversary is allowed to submit requests to
the environment to create new clients, along with their public and
secret parameters, to let them prepare files and their replicas, and to
verify correct storage. More precisely, the environment simulates
honest client and verifier, and it further provides the adversary with
oracles for the algorithms to set up the system, upload the file and
replicas, generate the challenge and verify the response.

At the end, the adversary chooses a client with its file M and
outputs a cloud provider who can execute the verification process
with this client and the file M. A cloud provider is said to be e-
admissible if the probability that the verifier does not abort is at least
€. The adversary thus picks the client along with the client’s secret
tuple (N, d, G, ssk), the file M and the public parameters params,
and simulates a cheating cloud provider. Let the latter succeed in
making the verification algorithm yield “1” in an non-negligible
€ fraction of PORR executions. We say that the PORR scheme
meets the extractability guarantee, if there exists an extractor algo-
rithm such that given sufficient interactions with the cheating cloud
provider, it recovers M.

The computations executed to upload the file M and to verify
correct storage are similar operations to the ones in the publicly
verifiable POR scheme in [10, 11]. Therefore, the extractability ar-
guments given in [10, 11] apply to our PORR solution directly. An
additional assumption is made on the existence of an erasure coding
mechanism applied to the file, to guarantee the entire recovery of
the file M from any file fraction 6. We let the reader refer to [10, 11]
to obtain additional information on the choice of the erasure codes.
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5.3.4 Soundness of Replica Generation.

Contrary to extractability notion, soundness of replica generation
aims to protect the cloud provider against a malicious client who
tries to encode additional data in the replicas.

Sketch of Proof. The replica generation is said to be sound such
that if the client is involved in the replica generation, then the cloud
provider can get the assurance that the additional uploaded data rep-
resents indeed correctly built replicas that do not encode extra data.
In our PORR, this situation is solved by not letting the client be fully
involved in the replica generation. Indeed, while the client generates
the puzzles whom solutions are created by the cloud provider, the
latter is responsible of defining each replica with its puzzle solution.

The replica generation does not allow to encode a significant
amount of extra data in the replicas. Indeed, the replication process
takes as inputs elements whose size is independent of the file size.
The replica generation is also said to be correct if replicas represent
indeed copies of the uploaded file M. Indeed, the file M can be
efficiently recovered from any replica M. There exists an efficient
algorithm which given the file tags, the public parameters and any
replica M, outputs M.

5.3.5 Storage Allocation Commitment.

Similarly to the extractability notion, the storage allocation commit-
ment property aims to protect a client against a cloud provider who
does not commit enough storage to store all replicas.

The storage allocation commitment notion forces the cloud
provider to store the outsourced file and its replicas at rest. There-
fore, a cheating cloud provider that participates in the above ex-
tractability game [10, 11] and devotes only a fraction of its storage
space to store the file and the replicas entirely, cannot convince the
verifier to accept its response with overwhelming probability.

Sketch of Proof. The storage allocation ratio of the cloud provider
is defined as follows:

|isz|
M|+ Myl +- -

g +1M,]
where st corresponds to the storage of the cloud provider that
has been allocated for storing the original file M and its replicas
M, .-+, M,. The file has been first encrypted and the replicas are
copies of the processed file, thus they cannot be further compressed.
We can assume that the cloud provider aims to save storage, thus it
holds that 0 < p < 1. The storage allocation commitment ensures
that 6 < p for a threshold 0 < ¢ < 1 agreed with the client (see the
above extractability notion).

First, we want the cloud provider to use at least as much stor-
age as needed to keep the file and its replicas. Second, we see our
scheme as a POR protocol applied to both the original file and all
the replicas. Let a challenge contain sectors that are not correctly
stored. Then, our scheme guarantees that the cloud provider will
fail with overwhelming probability unless the correct reconstruction
of those sectors is possible.

Lastly, a malicious cloud provider should give a noticeable effort
in reconstructing missing sectors. We can easily investigate such
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an effort as follows. Let the cloud provider store the whole file but
only parts of the replicas. The cheating cloud provider will require
a significantly higher effort in recomputing missing replicas, com-
pared to an honest service provider that has all the replicas stored
in their entirety. By using slow functions (here the VDFs), the time
in getting back the missing parts of replicas is noticeable from the
verifier’s point of view.

More precisely, the misbehaving cloud provider must compute
the puzzle solutions yg’kj) in order to recompute the missing sectors.

Since those elements yl(k])

(or reconstructing) one element yi’? from one replica sector does
not help the cloud provider in deriving elements from other replica
sectors. A rational cloud provider should thus require a significantly
higher effort compared to an honest cloud provider in recomputing
missing replicas.

Given that the VDF evaluation function requires a noticeable
amount of time and effort compared to the associated VDF verifi-
cation function, this incurs additional (significant) computational
overhead on the cloud provider to compute the puzzle solutions on
the fly rather than storing them at rest.

Let 6 be the threshold selected by the client (see Extractability).
Let us assume that less than a fraction ¢ of all sectors of a replica
is stored at the cloud provider. Thus, for each element yi’? in the
challenge, the probability to recompute it is at least 1 — 6. In addi-
tion, / - s sectors are contained in a challenge. Hence, the number
of values to recompute is [ - s - (1 — §). Moreover, the costs from
the time effort for recomputing these elements yf{‘? exceed the costs
from the storage of those elements. This is made possible by having
a number of challenges linear in the security parameter «. If so, then
the overall probability to avoid these computations is negligible in
K.

are different for each replica, knowing

6 Implementation and Evaluation

We are interested in implementing and evaluating our PORR solu-
tion in a realistic cloud framework. We also wish to compare our
results with the ones from [9], since their solution is the closest one
to ours.

In this section, we first describe MIRROR, the PORR scheme
presented in [9]. We then describe our implementation setting, and
we discuss our results and compare them with the ones from [9]. We
choose to compare our results with MIRROR’s ones since, to our
best of knowledge, MIRROR is the closest prototype to ours. Unlike
existing schemes, the cloud provider replicates the data by itself
in both MIRROR and our PORR. Therefore, expensive bandwidth
resources are traded with cheaper computing resources.

As a summary, we evaluate an implementation of our PORR
prototype within a realistic cloud setting and we compare the per-
formance of it with MIRROR [9].

6.1 MIRROR

MIRROR [9] is the first scheme to enable the cloud provider to gen-
erate the replicas of the client’s files by itself. Such move permits
to trade expensive bandwidth resources with cheaper computing
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resources. Cloud providers and clients are likely to adopt it eas-
ily since storage services are improved while financial costs are
lowered.

The authors in [9] present new PORR definition and security
model. Their definition extends Shacham-Waters POR from [10].
Their security model encompasses security risks that have not been
covered in previous multi-replica POR schemes, namely security
against malicious clients and rational cloud providers. We have
sketched the security proofs of our PORR based on their model.

The authors give a solution for PORR, called MIRROR, and
prove it secure according to their new security model. Their mo-
tivations mostly rely on business matters for cloud providers and
financial incentives for clients. They propose a tunable replica-
tion scheme by combining Linear Feedback Shift Registers and
RS A-based puzzles [50]. By doing so, the burden incurred by the
construction of the replicas is shifted to the cloud provider. The
latter swaps higher resources for bandwidth with lower resources
for computation. In addition, a realistic cloud framework has been
defined for the implementation and evaluation of MIRROR. The
results show that MIRROR is applicable to real cloud environments.

The main difference between MIRROR and our PORR solution
is the nature of the verification process, private and public respec-
tively. The authors in [9] propose to use privately verifiable puzzles
to prevent rational behaviour from cloud providers. Therefore, such
feature forces the puzzle creator, namely the client, to check herself
the solution generated by the cloud provider. We claim that such
requirement is too strict on the client’s side. If we aim to design
a solution for the general public, then we think about individuals
that have limited knowledge on cloud storage security, thus that
would not follow the process to prevent and/or detect malicious
cloud provider behaviours. Instead, we suggest to use VDFs that
offer public verification. This implies that anyone else on behalf of
the client can verify that the cloud provider has been acting honestly.

6.2 Implementation

We implement our PORR scheme in order to analyze the computa-
tional efforts from honest and rational cloud providers, along with
the ones from client and verifier.

We show that our protocol produces fair computational and
communication overheads on the client, cloud provider and verifier,
meaning that our solution is realistically applicable in cloud stor-
age environments. Indeed, computation costs are affordable for the
client and verifier, while they are made such that the cloud provider
does not gain any advantage in computing the replicas on the fly
from the verifier’s challenge requests. Therefore, our solution fits
cloud-related bandwidth and storage expectations, while preventing
malicious clients and rational cloud providers from being successful.

Our implementation setting follows the one in [9] for a more
accurate and legitimate comparison. Our code is written in Python
3.8. The selected hash function is SHA-256. The whole test envi-
ronment is deployed on a PC running an Intel Core 17-9700 with
32GB of memory. We create four Virtual Machines (VMs) to design
our test environment, namely:

e One VM represents the client that owns files to be stored on a
cloud storage server.
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e One VM represents the cloud provider (server) that offers
cloud storage services.

e Two VMs represent storage nodes, linked to the cloud
provider, that guarantee data replication.

We depict the test environment topology in Figure 2.

A/V Server \

Storage node 1 Storage node 2

Figure 2: Test environment topology

To emulate a realistic Wide Area Network (WAN), the com-
munication between the various VMs is bridged using a 100 Mbps
switch. All traffic exchanged in the environment is shaped with
NetEm [56]. The setting parameters are the following:

e We set the packet loss rate at 0.1%, and the correlation rate
of lost packets at 0.001% [57, 58, 59].

e We set the delay rate to fit normal distribution with a mean of
20ms and a variance of 4ms [60].

e We set the packet corruption rate at 0.1% [61].
e We set the rate of the package being out of order at 0.2% [62].

Each data point is averaged in our plots by five independent mea-
surements. Where appropriate, we include the corresponding 95%
confidence intervals.

Parameter selection. We select our parameters similarly to [9] in
order to achieve a better comparison. Let the modulus N be 2048-
bit long (hence, 1024-bit primes p and g). We choose a block size
equal to 8KB as such value offers the most balanced performance
in average. This means that files of 64MB are split into n blocks
where n = 8,000. Each block is then split into s sectors where
s = 32. Then, r replicas are created for each file where r = 2. The
cloud provider is thus expected to keep 8000 x 32 x 2 < 52 - 10*
file elements, namely the original file sectors and the replica sectors.
The number of blocks per challenge will be set to || = 40.

We consider three network storage protocols, namely File Trans-
fer Protocol (FTP), Server Message Block (SMB) and Network File
System (NFS), to enable the client to access her files stored in the
cloud, through a computer network. NFS is used on Unix operating
systems and SMB on Windows operating systems. The deployment
of FTP is wider, as long as the communication port is open. In order
to select one of those three network storage protocols, we test their
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uploading speed. Figure 3 shows the uploading speed values (in
MB per second) for network storage protocols FTP, SMB and NFS.
Due to the instability of network transmission, the uploading speed
results show some ups and downs. The average FTP speed is the
fastest, at 17.4 MB per second, which is around 1 second faster than
NES and 3 seconds faster than SMB. Hence, FTP was chosen as the
default setting.

Network Storage Protocols

17 /\’/—_‘_—‘—/

Speed (MB/s)

? —FTP

SMB
7 NFS

File Size (MB)

Figure 3: Network Storage Protocols

We summarize our parameter selection in Table ??. When not
specifically mentioned in Section 6.3, the default parameter values
are kept as in Table ?? for our protocol evaluation.

Table 2: Parameter selection

H Parameter \ Default value H
RSA modulus size |N| 2048 bits
RSA prime size |p| 1024 bits
RSA prime size |g| 1024 bits
Pre-processing parameter B 2%
Delay parameter ¢ 216
File size 64MB
Block size 8192 Bytes
Sector size 256 Bytes
Number of replicas r 2
Number of challenges || 40
Network Storage Protocol FTP

VDF implementation. We recall that our PORR scheme is based
on the exponentiation-based VDF scheme [12]. The latter has the
following characteristics.

The VDF evaluation algorithm runs with poly(log(), k) proces-
sors in parallel time ¢, where « is the security parameter and ¢ is the
delay parameter. We say that an algorithm runs with p processors
in parallel time ¢ if one can implement it on a PRAM machine with
p parallel processors running in time ¢.

The VDF verification algorithm runs in total time polynomial
in log(#) and x. This algorithm should be much faster than the
evaluation one.

Our PORR scheme uses VDFs in order to allow the verifier to
detect a cheating cloud provider computing the puzzle solutions on
the fly rather than keeping them at rest. Therefore, we aim to notice
a difference between the response time of a honest cloud provider
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and of a rational one. More precisely, a verifier should be able to
observe a delay in responding from a cheating cloud provider. We
choose a delay parameter ¢ equal to 2'°.

The security of the VDF scheme based on exponentiation [12]
relies on the assumption that the adversary cannot run a long pre-
computation from the publication of the public parameters until the
evaluation of the puzzles. Given the pre-processing parameter B,
the VDF scheme is secure up to B puzzles. New public parameters
must be generated once B puzzles have been used.

The authors in [12] suggest to set B = 23° for a reasonable
trade-off between usability and security. Let us consider B = 230
and 64MB files. Up to 2000 files can be stored at the cloud with
only one VDF instance. 2000 files roughly correspond to 128GB
of data. Another VDF instance will be necessary if more files need
to be stored. We recall that the setup algorithm runs in polynomial
time in the security parameter x, meaning that this algorithm is run
easily and relatively fast.

We examine whether such condition on the pre-processing pa-
rameter B restricts the applicability of our PORR solution. In ad-
dition, we verify the costs incurred from computing and storing.
Indeed, our results should convince us that our PORR solution fits
real world requirements. We summarize our VDF implementation
characteristics in Table ??.

6.3 Evaluation and Discussion

Response generation. We measure the time that the cloud
provider takes in order to generate its response, according to differ-
ent numbers of challenges. Results are shown in Figure 4.

We consider two types of cloud providers: a rational cloud
provider and a honest cloud provider. The former needs more time
to generate its response since it requires to compute puzzle solutions
on the fly. On the other side, since the honest cloud provider has
already computed the puzzle solutions and stores them at rest, its
response generation is noticeably faster. Therefore, we are guaran-
teed that the verifier (and thus the client) will notice a rational cloud
server from a honest cloud provider since the time difference for
response generation is consequent.

The average response time of an honest cloud provider is less
than 2 seconds when r = 2 in [9], and a delay of almost 1 second is
observed from a rational cloud provider. In our case, if the cloud
provider tries to compute the 2 replicas on the fly, then it needs
to compute the solutions y of 2 puzzles x, meaning that it runs in
parallel time r with poly(log(?), ) processors twice.

From Figure 4, we notice that a rational server needs almost
twice the time than a honest server to generate its response, for
a given number of challenges. For instance, for 40 challenges, a
rational server generates its response in 0.63 seconds while a honest
server in 0.31 seconds. Moreover, the response generation time
increases with the number of challenges.

MIRROR’s response generation depends on the bit size of the
factors (that are elements needed to prepare the replicas) [9]. As
long as the blind factors are greater or equal to 70 bits, the rational
server should not gain any reasonable advantage in misbehaving.
For instance, when the coefficients’ size is equal to 70 bits, a rational
server in MIRROR needs around 1 second to generate its response
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based on 40 challenges. Since we do not use blind factors, a rational
server in our PORR only requires 0.63 seconds.

For a higher security level, that is a bigger blind factors’ bit size
(say 200 bits), a MIRROR rational server generates its response in
roughly 2.8 seconds. In our case, in order to reach a higher security
level, we can increase the number of challenges. For instance, for
a number of challenges equal to 200, a rational server needs 4.86
seconds to generate its response. Such time cost happens since the
rational server must calculate puzzle solutions on the fly.

Response Generation Time (server)

Time (s)

10 20 40 50 60 80 100

Number of Challenges

Figure 4: Response Generation Time

File preparation. We measure the time required to prepare a file
before storing it on the cloud. Specifically, we measure the time for
setup (i.e. key generation and tag generation) and replica generation
(i.e. puzzle evaluation). Results are shown in Figure 5.

The time spent for preparing the file and its replicas increases
exponentially with the size of the file. For instance, for a 16MB file
and its 2 replicas, we need around 50 seconds while for a 256MB
file, we require more than 700 seconds.

Moreover, file preparation takes around 180 seconds for a 64MB
file and its 2 replicas in our case. We notice that setup and replica
generation take around 500 and 700 seconds respectively in MIR-
ROR [9], given the same file setting. Therefore, file preparation is
almost 7 times faster in our PORR than in MIRROR for a 64MB
file.

File Preparation Time

Preparation Time (s)

1 4 8 16 32 64 128 256
File Size (MB)

Figure 5: File Preparation Time

Verification. We measure the time required to verify correct stor-
age at rest. Specifically, we measure the time for response gen-
eration and response verification. We consider multiple file sizes,
and thus multiple numbers of challenges, since the latter depend
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on the former. In particular, a large file means a bigger number of
challenges. The number of challenges is calculated as the half of
the file size (in MB). For example, 32 challenges are requested for a
64MB file. According to the default parameter settings, the verifier
thus checks 128KB of data for each MB file data. Results are shown
in Figure 6.

The verification time experienced by the client is 0.57 seconds
in our case, while being 0.8 seconds in MIRROR [9]. The number
of challenges increases with the file size, thus impacting the verifi-
cation time. Given a file size of 128MB, the number of challenges
is 64 and the verification time reaches 1.14 seconds. Note that the
number of challenges in MIRROR is fixed at a value of 40, whatever
the file size. Therefore, the verification time is constant, equal to
0.8 seconds.

Verification Time (verifier)

1 4 8 16 32 &4 128 256

File size (MB)

Figure 6: Verification Time

Puzzle evaluation. We measure the time spent for puzzle evalu-
ation only. We are interested in such measurement since this part
takes the longest time in file preparation. Results are shown in
Figure 7.

Puzzle evaluations contribute to almost 3/4 of the file prepara-
tion. In the default configuration, that is given a 64MB file, file
preparation time reaches 180 seconds, where around 130 seconds
are spent on puzzle evaluations. Since the number of sectors in-
creases with the file size, this leads to the linear growth of puzzle
evaluation time.

Puzzle Evaluation Time

Evaluation Time (s}

1 4 8 16 32 64 128 256

File Size (MB)

Figure 7: Puzzle Evaluation Time

Latency w.r.t. block sizes. We measure the time required for
response generation and verification, according to the block sizes.
We choose a sector size of 256 Bytes. Results are shown in Figure
8. We notice that a smaller block size gives a shorter time. Indeed,
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block size and challenge number are related, meaning that response
generation and verification are faster as the block size decreases.

MIRROR [9] gets a similar trend to ours, but less obvious. In
MIRROR, the verification time is around 1 second for a 1IMB block
size, and 1.1 seconds for a 2MB block size. In our case, the verifica-
tion time is around 0.1 seconds for a 1IMB block size, and 0.2 for a
2MB block size, thus an increase by 50%.

Latency (different block sizes)

Time (s)

16384 8192 4096 2048 1024 512 256

Block Size (Bytes)

Figure 8: Latency (blocks)

Latency w.r.t. sector sizes. We measure the time required for
response generation and verification, according to the sector sizes.
We choose a block size of 8192 Bytes. For a given block size, a
small sector size means a bigger number of sectors in that block.
Therefore, the verification time is impacted since more data must be
checked while the number of blocks and thus of challenges is fixed.
Results are shown in Figure 9.

The authors in [9] do not explicitly analyze the effect of sec-
tor size of their protocol MIRROR. We expect that, for a given
file, when the sector size decreases, its number increases, and thus
impacts, with a rise, the server’s response time and verifier’s verifi-
cation time.

Our default sector size is 256 Bytes, as a trade-off between effi-
ciency and security. Verification is done in 0.36 seconds with such
value. On the other size, a sector size equal to 32 Bytes results in
getting a verification time 15 times slower.

Latency (different sector sizes)

se Generation Time (server)

tion Time (dient]

Time (s)

1024 512 256 128 . 32 14

Sector Size (Bytes)

Figure 9: Latency (sectors)

Financial costs. We compare the financial costs between our
PORR and MIRROR [9], w.r.t. file preparation. The replication
process (as named in MIRROR) roughly corresponds to our file
preparation. Results are shown in Figure 10.
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The graph records those cost differences between the two pro-
tocols. The Amazon EC2 processor rental price is US$ 0.404 per
hour. Such price is thus US$ 0.000112 per second, and has been
multiplied with our file preparation time.

Given a file of size 384MB, our PORR and MIRROR will both
incur a cost equal to 0.18 USD. Our PORR protocol seems more
interesting from a financial point of view with file sizes smaller than
384 MB, saving from 2 to 15 times compared to MIRROR. On the
other side, MIRROR seems more attractive with larger file sizes.

Financial Costs

Cost in USD

16 32 64 128 256 512 1024

File Size (MB)

Figure 10: Financial Costs

Additional remarks. In MIRROR [9], replicas are computed as
the product of the original file sector and two blind factors. However,
the cloud provider may just keep the factors in reserve, and multiply
by the sector when requested for verification. The gain may not be
substantial and a cloud provider may just store the replicas.

Our replicas are computed as the addition of the original file
sector and one blind factor. Similarly to [9], the cloud provider may
or may not just keep the factor and add the sector when challenged.
Future task will investigate whether a better design can prevent such
behaviour from the cloud provider.

Summary. Our results show that our PORR prototype manages
to trade expensive bandwidth resources with cheaper computing
resources. Those results are likely to be well accepted by cloud
providers and clients with the promise of better storage services and
lower financial costs. Moreover, some of those results, especially
on both technical and financial aspects, show that our PORR is
more competitive with small file sizes, compared to MIRROR [9].
Therefore, our PORR solution may become one of the economically-
viable, applicable systems that offer verifiable replicated cloud stor-
age. In particular, our PORR fits the demands from indivudals and
small businesses with lower file sizes to store on a cloud.

7 Conclusion

In this paper, we presented a recent PORR protocol, first proposed in
[1], where one can check in a single instance that the cloud provider
correctly stores an original file and its replicas. We combine our
PORR with the slow function VDF to enable anyone to verify the
cloud provider’s behaviour, not only the file owner.
Implementation and evaluation of our solution have been carried
out. Results show that such design is well applicable in realistic
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cloud environments. Multiple results, on technical and financial
aspects, show that our PORR is more competitive with small file
sizes, compared to MIRROR [9] and with the noticeable advantage
of offering public verification.
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