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Onsoz
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Abstract updates

The success of software projects for organizations heavily relies on accurate workforce and cost estimates.
Initially, effort estimation was based on non-algorithmic methods, but with technological advancements,
algorithmic approaches such as regression emerged. In recent years, there has been a growing interest in
using Machine Learning and Artificial Intelligence for software cost estimation. In this study, Linear
Regression, Multilayer Perceptron, Bagging, SMOreg, 1Bk, KStar, RandomTree, and RandomForest
algorithms were trained with four open-source datasets. Firstly, models were trained with original feature
sets, then six different hybrid feature selection methods were proposed to eliminate low-impact features and
prevent overfitting. These hybrid feature selection methods, developed using evaluation methods like Relief,
Classifier, and Correlation, along with search methods like RandomSearch, PSO, GA, and Ranker. And
trained models tested by the 10-fold cross-validation technique. The results showed the ability to quickly
obtain adaptable models and the effectiveness of feature selection. KStar, SMOreg, Multilayer Perceptron,
and Linear Regression algorithms, along with PSO and GA search methods, yielded satisfactory results even
with different feature subsets.

Keywords: Software Cost Estimation, Software Effort Estimation, Artificial Intelligence, Machine
Learning, Feature Selection

1. Introduction

Effective project management becomes indispensable for software projects that increase in
importance and scope in parallel with the increase in trust in electronic technologies.

Project predictability is a critical factor in software project management, as it makes possible to
mitigate potential risks by enabling precise cost and workforce planning. Accurate software effort
estimation is a crucial component of software development, providing essential inputs for feasibility
analysis, planning, budgeting, bidding. Deviating significantly from the required effort causes
losses in terms of cost and quality. Thus, it isparticularly important to estimate development time
accurately in the highly competitive software industry, where quality is highly valued.

Currently, the most prevalent methods for effort estimation rely on expert judgment. However,
these methodsmay lack reliability as they can be influenced by various factors. Additionally,
relying solely on human judgment can be burdensome and time-consuming when dealing with
numerous estimation items.

In recent years, the dynamic nature of the market has led to a growing adoption of agile methods
in software project management, replacing traditional approaches. Within the agile project
management methodology, the most commonly used metric for effort prediction is story scores.
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Presently, these estimations are typically made intuitively by relevant individuals for each request,
with subsequent review by unit managers. However, this process lacks consistency and continuity,
despite consuming significant human resources. On the other hand, machine learning-based
models, by quickly analyzing complex relationships between inputs and outputs even in large
datasets through iterative cycles of training, increase the chance of producing accurate predictions.

The objective of this study is to propose a machine learning-based approach for effort estimation,
aiming to accurately and swiftly predict effort. The study will handle machine learning approach
that establish models by learning from past data to predict development efforts. Furthermore,
innovative feature selection techniques will be employed to enhance the accuracy and effectiveness
of the estimation process. The open-source WEKA platform has been preferred to enable the rapid
and efficient training and testing of the selected techniques, aiming to provide a widely applicable
approach.

In the study, algorithms from WEKA (Waikato Environment for Knowledge Analysis) were tested
and compared for their performance based on data characteristics in the Functions, Lazy Classifiers,
Meta, and Tree categories. For this analysis, Functions-based Linear Regression, Multilayer
Perceptron, SMOreg, Lazy Classifiers-based 1Bk, KStar, Meta-based Bagging, and Tree-based
RandomTree, Random Forest, M5P algorithms were selected and trained and tested with both the
original feature set and after applying feature selection to enhance model performance and prevent
overfitting by focusing on unnecessary inputs. Hybrid approaches of evaluation and search methods
were used together in different configurations for feature selection. Search methods such as
RandomSearch, PSO, GA, Ranker were selected, and their capabilities in searching optimized
subsets were utilized.

Knowing the approximate cost of a project at the beginning of the project is important for the
reasons for starting the project. The customers of the project or the top management decides
whether or not to carry outthe project according to the predictive values. Incorrect estimations
make the institutions or organizations inthe position of customers economically and strategically
affects. For example, 60% of large projects exceededtheir project budgets. It has been observed that
some projects were never completed due to a 15% cost overrun [1].

Software effort estimation is difficult, mainly for two reasons. The first reason is that software is
intangible and is outside the definition of conventional physical product. The second reason is that
the software development job is an intellectual rather than a physical job. Software startups are
easy, but as the software size increases, the workforce estimation process becomes more difficult.
It is possible to write a program thatis close to a few thousand lines in a week. But then the speed
slows down as the program grows. When this program reaches several tens of thousands of lines,
adding a line is worth a few days' effort, maybe even months. Therefore, it has become difficult
to follow the side effects of the addition [2]. The dynamically fluctuating technology environment
in the software development industry also makes effort estimation confusing [3]. Contributions of
this study are:

e High-performance approaches were emphasized by training, testing and comparing
9 differentmachine learning algorithms with 6 different feature selection methods in four
different datasets.

o With the WEKA tool, which is easily accessible due to its open source nature,
alternatives to lowexecution time, high predictive models have been presented.

e When the estimation error rates obtained were compared with the results in the
literature, it was observed that successful performances were achieved.



Ankara Science University, Researcher

Derya et. al., 2024

2. Datasets Used in Our Study

In this study, Finnish, Kemerer, Maxwell and China datasets were examined for software cost
estimation from the Promise Data repository [4] The primary objective behind utilizing these
datasets is their widespread recognition, simplicity, and accessibility to the public. This facilitates
easy replication and verification of results, and potentially encourages further exploration and
expansion. It is important to note that the approachis not limited to any specific dataset or model
but can be applied across various datasets and models. Relateddatasets ‘s information.

Table 1: The related datasets‘s information which includes China, Finnish, Kemerer, Maxwell

Dataset Project Feature Size Cost
Number Number (Measure Unit) (Measure Unit)
China 499 19 Function Point Man-Hour
Finnish 38 9 Function Point Man-Hour
Kemerer 15 8 KSLOC Man--Month
Maxwell 62 27 Function Point Man-Hour

3. Computation Environment

This study was conducted utilizing the WEKA platform, which is an open-source application
written in Java. It was originally developed by a PhD student at the University of Waikato in New
Zealand and is governed by the General Public License. WEKA offers a range of algorithms for
performing machine learning and data engineering tasks, including classification, clustering,
visualization, estimation, correlation analysis, feature selection, and data preprocessing for
scientific research. The version utilized in this study was WEKA 3.8.6 (WEKA, 2022).

While WEKA is installed, it presents the weka.jar file, which includes the necessary libraries.
WEKA Jar allows for the development of projects by accessing WEKA classes from other
platforms such as Java or C#. Within WEKA, datasets are typically in the arff (Attribute
Relationship File Format) extension, although it also supports other formats such as textual csv,
dat, libsvm, json, and xrff.

4. Feature Selection

Estimating the cost in software projects relies on various factors, including the technology
employed, the expertise of developers, the team's past project experiences in a similar domain, and
the specific characteristics of the functions being developed. Software workforce estimation is a
challenging task due to the multitude of parameters involved, and accurately predicting the
relationships between these parameters is not always feasible. To address these ongoing challenges,
techniques are continuously evolving to mitigate their impact. Numerous approaches and methods
have been suggested to enhance the accuracy and success rate of effort estimation values.

In general, useful features are unpredictable, and features with low correlation and missing data
can affect classification performance. Including low-impact variables in model training reduces the
model's ability to generalize and may also reduce the overall accuracy of a classifier. Also, adding
more variables to a model increases the overall complexity of the model. Therefore, deciding on
the optimum features to include in model training is critical in obtaining a generically high-
performing model. Various techniques are used in various fields to eliminate unnecessary features.

Various techniques are used in various fields to eliminate unnecessary features. The techniques for
feature selection in machine learning can be broadly classified into the following categories:
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> Feature selection based on combining the features for evaluation
> Feature selection based on the supervised learning algorithm

Feature selection based on combining the features for evaluation: They are classified into feature
subset-based and feature ranking-based methods. In the feature subset-based method, the features
are combined as possible combinations of feature subsets using any one of the searching strategies.
Then, the feature subsets are evaluated using any one of the statistical measures or the supervised
learning algorithms to observe the significance of each subset and the most significant subset is
selected as the significant feature subset for a given dataset. If the subset is evaluated using the
supervised learning algorithm, then this method is known as wrapper method [5] PSO, GA are
heuristic searching strategies. One of the widely accepted fundamental benefits of metaheuristic
algorithms is that they provide mechanisms to solve large or intractable problems in reasonable
execution times while the exact algorithms fail to succeed due to time limitations [6]. Numerous
research works on feature selection have utilized the genetic algorithm to create subsets of features
for evaluation, with the supervised machine learning algorithm employed to assess these subsets.
For instance, Erguzel et al. utilized the genetic algorithm and artificial neural network to classify
electroencephalogram signals [7]. Oreski & Oreski proposed an approach for feature selection that
combined GA with neural networks for credit risk assessment [8]. Additionally, Wang et al. applied
the GA to generate subsets alongside SVM in the process of feature selection for data classification
applications [9]. In their research, Yang et al. created a feature selection method for land cover 16
classification using PSO [10]. Feature ranking-based methods involve weighting each feature in a
dataset based on statistical or information-theoretic measures and then ranking them according to
their weights. The significant features are selected using a predetermined threshold that determines
how many features will be chosen from the dataset. Since these methods do not require a supervised
learning algorithm to assess feature significance, they follow a filter-based approach. As a result,
feature ranking-based methods are more versatile and computationally efficient, regardless of the
specific supervised learning algorithm used. Hence, they are a viable choice for selecting important
features from datasets with high dimensions. From a taxonomic point of view, these techniques are
classified into filter, wrapper, embedded, and hybrid methods. Hybrid methods are a fusion of filter
and wrapper-based approaches. Dealing with high-dimensional data can be challenging when using
the wrapper method. To address this, Bermejo et al. devised a hybrid feature selection method
called the filter wrapper approach. In this method, they initially employ a statistical measure to
rank the features based on their relevance. The higher-ranked features are then passed on to the
wrapper method, which significantly reduces the number of evaluations required, making it a linear
process. As a result, this hybrid approach reduces the computational complexity when applied to
medical data classification tasks. The hybrid algorithms are developed by combining the current
metaheuristics or classical algorithms. The main purpose of hybrid algorithms is to combine the
skills of diverse algorithms to obtain better results. Therefore, hybrid metaheuristic algorithms have
significant improvements compared to single metaheuristic algorithms [11]. Ruiz et al developed
a feature selection algorithm for selecting the significant genes for the medical diagnosis system.
They used a statistical ranking approach to filter the features from high-dimensional space and the
filtered features are fed into the wrapper approach. This combination of the filter and wrapper
approach was used to distinguish the significant genes causing cancer disease in the diagnosis
process [12].

Hybrid methods are a fusion of filter and wrapper-based approaches. Dealing with high-
dimensional data can be challenging when using the wrapper method. To address this, Bermejo et
al. devised a hybrid feature selection method called the filter-wrapper approach. In this method,
they initially employ a statistical measure to rank the features based on their relevance. The higher-
ranked features are then passed on to the wrapper method, which significantly reduces the number
of evaluations required, making it a linear process. As a result, this hybrid approach reduces the
computational complexity when applied to medical data classification tasks. The hybrid algorithms
are developed by combining the current metaheuristics or classical algorithms. The main purpose
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of hybrid algorithms is to combine the skills of diverse algorithms to obtain better results.
Therefore, hybrid metaheuristic algorithms have significant improvements compared to single
metaheuristic algorithms [11]. Ruiz et al developed a feature selection algorithm for selecting the
significant genes for the medical diagnosis system. They used a statistical ranking approach to filter
the features from high-dimensional space and the filtered features are fed into the wrapper
approach. This combination of the filter and wrapper approach was used to distinguish the
significant genes causing cancer disease in the diagnosis process [12].

5. Machine Learning Algorithms

In this section, the ML algorithms used in our study and included in the classification area of the
WEKA tool are presented.

ML algorithms in WEKA are listed under the following headings and the algorithms used in model
training in our study are listed under the relevant headings.

a. Functions

o LinearRegression

o Multilayer Perceptron

0 SMOreg (Sequential Minimal Optimization Regression)
b. Lazy Classifiers

o IBk (K-nearest neighbors classifier)

o KStar (Instance-based classifier)

c. Meta
o Bagging
d. Tree

o M5P (M5 Model trees)
o RandomForest
o RandomTree

6. Feature Selection Techniques

Attribute selection in WEKA is performed by the Attribute Evaluator and Search method
working together. Attribute Evaluator evaluates the importance of the attributes and tries to find
the best set of attributes, guidedby the Search method. This approach is used to evaluate the
quality of features and to eliminate unimportantfeatures, so that a smaller and more meaningful
set of features can be obtained. This can provide the model with a better generalization ability
and a faster training time. Feature selection can reduce the dimensionalityto enable many data
mining algorithms to work effectively on data with large dimensionality [13].

Selecting Attribute Evaluator: The first step is to select the Attribute Evaluator method. The Attribute
Evaluator measures the effect of each attribute on classification or regression. Weka has various
Attribute Evaluator methods, such as Information Gain, Gain Ratio, ReliefF, Chi-Square, etc.
Choosing one of these methods determines the evaluator who will rate the importance of the
features.

Search Method Selection: The second step is the selection of the Search method to be used in the
feature selection. Search methods try to find the best set of attributes based on the importance
rating generated by the Attribute Evaluator. Various Search methods are available in Weka, for
example GreedyStepwise, BestFirst, GeneticSearch, etc. Choosing one of these methods
determines a search strategy to find the best feature set.

Attribute Selection: Attribute selection is performed using the selected Attribute Evaluator and
Search method. In this step, the necessary parameters for feature selection are set and the selection
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process is started. Evaluation and selection of features are performed on a specific criterion or
threshold value. As a result, the best featureset is determined.

In this section, the Attribute Evaluators and Search Methods used in our study and included in
the SelectAttributes area of the WEKA tool are presented.

Attribute Evaluators:

o CfsSubsetEval

o ClassifierAttEval

e Corr. Att.Evaluation

o Relief

Att.Evaluation

Search Methods:

e Random Search

e Particle Swarm Optimization (PSO)
e Genetic Algorithm (GA)

e Ranker

7. Performance Measures

Correlation Coefficient:

The Correlation Coefficient is a statistical value that measures the strength and direction of the
relationship between two variables. It is often called the Pearson Correlation Coefficient and takes
values between -1 and +1.The formula for the Pearson Correlation Coefficient is expressed as:

r=(Z((xi - %) * (yi- ) / V(E(xi - X) 2) * (Z(yi - 9)2) (1

Formula:

> rrepresents the Correlation Coefficient.

> xiand yi represent the values of the data points.
» x and y represent the mean values of xi and yi.

Mean Absolute Error (MAE):

Mean Absolute Error (MAE) is a method of evaluating the accuracy of a prediction model by
calculating the mean of the absolute differences between the measured and predicted values.
MAE measures how close a model's predictions are to the true values and represents the mean
errors of the predictions.

The formula for MAE is expressed as follows:

MAE = (1/n) * Z|yi -xi| )

Formula:

» MAE stands for Mean Absolute Error.

> n stands for the total number of data points.
» yirepresents the true value.

> xirepresents the predicted value.

Relative Absolute Error (RAE):
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Relative Absolute Error (RAE) calculates the accuracy of a predictive model. RAE can be used
in machine learning. Furthermore, RAE is expressed as the ratio; it computes the mean error
(residual) of errors producedby a trivial or naive model. The model is considered non-trivial if
the result is less than 1. This is the model for a dataset (k):

Z; E,-D,

i
n
2

R, =

D,-D|
(3)

where Ei’s is prediction, Di’s is actual values, and Rae is the measure of forecast accuracy. D is
the mean of Di’s; n is the size of the dataset (in data points)

8. Findings

At this stage, considering the Finnish, Kemerer, China, Maxwell datasets implemented and
choosing the 10-fold cross-validation technique.

> Firstly, models were created with the original datasets,

> In the second part, by using the hybrid configurations of given below evaluation and search
methods among feature selection methods for the the same datasets, optimized and formed most
effective features subsets. And these subsets were used to create models.

CFS+ RandomSearch

CFS+ PSO

CFS+ GA

ClassifierAttEval + Ranker
Corr. Att.Evaluation + Ranker
Relief Att.Evaluation + Ranker

SNk v =

Therefore, each discussed algorithm was initially tested with the original data, and then the most
effective feature subsets obtained from the same datasets were evaluated with nine algorithms using six
different hybrid methods for each subset. In the first stage, the results obtained with the original dataset
will be examined, and in the second stage, the findings obtained as a result of the feature selection
applied dataset will be presented. Finally, by examining the performance criteria reached with the results
of methods obtained without feature selection and with different feature selection methods:

* The highest performances achievable with the original datasets,

= Dataset-specific and holistic analysis of algorithms that demonstrate the highest performance in the
model formed with the original data,

= Highest achievements after attribute selection,
= Analysis of which feature selection is superior compared to the others,

Ultimately, specific to the dataset and holistically, the aim is to obtain a generic approach that is not
reliant on the specific dataset by considering the overall evaluation of these results.Specific to the dataset
and holistically, Ultimately, the goal is to obtain a generic approach that is not reliant on the specific
dataset by considering the overall evaluation of these results.The performance evaluation of the models
was carried out by considering the Correlation Coefficient as well as several error metrics, including
MAE and RAE.
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In order not to be affected by small deviations while examining the results, the values close to the best
and the worst results with a small percentage difference were added to the table. In addition, due to its
higher resistance to overfitting, models with less number of feature subsets and close to the best results
are also included. Table 1 presents Finnish model performance measurements.

Table 2. Finnish Model Performance Measurements

Finnish Dataset
Number Of
M :
Machine Learning Selected Fnaturc Selection (:nrreli.\ﬂun MAE RAE (%)
Algortihm ) Techni que Coeflicient
Features
The Highest Result Without
Feature Selection Kstar 9 Original Feature Set 0.9889 0.1344 | 13.1344
The Lowest Result Without
Feature Selection 1Bk 2 Original Feature Set 0.7697 0.539 52.6711
Kstar [ Classifier AttEval+ Ranker 0.9948 0.0873 8.5274
The Hightest Results RandomForest 5 CFS + PSO 0.9942 0.0976 9.5354
RandomForest 5 CFS+ GA 0.9942 0.0976 9.5354
The Lowest Results Ibk 6 ClassifierAttEval+ Ranker 0.7421 0.5756 56.2528
Table 2 presents Finnish model performance measurements.
Table 3. China Model Performance Measurements
China Datasct
Number OF
Machine Learning um " Feature Selection Correlation . ,
Algortihm Selected Technique CoefMicient AL RAE ()
g Lentures
The Highest Result Without
Feature Selection Linear Regression 19 Original Feature Set 09889 362939 9809
The Lowest Result Without
Feature Selection 1Bk 19 Original Feature Set 08918 [1571.1824 | 424638
MultilayerPerceptros 16 Relief. Att Bvaluation + Ranker 09914 370.1846 | 100048
MultilayerPerceptror 16 Corr. At Evaluation + Ranker 05912 4061195 | 10876
The Hightest Results ST‘vfnn:g 16 Reliel, At Rvaluation + Ranker 09898 2693637 7.28
SMOreg 7 Random Search 09866 351 7668 | 95071
LinearRegression o CFS + PSO 0.986 395.7794 | 10.6966
TinearRegression 10 CFS+ GA 09859 411.7442 | 111281
™ < 16 Corr. Alt. Evaluation + Ranker 0.8396 1418.9499 | 38 3405
e Lowest Results
Random Tree 16 Relief. Att Bvaluation + Ranker | 08098 | 1263.9482 | 341603
Table 3 shows China model performance measurements.
Table 4. Maxwell Model Performance Measurements
Maxwell Datasct
Mackine Learning l\:;'l':’:l:? Feature Selection Coreclation|y o RAT (%
Algortihm Lechnique Coeflicient
Features
The Highest Result Without
Feature Selection SMOreg 27 Orniginal Feature Set 0.8191 38129653 | 60.6894
The Lowest Result Without
Feature Selection Thi 27 Original Feature Set 0.463 5517.129 | 87.8139
Kstar 20 CEFS+ GA 0.83596 | 4078.3244| 64.913
The Hightest Results LinearRegression 20 CIS+ GA 0.8544 3395.0066 | 54.0379
Kstar 9 CFS + PSO 0.85 A040.6726 | 643137
Thk 24 Corr._Att Fraluation + Ranker 0.4487 5720.7419 | 91.0547
The Lowest Results
Random Tree 20 CFS+ GA 04398 | 52232227 | 83.1359

Table 4 presents Maxwell model performance measurements.

Table 5. Kemerer Model Performance Measurements
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Kemerer Dataset
. . Number Of . . .
Machl?e Learning Selected Featul:e Selection Correlzlmon MAE RAE (%)
Algortihm Technique Coefficient
Features
The Highest Result Without
Feature Selection SMOreg 8 Original Feature Set 0.5737 114.3301 | 71.0419
The Lowest Result Without
Feature Selection Random Tree 8 Original Feature Set -0.0271 250.9131 | 1559111
SMOreg S Corr. Att.Evaluation + Ranker 0.7171 103.4371 | 64.2732
The Hightest Results SMOreg 5 CFS + PSO 0.6946 96.4073 | 59.9051
SMOreg 5 CFS+ GA 0.6946 96.4073 | 59.9051
Bagging S CFS+ RandomSearch 0.1168 182.9247 | 113.6648
The Lowest Results
Random Tree 5 CFS+ RandomSearch 0.1189 194.63 120.94

Table 5 presents Kemerer model performance measurements.

China

Figure 1. China Dataset Actual And Predicted Values
Figure 1 shows the efforts comparison for the actual and predicted by the model for in China dataset.

Multilayer Perceptron algorithm was found to be the most successful to achieve best estimation. The
Relief Att. Evaluation and Ranker methods were utilized during the analysis.

Kemerer

Figure 2. Kemerer Dataset Actual And Predicted Values

Figure 2 shows Kemerer dataset actual and predicted values. The KStar algorithm was found to be the
most successful to achieve best estimation. The CFS and Genetic Algorithm methods were utilized
during the analysis. The efforts comparison for the actual and predicted by the model are depicted.

Maxwell

Figure 3. Maxwell Dataset Actual And Predicted Values
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Figure 3 shows Maxwell dataset actual and predicted values. it was determined that the highest
performance measurements as algorithms were obtained when KStar, SMOreg, MultilayerPerceptron
and LinearRegression were used. It has been noted that models created using 1Bk, RandomTree and
Bagging algorithms tend to give low results.

Finnish

10,000
5,000

1 2 3 4 5 6 7 & 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38

tual edicted

Figure 4. Finnish Dataset Actual And Predicted Values
Figure 4 shows Finnish dataset actual and predicted values. KStar algorithm was found to be the most

successful to achieve best estimation. The ClassifierAttEval and Ranker methods were utilized during
the analysis.

Table 6. Model Performance Results with Feature Selection

Orginal Selected Correlation
Dataset | Feature Model FeatureSelection Feature .
Set Set Coefficient

Finnish 9 K Star CFS+ RandomSearch 5 0.9916
Finnish 9 RandomForest CFS+PSO 5 0.9942
Finnish 9 RandomForest CFS+ GA 5 0.9942
Finnish 9 KStar ClassifierAttEval+ Ranker 6 0.9948
Finnish 9 KStar Corr. Att.Evaluation + Ranker 6 0.9912
Finnish 9 KStar Relief. Att.Evaluation + Ranker 6 0.9916
China 19 SMOreg CFS+ RandomSearch 7 0.9866
China 19 SMOreg CFS+PSO 9 0.9853
China 19 LinearRegression CFS+ GA 10 0.9859
China 19 SMOreg ClassifierAttEvalt Ranker 16 0.9887
China 19 MultilayerPerceptron Corr. Att.Evaluation + Ranker 16 0.9912
China 19 MultilayerPerceptron |Relief. Att.Evaluation + Ranker 16 0.9914
Maxwell 27  |LinearRegression CFS+ RandomSearch 16 0.8354
Maxwell 27  |K Star CFS+PSO 9 0.85

Maxwell 27 K Star CFS+ GA 20 0.8596
Maxwell 27  [MS5p ClassifierAttEvalt Ranker 24 0.8515
Maxwell 27  |SMOreg Corr. Att.Evaluation + Ranker 24 0.8336
Maxwell 27  [M35p Relief. Att.Evaluation + Ranker 24 0.8472
Maxwell 27 SMOreg Relief. Att.Evaluation + Ranker 14 0.838
Kemerer 8 SMOreg CFS+ RandomSearch 5 0.6795
Kemerer 8 SMOreg CFS+ PSO 5 0.6946
Kemerer 8 SMOreg CFS+ GA 5 0.6946
Kemerer 8 SMOreg ClassifierAttEval+ Ranker 5 0.5405
Kemerer 8 RnndomTree Corr. Att.Evaluation + Ranker 5 0.6658
Kemerer 8 MultilayerPerceptron Relief. Att.Evaluation + Ranker 5 0.6295
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Table 6 shows that even if the best result is obtained with a large number of feature sets, close to the
best results can also be obtained with a less numbered feature set.

Correlation Coefficient

Feature Number
eature Number

Figure 5. Relation of Accuracy To Number Figure 6. Relation of Accuracy To
of Features For Finnish Number of Features For China

Figure 5 shows the relation of accuracy to number of features for Finnish and Figure 6 shows the relation
of accuracy to number of features for China.

Figure 7.Relation of Accuracy To Number Figure 8. Relation of Accuracy To Number of
of Features For Maxwell Features For Kemerer

Figure 7 shows the relation of accuracy to number of features for Maxwell and Figure 8 shows the
relation of accuracy to number of features for Kemerer.
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Table 7. Comparative Analysis of Gained Results with Literature

Correlation
Dataset Author(s) Intelligent method MMRE PRED Coeffident MAE RAE
(Rehal & Sharma, 2021) SMOReg 0.9897 270.4561 7.3095
Spiking Meural Network 0.23
fuzzy c-means
clustering-Functional Link Artificial 0.45
Neural Networks
. X intuitionistic fuzzy c-means
China (Kumar, Behera, Kumari, Nayak & Nail, clustering-Functional Link Artificial 0.33
2020)
Neural Networks
Long short-term memory 041
Output layer
self-connection recurrent 032
neural networks
Proposed Model MLP & Relief Att.Eval. + Ranker 0.2655 0.0847 09914 3701846 10005
AnalogyBased Estimation - Least
Squares 1.7974 052
Support Vector Machin
Benala & Bandarupalli, 2016 AnalogyBased Estimation -
Finnish { pi ) nalogyBased Estimation 53929 015
Extreme Learning Machines
Angl?ngased Estimation - 2.124 032
Artificial Neural Networks
Proposed Model Kstar & ClassifierAttEval + Ranker 0.2521 0.0104 09948 0.0873 835274
AnalogyBased Estimation - Least
Squares 1.1529 042
Support Vector Machin
Benala & Bandarupalli, 2016 imation -
| palli, ) Analongased. Est|mat|?n 49391 016
Extreme Learning Machines
Ana.l?g.vBased Estimation - 44466 012
Artificial Neural Networks
Artificial Meural Network 132
Maxwell . ; o
Functional Link Artificial Neural
042
Netwoarks
{Kumar, Behera, Kumari, Mayak & Nail, Elman neural network 1.3748
2020) Long short-term memaory 0.37
Output layer
self-connection recurrent 0.31
neural networks
Proposed Model Kstar & CFS + GA 0.7644 0.1274 08506 4078324 64913
AnalogyBased Estimation - Least
Squares 0.66412 0.4
Support Vector Machin
Benala & Bandarupalli, 2016 i ion -
| palli, ) Analongased. Est|mat|pn 1 8071 013
Kemerer Extreme Learning Machines
AanngBased Estimation - 2.0333 008
Artificial Neural Networks
SMOReg & Corr. Att.Evaluation +
Proposed Model £ 05940 01289 07171 1034371 64273

Ranker

Table 7 shows the best results obtained and the literature studies found with Artificial Neural Network
methods applied to the same datasets and Machine Learning methods without feature selection are given.
It is clear that high performance can be achieved with machine learning models by applying the low-
cost and sustainable model feature selection targeted in the study. In the model outputs created with the
relevant datasets, it was determined that the highest performance measurements as algorithms were
obtained when KStar, SMOreg, MultilayerPerceptron and LinearRegression were used. It has been
noted that models created using IBk, RandomTree and Bagging algorithms tend to give low results.

As a result, it seems that Machine Learning Based Approaches can be used as a high-performance
method for software cost estimation and it is an open area for improvement.
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9. Conclusion

The main goal of a successful software project is to produce software that will meet the expectations of
the customer with a predetermined budget at a predetermined time. The failure of many software projects
is due to the fact that the estimates made at the initial planning stage were not correct. For this reason,
it can be said that the most basic and first project management activity in the success of a software
project is the appropriate and effective allocation of necessary resources. In other words, it is critical to
determine the resources that will be needed in the realization of the relevant project by making the
planning on the right basis. Cost is the crux of these resources and is highly dependent on the effort
within the project. In this case, estimating the effort needed is important in determining the cost.

For the software cost estimation process, which is a very important step in software project management,
traditionally and predominantly manual input and expert opinion are still used today. However, these
techniques cannot handle to estimate the cost of large and complex software. Therefore, to improve the
software cost estimation process has aimed in this thesis. For this purpose, a machine learning- based
approach has been adopted to make the software cost estimation process faster, more consistent and
repeatable accurately. By leveraging machine learning techniques, the goal is to automate and optimize
the software cost estimation process, reducing the reliance on manual and subjective judgements.

During the development of a machine learning-driven approach, the Finnish, Kemerer, China, and
Maxwell datasets provided were utilized for software cost estimation. Models were constructed using
the algorithms outlined and the validation technique employed was 10-fold cross-validation.

The study generally showed that machine learning-based models are applicable in software development
effort estimation by quickly adapting to different data types, unlike traditional methods. Additionally, it
is clear that better results can be obtained by applying feature selection to the data. It has been observed
that the proposed hybrid feature selection methods can achieve better results compared to studies in the
literature. In addition to all these, it has been observed that there are algorithms and feature selection
methods that give the best results in different data sets, and it has been observed that the Kstar, SMOReg,
LineaeRefression and MulitilayerPerceptron methods, which have achieved the best results with more
data, are open to testing in order to reach a general conclusion.

As a result, it seems that Machine Learning Based Approaches can be used as a high-performance
method for software cost estimation, and it is an open area for improvement. In future studies, similar
methods can be studied with more and different datasets in order to generalize the obtained inferences
and improve performance with different parameter values.
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The concept of green buildings or green buildings is highly needed in the present era, considering the drastic
decline in global climate conditions. However, its development is greatly hindered because the implementation
of green building concepts is primarily focused on new constructions, while almost two-thirds of the world's
buildings are already built. Therefore, the objective of this research is to enhance the Performance of Green
Retrofitting Implementation Time, which is expected to accelerate the growth of existing green buildings in
Indonesia by identifying the Procurement and Permitting Processes of Green Retrofitting in High-Rise Office
Buildings in Jakarta based on PERMEN PU NO 21 TAHUN 2021 (Regulation of the Minister of Public Works
and Housing Number 21 of 2021) and Green Building Council Indonesia (GBCI) through work breakdown
structure (WBS) along with their high-risk activities and improvement strategies using a preventive approach that
Influences the Performance of Green Retrofitting implementation time. This research analysis involves 15
respondents' data on risks in the procurement and permitting processes, which will be processed using a
qualitative risk approach. Based on the results of literature studies, expert validation, and respondent
questionnaires, a total of 83 activities in the procurement and permitting processes of green retrofitting were
identified, 214 risk indicators that affect the performance of green retrofitting schedule, along with 56 prevention
strategies for the high-risk situation, aiming to accelerate the growth of existing green buildings in Indonesia.

Abstract

Keywords: Green Retrofitting, High Rise Office Building, WBS, Procurement, Permitting, Schedule
Performance

1. Introduction

Several studies in recent years have estimated the impacts of global and regional climate change across
various sectors. These changes pose challenges for all countries worldwide [1]. Based on the literature
review, current climate change has reached a range of 0.5-0.8°C over the past century [2]. Scientists
are striving to keep the global average temperature increase below 2°C from pre-industrial levels and
aiming to limit the temperature rise to 1.5°C above pre-industrial levels. This is expected to
significantly reduce the risks and impacts of climate change [3].

Countries worldwide are making efforts to address the impacts of climate change, including through
agreements such as the Paris Climate Agreement. One key point in this agreement is the achievement
of net zero emissions. The Paris Agreement was initiated during the 21st Conference of the Parties
(COP 21) to the United Nations Framework Convention on Climate Change (UNFCCC) held in Paris
on December 12, 2015. The event was attended by 195 countries, including Indonesia [4].
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Gases such as CO2, methane, nitrous oxide, CFCs, and other elements are the main contributors
to climate change and the greenhouse effect. Among these gases, CO2 is the largest contributor,
accounting for approximately 50% of the global greenhouse effect, with billions of tons being emitted
into the Earth's atmosphere each year. Other gases, such as CFCs, CH4 (methane), O3, and NOx,
contribute in smaller proportions, approximately 20%, 15%, 8%, and 7% respectively [5]. In 2018,
CO2 emissions reached a record high of around 33.1 billion tons, further exacerbating global warming

[6].

The construction/building industry has a significant contribution to CO2 emissions, which play a role
in global warming. It is estimated that around 33% of CO2 gas emissions worldwide come from
buildings [7]. According to the Global Share of Buildings and Construction Final Energy and
Emissions 2019 data, carbon emissions generated by the building industry reached 38% of the total
global carbon emissions. The construction sector itself contributes to emissions in several categories,
with 27% coming from the operational phase of existing buildings, 6% from the construction of new
buildings, and 7% from other sectors within the construction industry [8]. This indicates that the
construction/building industry plays a crucial role in environmental degradation and contributes
significantly to CO2 emissions.

In response to that, it is necessary to implement the concept of green building. Green building is a
concept for 'sustainable buildings' and has specific requirements, including location, planning and
design systems, renovation, and operation, which adhere to energy-saving principles and must have a
positive impact on the environment, economy, and society [32]. Green building refers to structures and
processes that are responsible for the environment and efficient resource use throughout the building's
life cycle: from site selection to design, construction, operation, maintenance, renovation, and
demolition. This practice extends and complements classic building design concerns about economics,
utility durability, and comfort [32]. According to Regulation of the Minister of Public Works and
Housing No. 21 0f 2021, a green building is a building that meets the Technical Standards for Building
Construction and has a significant measurable performance in energy, water, and other resource savings
through the application of Green Building principles (BGH) in accordance with its function and
classification at each stage of its implementation.

However, looking at the projected number of buildings already constructed by 2040, existing buildings
are estimated to make up two-thirds of the buildings in that year [8]. The demolition of non-green
buildings not only involves a significant waste of resources and energy but also leads to secondary
pollution and ecological damage. On the other hand, if non-green buildings continue to be used, their
negative impact on the environment will persist. Therefore, retrofitting existing buildings with green
solutions (Green Retrofitting) is a more resource-efficient and sustainable approach compared to
developing new green buildings.

To achieve success and ensure proper implementation in green retrofitting activities, it is important to
have adequate procurement and permitting processes. In this regard, a comprehensive reference is
needed that covers all stages of the building lifecycle, including procurement and permitting stages.
The development of a Work Breakdown Structure (WBS) and risk management are also crucial in this
context. WBS helps identify and organize the work activities involved in the project, while risk
management helps identify high-risk stages of work and offers appropriate solutions and responses
to mitigate those risks.

The Work Breakdown Structure (WBS) is a crucial component in project planning. It starts with a
hierarchical arrangement of tasks and levels that help identify the flow of the project within the
designated and established timeline [9]. With a well-defined WBS and effective risk management, the
implementation of green retrofitting activities can be carried out in a focused and efficient manner,
ensuring the successful achievement of project goals.
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2. Literature Review

2.1 Concept of Green Retrofitting for High-rise Office Buildings

The definition of green retrofitting according to Regulation of the Minister number 21 of 2021 is the
effort to adjust the performance of a utilized building to meet the requirements of Green Building
Criteria (Bangunan Gedung Hijau- BGH) [10]. Meanwhile, according to the U.S. Green Building
Council (USGBC), green retrofitting is any type of improvement to an existing building, either
fully or partially occupied, aimed at enhancing energy and environmental performance, reducing
water usage, and improving comfort and indoor environmental quality in terms of natural light, air
quality, and noise, all done in a financially beneficial manner for the owner [11].

The aspects considered in the implementation of green retrofitting are categorized into 6 criteria:
Appropriate Site Development (ASD), Energy Efficiency & Refrigerant (EER), Water Conservation
(WAC), Material Resources & Cycle (MRC), Indoor Air Health & Comfort (IHC), and Building &
Environment Management, as outlined by the Green Building Council Indonesia [12].

Regulations related to the assessment of green building performance/certifications currently include
assessments conducted by the government through Regulation of the Minister of Public Works and
Housing No. 21 of 2021, and non-government assessments by GBCI through Greenship, as well as
EDGE, developed by the International Finance Corporation (IFC).

GREENSHIP Existing Building (EB) is a building certification system designed for buildings that have
been constructed and operational for at least one year. The implementation of green building practices
in GREENSHIP Existing Building focuses on operational and building maintenance management
[12]. GREENSHIP itselfis a rating system product issued by the Green Building Council Indonesia,
taking into consideration the local conditions, natural characteristics, and regulations and standards
applicable in Indonesia. The certifications provided include New Building (NB), Existing Building
(EB), Interior Space (IS), Homes, Neighborhood (NH), and Net Zero Healthy (NZH).

Regulation of the Minister of Public Works and Housing (Peraturan Menteri PUPR) No. 21 of 2021 is
a regulation concerning the Assessment of Green Building Performance issued by the government and
enacted on March 31, 2021. The green building performance assessed in this regulation is divided
into two categories: new buildings and existing buildings (retrofitting). For existing buildings, the
stages are divided into two phases: utilization and disposal phases [10].

2.2 Procurement Process for Green Retrofitting in Indonesia

According to Presidential Regulation, Number 12 of 2021 concerning Government Procurement
of Goods/Services, procurement of goods/services through Providers is a way to obtain goods/services
provided by Business Entities. Business Entities refer to companies or individuals engaged in specific
fields of business or activities. The Government Goods/Services Providers, hereinafter referred to as
Providers, are Business Entities that provide goods/services based on contracts [13].

The only government institution responsible for developing and formulating policies for government
procurement of goods/services is the Government Goods/Services Procurement Policy Institution
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(LKPP), while the implementation of government goods and services is carried out by the Electronic
Procurement Services (LPSE) [13].

E-procurement is an auction system for government procurement of goods/services that utilizes
internet-based technology, information, and communication to ensure effectiveness, efficiency,
transparency, and accountability [14]. According to Andrianto [15], e-procurement is defined as the
digitalization process of government procurement tender/auction assisted by the Internet. The features
of e-procurement include E-auction, E-Tender, and E-catalogue. E-auction is an online auction system
between goods/services providers and users. E-Tender is the procedure for selecting goods/services
providers, open to all registered providers in LPSE. E-catalog is an electronic list developed by LKPP.

The procurement process for green retrofitting activities only applies during the retrofitting phase for
private buildings, and the planning is carried out by the building management. On the other hand, for
government building renovation procurement, it applies to both the planning and implementation
phases.

2.3 Permitting Process for Green Retrofitting in Indonesia

Permitting is a process where the government unilaterally grants approval to individuals or
communities to legally perform certain acts or activities. In essence, this process serves as a regulatory
instrument by the state to control the conduct of its citizens in activities that should not violate the law
or harm others [16]. Based on Ministerial Regulation Number 21 of 2021, the licensing process
applicable to green retrofitting activities involves PBG (Building Use Approval) and SLF (Certificate
of Functionality) during the utilization phase of green retrofitting work. Meanwhile, for the disposal
phase, the required permit is RTB (Technical Demolition Plan). According to GREENSHIP Existing
Building (EB) by GBCI, the necessary permits for green retrofitting are PBG, SLF, and UKL/UPL
documents issued by BAPPEDAL (Environmental Impact Control Agency) [12].

Building Use Approval (PBG) is a permit granted to the owner of a building to construct, modify,
expand, reduce, and/or maintain the building in accordance with the technical standards for building
construction [17]. The related regulations are governed by Government Regulation Number 16 of 2021.
PBG is a reporting permit that can be processed during the construction process [18].

Certificate of Functionality (SLF) is proof that a building has been tested for its safety and
functionality. By possessing an SLF, a building is officially recognized and is expected to provide a
sense of safety and comfort to its occupants. The regulations related to SLF are governed by the
Minister of Public Works and Housing Regulation Number 19/PRT/M/2018 on the Implementation of
Building Construction Permits (IMB) and Certificate of Functionality, and Minister of Public Works
and Housing Regulation Number 27/PRT/M/2018 on the Certificate of Functionality for Buildings
[19].

Environmental Impact Analysis (AMDAL), Environmental Management Efforts, and Environmental
Monitoring Efforts (UKL-UPL) are Environmental Documents that must be prepared by businesses
whose activities have a significant impact on the environment. These documents will outline the
process of developing business infrastructure (such as buildings, factory installations, etc.), soil
conditions or geological aspects, types of potential environmental impacts (including liquid waste,
solid waste, gas, and noise), as well as how the business entity intends to manage and monitor its
activities to minimize potential environmental damage risks [20]. The regulations concerning UKL-
UPL documents are outlined in the Minister of Environment Regulation Number 16 of 2012 on
Guidelines for the Preparation of Environmental Documents [20]
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The Technical Demolition Plan, abbreviated as RTB, is a planning document issued by the owner of a
building to the government as a declaration that the said building will be demolished, and there is a
plan for the demolition of the building [18]. The plan for the demolition of the building must comply
with technical standards as stipulated by laws and regulations. To determine whether the demolition
plan meets these technical standards or not, a consultation process involving experts with the relevant
expertise and skills related to building construction is necessary.

2.4 Work Breakdown Structure of Procurement and Permitting for Green Retrofitting

Work Breakdown Structure (WBS) is an extremely effective tool used in project management. It serves
as the foundation for effective project planning, execution, control, status tracking, and reporting. All
the work contained within the WBS must be identified, estimated, scheduled, and budgeted. The WBS
is a structure and code that integrates and links all project work along with the required resources (scope,
schedule, and cost) [21].

A project WBS involves grouping project work elements oriented towards products that organize and
define the total project scope. It is a multi-level framework that graphically represents elements
indicating the work that needs to be accomplished in logical relationships. Each lower level represents
a more detailed definition/division of project components. It is a structure and code that integrates and
links all project work and is used throughout the project life cycle to identify, establish, and track
specific work scope. The WBS is created with enough detail so that each control account has a unique
WBS element [21].

According to the PMBOK 6th Edition, the main benefit of creating a Work Breakdown Structure
(WBS) is to provide a framework for what needs to be delivered in the project. The process of creating
a WBS is only done once or at designated points in the project. Additionally, the WBS represents
a hierarchical decomposition of the total work scope to be performed by the project team to achieve
project objectives and deliver the required outcomes. The WBS organizes and defines the total project
scope and represents the work specified in the currently approved project scope statement [23].
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Figure 1: Work Breakdown Structure of Procurement and Permitting for Green Retrofitting

In this research, the Work Breakdown Structure (WBS) for the Procurement and Permitting Process of Green
Retrofitting Activity aims to define activities within a project related to the procurement process and permitting
process at the utilization and demolition stages. The development of the WBS structure for the Procurement and
Permitting Process of Green Retrofitting Activity is based on the requirements of GREENSHIP Existing Building
(EB) and on Peraturan Menteri PUPR No. 21 Year 2021 (Regulation of the Minister of Public Works and Housing
Number 21 of 2021). The following details the levels in the WBS for the Procurement and Permitting Process of
Green Retrofitting Activity:
Level 1: Green Retrofitting
Level 2: Work Phases
Level 3: Work Phase Processes
Level 4: Process Methods
Level 5: Process Support
Level 6: Work Activities
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2.5 Risk Assessment

According to the PMBOK 6th Edition, a risk event is something that has been identified beforehand that may or
may not occur. If it happens, it can have either a positive or negative impact on the project. Uncertainty is the
lack of knowledge about an event that reduces confidence in the conclusions drawn from data. Risk management
is the process of identifying, evaluating, and planning responses to events, both positive and negative, that
may occur during the project [22].

Risk management is an approach taken toward the risks of a project, which, involves understanding, identifying,
and evaluating the project's risks. Subsequently, it considers what actions to take in response to the potential
impacts and the possibility of transferring or reducing the risks. Risk management encompasses a series of
activities related to risk, including planning, assessment, handling, and monitoring of risks [23]

The purpose of risk management is to recognize risks within a project and develop strategies to reduce or even
avoid them, while also seeking ways to maximize existing opportunities [24]. According to the PMBOK 6th
Edition, risk management processes are divided into 7 processes, namely: Risk Management Planning, Risk
Identification, Qualitative Risk Analysis, Quantitative Risk Analysis, Risk Response Planning, Risk Response
Implementation, and Risk Monitoring. The PMBOK 6th Edition is widely used as a reference for risk
management planning, especially in construction projects [22].

The risk assessment in the green retrofit project was ranked for 19 risks using the risk criticality index (RC),
which is the result of the likelihood of occurrence and effect indexes (MI). Revealing that the top 5 risk rankings
are as follows: "post-retrofit tenants’ cooperation risk," "regulatory risk," "market risk," "financial risk," and "pre-
retrofit tenants’ cooperation risk." [25]. The highest risk in the rating was the "post-retrofit renters' cooperation
risk," which indicated that tenants were likely to be uncooperative once the green retrofit was finished. Achieving
the most effective use of energy-saving equipment and maximizing all potential benefits would not be possible
without the tenants' involvement. Bon-Gang Hwang et al emphasized that the top 5 risks in LO (Likelihood of
occurrence) and MI (magnitude of impact) values are “Complex procedures to obtain approvals”, “Overlooked
high initial cost”, “Unclear requirements of owners”, “Employment constraint”, and “Lack of availability of
green materials and equipment”. The top position risk (Complex procedures to obtain approvals) was because
green residential building projects always involve some particular green features, which would result in lengthier
planning approval and permit procedures [26].

2.6 Project Time Performance

Time performance is the comparison of the actual project implementation period to the estimated project
implementation period. Time performance can be used as a measure of slippage in a construction schedule. The
project implementation begins on the agreed-upon date specified in the contract agreement and ends when
all the work is completed. This ratio or comparison serves as the standard measure of project performance,
allowing the estimation of project performance through statistics [27].

Time performance is crucial in construction implementation and is one of the primary factors for the success of
a construction project. Both design-build and traditional systems of construction projects generally have specific
implementation plans and schedules, determining when the project should start, when it should be completed,
how it will be executed, and how resources will be allocated [28].

Good time performance seems to be one of the indicators of project success. Poor time performance can lead to
various undesirable issues. Time performance is considered good when a project is completed according to
the agreed-upon schedule by all parties [29]. In the procurement process, time performance control is crucial and
requires leadership, strategy, and management systems. The time needed for procurement and permits
significantly impacts the project's implementation and completion time [30]. Project owners must have accurate
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scheduling, recording of work completion status, and contractual authority to accelerate project completion
(project time efficiency) [31].

3. Research Methodology

To answer the objectives of this research, the researcher used a qualitative research method. Data validation was
carried out using a structured questionnaire and interviews with 5 experts who are proficient in the procurement
and permitting of buildings for the green retrofitting activity. Data collection was conducted using a standardized

questionnaire administered to 15 experienced respondents who have experience in implementing procurement
and permitting. The following figure shows how this research was conducted in order:
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Conceptual framework this research represents the Relationships Model between Variables in the Relationship
between Green Retrofitting WBS, Procurement Activity, Permitting Activity, Risk, and Risk Strategies, and
Project Time Efficiency of High-rise Office Buildings with The Accuracy Level based can show likes:
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Figure 3: Conceptual Framework of the relationship between green retrofitting and
project time

Source: Self-Administered

When doing categorical analysis, factor variables must be transformed into a collection of indicator
variables. Finding the risks that have an impact on the scheduled time performance of green
retrofitting office high-rise buildings based on procurement and permitting activity is the next stage
after achieving the WBS standard. Below is an explanation of the risk variables used in this study:
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Table 1: Research Indicator Variables
Source: Self-Administered

VARIABLE INDICATO Reference
R
X1. 1] Planning Stage [13]
X1. 2| Procurement Preparation Stage [13]
7X1| PROCUREMENT X1. 3| Procurement Implementation Stage [13]
X1 STAGE X1. 4 Monitoring Stage [13]
X2. 1}  Environmental Impact Assessment and [20]
Environmental
X2 PERMITTING STAGE X2. 2 Builfiing Use Apprqval (PBG) [18]
X2. 3| Certificate of Functionality (SLF) [19]
X2. 4] Technical Demolition Plan (RTB) [18]
X3. 1] Input [22]
X3 WBS X3. 2| Techniques and Equipment [22]
X3. 3] Output [22]
X4. 1] Risk Identification [22]
X4 RISK X4. 2| Risk Analysis [22]
X4. 3] Risk Strategies [22]
PROJECT TIME
Y EFFICIENCY Y Schedule Performance [22][31]

5. Discussion & Conclusion:

The activities in the procurement and permitting process of green retrofitting have been organized using
the Work Breakdown Structure (WBS) tools based on GREENSHIP Existing Building Ver 1.1 by GBCI,
which includes regulations and guidelines related to environmental permits, such as: Environmental
Impact Assessment (AMDAL) Permit: Based on Regulation No. 16 of 2012 on Environmental Impact
Assessment Document Preparation for AMDAL UKL-UPL. Building Permit (PBG) Requirements:
Based on PP No. 16 of 2021 for building permit requirements. Technical Demolition Plan (RTB): Based
on the Technical Regulation of the Minister of Public Works and Housing No. 21 of 2021. Certificate
of Occupancy Permit: Reference is made to Regulation of the Minister of Public Works and Housing
No. 19/PRT/M/2018 regarding the Implementation of Building Permit (IMB) and Certificate of
Occupancy for the execution of green retrofitting activities. Regarding procurement, it is based on
Regulation of the Ministry of Public Works No. 21 of 2021, which pertains to the implementation of
procurement for green retrofitting activities. There are a total of 27 work packages in the procurement
phase, with 17 of them related to procurement activities and the remaining 10 being associated with the
permitting phase.

From the 27 work packages related to procurement and permitting activities for green retrofitting, it
has been determined that there are a total of 83 activities. These activities are based on GREENSHIP
Existing Building Ver 1.1 by GBCI for permitting in the implementation of green retrofitting activities
and Regulation of the Ministry of Public Works No. 21 of 2021 for procurement. Each of these
activities can be used to identify their objectives and targets, which are useful for identifying potential
risks or risk factors that may occur due to the non-fulfillment of activity goals. This risk identification
is crucial for the successful execution of green retrofitting projects, as it allows for proactive risk
management and mitigation strategies.
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From the 27 work packages related to procurement and permitting, based on the findings from the
previous sections and in alignment with the research objectives, a total of 214 risks/factors have been
identified in the procurement and permitting phases of green retrofitting activities. Out of these, 84
are associated with the procurement phase, and the remaining 130 risks/factors are related to the
permitting phase of green retrofitting activities, mitting activities for green retrofitting, it has been
determined that there are a total of 83 activities. These activities are based on GREENSHIP Existing
Building Ver 1.1 by GBCI for permitting in the implementation of green retrofitting activities and
Regulation of the Ministry of Public Works No. 21 of 2021 for procurement. Each of these activities
can be used to identify their objectives and targets, which are useful for identifying potential risks or
risk factors that may occur due to the non-fulfillment of activity goals. This risk identification is crucial
for the successful execution of green retrofitting projects, as it allows for proactive risk management
and mitigation strategies.

Based on the risks/risk factors identified in the stages of procurement and permitting for green
retrofitting activities, it was found that out of the total risks, 56 were categorized as high risks, 72 were
categorized as medium risks, and 86 were categorized as low risks. The total of 83 activities in the
procurement and permitting processes of green retrofitting were identified, 158 risk and 56 high-
risk indicators that affect the performance of green retrofitting schedule from each of the procurement
and permitting activities, along with 56 prevention strategies for the high-risk situation.

The results of research by developing WBS on the procurement and permitting stage of Retrofitting
are guided by GBC Indonesia and PUPR Ministerial Regulation Number 21 of 2021 (Regulation of
the Minister of Public Works and Housing Number 21 of 2021) along with their derivative regulations
and developing the risk strategies for the high-risk activity expected to significantly increase the
project time efficiency of green retrofitting in Indonesia.

Contribution of Researchers

All researchers have contributed equally to writing this paper.

Conflicts of Interest

The authors declare no conflict of interest.

References

[1] Arnell, N. W, Lowe, J. A., Challinor, A. J., & Osborn, T. J. (2019). Global and regional impacts of climate change at
different levels of global temperature increase. Climatic Change, 155(3), 377-391. https://doi.org/10.1007/s10584-
019-02464-z

[2] Lubis, R. F., Delinom, R., & Geoteknologi, P. (n.d.). PERUBAHAN IKLIM DAN PEMANASAN GLOBAL DI
INDONESIA; DAMPAKNYA TERHADAP KONDISI BAWAH PERMUKAAN STUDI KASUS : DKI
JAKARTA.

[3]  Skytt, T., Nielsen, S. N., & Jonsson, B. G. (2020). Global warming potential and absolute global temperature
change potential from carbon dioxide and methane fluxes as indicators of regional sustainability — A case
study of Jamtland, Sweden. Ecological Indicators, 110. https://doi.org/10.1016/j.ecolind.2019.105831

[4] BPHN. (n.d.). na_ruu ratifikasi paris_agreement (2). Na_ruu_ratifikasi_paris_agreement. Retrieved July 23, 2023,
from https://bphn.go.id/data/documents/na_ruu_ratifikasi_paris_agreement.pdf

[5] Eko, W., Peneliti Bidang, C., Ozon, P., & Udara, P. (n.d.). PENGARUH PEMANASAN GLOBAL TERHADAP

LINGKUNGAN BUMI.

] Izumi, F. (2020). Climate Emergency Declaration. Climate Emergency Declaration.

] UGM (n.d) The building industry contributes to the process of environmental degradation

] Architecture 2030. (n.d.). Actions For Zero Carbon Buildings Existing Buildings.

]  Devi, Tr., & Reddy, Vs. (n.d.). Work Breakdown Structure of the Project. In International Journal of Engineering

Research and Applications (IJERA) (Vol. 2). www.ijera.com

27



w
‘ ANKARA SCIENCE UNIVERSITY, RESEARCHER J ik ],

L Vol. 4, No. 1, July 2024 I
ANKARA BiLiM ¢-ISSN: 2717-9494 (FIME»

UNIVERSITESI Research Article/Arastirma Makalesi

Doi: https://doi.org/10.55185/researcher. 1405184

Regulation of the Minister of State for the Environment Number 16 of 2012 concerning Performance Evaluation
Green Building
The U.S. Green Building Council. (n.d.). Building Retrofits.
Green Building Council Indonesia. (n.d.). GREENSHIP Rating Tools Existing Building.
Presidential Regulation Number 12 of 2021 concerning Government Procurement of Goods/Services
Sutedi, Adrian., (2012) Legal aspects of the procurement of goods and services and their various issues
Andrianto, Nico., (2007) Transparency and public accountability through e-government
Priyanta, M. (2019). Regulasi Perizinan Mendirikan Bangunan dalam Mendukung Kemudahan Berusaha Menuju
Bangsa yang Adil dan Makmur. https://doi.org/10.24843/JMHU.2019.v08.103
Simbawa, Anggreini Anglia., (2022) Procedure for obtaining building construction approval
Government Regulation Number 16 of 2021 concerning building
Minister of Public Works and Housing Regulation Number 27/PRT/M/2018 on the Certificate of Functionality for
Buildings
Minister of Environment Regulation Number 16 of 2012 on Guidelines for the Preparation of Environmental
Documents
Burghate, M. (2018). Work Breakdown Structure: Simplifying Project Management. In International Journal of
Commerce and Management Studies (IJCAMS) (Vol. 3, Issue 2). www.ijcams.com
A Guide to the Project Management Body of Knowledge (PMBOK 6 ® Guide)
Kerzner, Project Management: A Systems Approach to Planning, Scheduling, and Controlling, 2017; Kerzner,
Strategic Planning for Project Management Using a Project Management Maturity Model, 2001 24.
Wideman, Risk Management. A guide to managing risk opportunities, 1992
Zhao, X., Hwang, B.G., and See, Y.L. (2015). Green Retrofit Projects: Risk Assessment and
Mitigation. E (Eds)  Procs 31st Annual ARCOM Conference, 7-9 September 2015,
Lincoln, UK, Association of Researchers in Construction Management, 125-134.

Hwang, B. G., Shan, M., Phua, H., & Chi, S. (2017). An exploratory analysis of risks in green residential building

construction projects: The case of Singapore. Sustainability (Switzerland), 9(7). https://doi.org/10.3390/su9071116

Bacon, R. W., & Besant-Jones, J. E. (1998). Estimating construction costs and schedules Experience with

power generation projects in developing countries. In Energy Policy (Vol. 26, Issue 4).

(Kerzner, Project Management: A Systems Approach to Planning, Scheduling, and Controlling, 2017)

Yean, F., Ling, Y., Swee, ;, Chan, L., Chong, ; Edwin, & Ee, L. P. (n.d.). Predicting Performance of Design-Build

and Design-Bid-Build Projects. https://doi.org/10.1061/ASCE0733-93642004130:175

Lusi indah, Wijayanti., Development of quality management system procurement consultant services to improve

procurement performance in Ministry of Transportation (2017)

Huston, Charles L. Management of Project Procurement. (1996)

Sudarwani, M. M. (2021). The implementation of green architecture and green building is an effort to achieve
sustainable architecture.

28



LU

t‘s ANKARA SCIENCE UNIVERSITY, RESEARCHER J B,
Vol. 4, No. 1, July 2024 I

ANKARA BiLiM e-ISSN: 2717-9494 é—MED

UNiVERSITESi Research Article/Arastirma Makalesi
Doi: https://doi.org/10.55185/researcher.1406236

Optimization of Controller Parameter Multilevel Converter Based
STATCOM for Reactive Power Compensation

Hamed Atyia Soodi !, Yousif A. Hamad >*", and Ardam H. Mohammed '

!'Collage of Information Technology, Imam Ja’afar Al-Sadiq University, Baghdad, Iraq
2 Collage of Computer Science and Information Technology, University of Kirkuk, Kirkuk, Iraq
3 Artificial Intelligence Laboratory, Siberian Federal University, Krasnoyarsk, 660074 Krasnoyarsk, Russia

* Corresponding Author: y.albayati@uokirkuk.edu.iq

Received: 18 december 2023; Accepted: 17 July 2024

Reference/Atif: H. A. Soodi, Y. A. Hamad, A. H. Mohammed, “Optimization of Controller Parameter Multilevel Converter
Based STATCOM for Reactive Power Compensation”, Researcher, vol.4, no.1, pp.29-40, July 2024, doi:
Check for @
updates

10.55185/researcher.1350323

Static Synchronous Compensator (STATCOM) is a self-tuning proportional-integral (PI) controller that has been
developed to handle the voltage and reactive power of Cascaded H-Bridges (CHB-STATCOM) in order to improve
the power system. The purpose of optimizing controller parameters for a Multilevel Converter-based STATCOM
(Static Synchronous Compensator) in the context of reactive power compensation is to enhance the performance
and efficiency of the STATCOM system in regulating the power factor and voltage of an electrical system. This
controller was introduced in this article. This research presented that the STATCOM should have the capability to
operate both in inductive and capacitive mode of operation and absorb or injects the desired amount of reactive
power into the grid. The reactionary power that is received or supplied contributes to the improvement of the
power system. The benefits of the self-tuning PI controller have been optimized to their full potential through the
use of Accelerated Particle Swarm Optimization (APSO) strategies. The STATCOM is implemented into the
electrical system, and its reaction to varying reactive and voltage levels is analyzed as part of the process of
determining whether or not the optimization techniques are successful. Two controllers are now in operation at
the STATCOM. The first controller is in charge of managing the DC voltage, and the second controller is in charge
of controlling the reactive power. Both controllers are in use at the same time. The output of the controller is then
transferred to the phase change carrier, which is followed by pulse width modulation in a sinusoidal pattern.
Because of this, the power converter switch may now function properly.

Abstract

Keywords: APSO, Reactive power compensation, STATCOM, PI control, Phase shift pulse width
modulation, APSO

1. Introduction

Brought on by non-linear loads have a deleterious effect on both power quality and grid dependability
over time. Because total system power is determined by adding together the system's active and reactive
powers, an increase in reactive power is inextricably related to a similar increase in total power. In [1,
2], several strategies for increasing the grid's response power are described. Because of how successfully
they control the overall system's reactive power, shunt Flexible AC Transmission System (FACTS)
devices are widely used. A coordinated power source consisting completely of solid-state components
is used to power STATCOM and other FACTS systems. Connected in series with the power supply, it
is an excellent replacement for the cumbersome reactive components of conventional static VAR
compensators (SVC). It also beats SVC in terms of the dependability of the nation's electrical grid. [3].
STATCOM's primary role is to control voltage at the point of common coupling (PCC) during a power
system changeover. The STATCOM obtains these reactive currents from the power infrastructure in a
controlled fashion. Intricate design challenges for these layered STATCOM [4] stem from the need for
a large number of instruments to track DC voltage and uneven voltage across the DC-link capacitor [5]
A conventional two-loop management system was proposed. The PCC voltage is controlled by the outer
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loop, and the inverter current is controlled by the interior loop with a steady-state inaccuracy of zero.
Capacitor banks were among the first components of electrical apparatus to be installed in an effort to
regulate power supply. However, with the help of modern technology, system managers have access to
more flexible and effective tools that can manage huge quantities of power. Flexible AC transmission
systems are a specific type of these tools. (FACTS). These devices are carefully installed on selected
electric buses, and they are used to quickly alter various system settings in order to boost system
efficiency, control power flow, and enhance system reliability [6]. They are large-scale regulators that
modify system-wide parameters like reactive power, voltage, and phase angle. [1].

Numerous researches have determined PI benefits through trial and error to reach an optimal working
point, power system under STATCOM control exhibits significantly non-linear behavior. Linear
controllers are simple to implement but difficult to fine-tune in this architecture. Transient performance
requirements must be addressed by fine tweaking of controller settings. In this research, we use the non-
linear and non-gradient Simplex algorithm to optimize the control system parameters of a STATCOM
built from two converters based on six-pulse voltage sources. The performance index serves as the basis
for the objective function of the system, which is written in terms of the actual and ideal values of the
system's variables. Several simulation tests examining step-response performance have validated the
optimized performance of the STATCOM control system, which consists of two PI controllers and two
compensators. With the right settings in place, the system responds quickly and precisely [2—7]. This is
not a good option in practice due to the radical changes in system features brought about by the inclusion
of STATCOM devices or the improvement of the transmission architecture. [8].

In the realm of heuristics for parameter optimization, accelerated particle swarm optimization (APSO)
[9] is a well-known method. It has been used to modify controller gains [10-11]. It is possible for the
gains of an APSO-based PI scheduler to auto-tune in response to variations in the system and demand.
This will result in a significantly more adaptable PI system. The consensus time of APSO is low (A
Moreover, it outperforms SVC in terms of power system reliability [3]) because it does not necessitate
offline training like an artificial neural network. During a transition in the electricity system,
STATCOM's main function is to regulate the voltage at the point of common coupling (PCC). The most
important development challenges for these layered STATCOM [7] involve extracting controlled
reactive currents from the electrical infrastructure. are the many instruments used to track DC voltage
and imbalanced voltage at the DC link capacitor. It also ignores the reasoning principles of the
approximate control, which points to PSO's superior performance [12] -[25].

Optimizing the controller parameters for a Multilevel Converter-Based Static Synchronous
Compensator for reactive power compensation can be a challenging task, and there are several potential
problems and issues that may arise during the optimization process, Multilevel converters are inherently
complex due to the multiple voltage levels they can generate. Optimizing the controller parameters for
such converters requires a deep understanding of their operation and the interaction between different
voltage levels. There may be trade-offs between different control objectives, such as voltage regulation,
harmonic mitigation, and response time. Finding the right balance among these objectives can be
challenging. Power systems are subject to variability due to changes in load, generation, and network
conditions. The optimized parameters that work well under one set of conditions may not perform
optimally under different conditions. The accuracy of the system model used for optimization is crucial.
Inaccurate models can lead to suboptimal parameter values or instability in the real system. Over-
optimization, where parameters are tuned too precisely for specific operating conditions, can lead to
instability or poor performance when conditions deviate from the optimized scenario. Changes to
controller parameters can impact the safety and reliability of the power system. Safety measures and
risk assessments must be considered during the optimization process.

A Multilevel Converter-Based STATCOM presents various technical and practical challenges. It
requires a combination of expertise in control theory, power systems, and optimization techniques, along
with careful consideration of system complexity and constraints. Successful optimization should aim to
strike a balance between different control objectives while accounting for the dynamic and variable
nature of power systems.

30



Ankara Science University, Researcher

Soodi et al., 2024

In this investigation, we use Accelerated Particle Swarm Optimization to design a self-tuning PI
controller for CHB-STATCOM [13]. (APSO). By tweaking the original PSO algorithm, we get
accelerated PSO. The primary goal of this research is to develop a robust CHB-STATCOM scheduler
that can effectively account for disturbances within a few cycle time windows of their occurrence.

2. STATCOM

To sum up, STATCOM is an apparatus that counteracts the reactive power of an electrical grid. It may
behave as both a generator and a sink of reactive energy. To complement the tiny synchronous condenser
compensator (STATCOM) that controls the PCC's power factor (PF), the proposed inverter does double
duty by transforming DC power from the DC link into AC power for the mains supply and syphoning
off enough reactive power from the grid to increase the PCC's PF [14]. The major power line and the
primary power line servicing the PCC are both illustrated in Figurel as part of the basic STATCOM
arrangement. Transformer, capacitor, coupling reactor, and regulated power supply make up the voltage
source converter (VSC) in the centre of a STATCOM.

In addition to its more common name, "voltage source converter," or "VSC," can also refer to a device
that converts direct current (DC) to alternating current (AC). It can produce asymmetrical AC power
with user-defined phase and angle of rotation. A VSC can be charged while the DC battery stores energy.
By using coupling reactance to link the sources to the system and regulate the current, the converter
output can be joined to the power system. The coupling transformer regulates the input voltage of the
STATCOM converter and the output voltage of the PCC.

s s
Point of common coupling PCC buss

L

tadg)

Coupling Trans.

Coupling Reactor g

vscC

I
b

Figure 1: The grid connection of STATCOM

System software A STATCOM can be used either in VAR mode or with voltage control turned on. The
STATCOM aids the PCC in keeping the voltage stable during dynamic disruptions, allowing the PCC
to provide superior transient properties. By switching into this state, a STATCOM will either:

. When the system voltage is high, the STATCOM will absorb reactive power.
. When the system voltage is low, the STATCOM will generate and inject reactive power.

The STATCOM reactive power production is either held steady or adjusted based on VAR mode
monitoring of the reactive power and comparison to a standard number.
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Multi-level simulation of a single-phase cascaded H-bridge converter. Multilayer cascaded H-bridge
inverters have a basic layout shown in Figure2. This N-level converter offers the possibility of 2N+1
different values for the phase voltage at the output. Because of the power requirements of each H-bridge,
the previously noted voltage discrepancy problem may be avoided. However, to prevent voltage
fluctuations of the DC-bus capacitor, it is necessary to adjust the active power provided to each bridge.
[4]. There are a number of methods outlined in [5] for dampening DC-link voltage variations.

Many applications also take reactive power into account, which is where the cascaded H-bridge
architecture shines. Since high-power electrical switches have their limits, we have to settle with a low-
frequency modulation strategy. [6]- [8]. When compared to a regular power supply, a multilayer
converter offers several advantages. Since the output pattern has fewer spurious harmonics, cheaper,
smaller output filters may be employed. Since there are more voltage steps between the highest and
lowest values in the staircase pattern, the voltage burden on semiconductor components is lessened.
Switching losses may be minimized in multi-level inverters due to their lower switching frequency [1].
Multiple converters often use SPWM as the primary management technique. By contrasting a triangle
waveform with a sine wave, PSPWM generates control signals for converter switches.

Figure 2: Model of power-stage CHB multilevel converter

3. Overview Of Accelerated Particle Swarm Optimization (APSO)

The optimization method known as particle swarm optimization [14—18] is inspired by natural swarms
like those of fish and birds. The PSO algorithm gets the best answer by first producing a random sample
of candidates, or particles, and then offering incentives to the candidates still in the running, or particles.
Particles may be created via either collaborative or adversarial interactions. The equation allows for a
point in D-dimensional space to represent any given particle . Xi = (xil, xi2,..., xiD).

The optimal answers in the full collection fall into two distinct categories: Pbest, or cognitive learning,
is the particle's best response across rounds and is defined as Pbest = (pil, pi2,...,piD), while Gbest,
or the swarm's best solution, is defined as the solution with the highest fitness. (Called social learning).
Every repetition k brings the particle located at x(k) one step closer to the Pbest and Gbest, and this
motion is indicated by its velocity (written v(k)). The speed is determined by combining the knowledge
of both individual particles and the collective swarm, and can be written in D-dimensional space as Vi =
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.(vil,vi2,...,viD). Each particle then uses the following calculation to make an approximation of its
motion for the next cycle:

vi(k + 1) = w; v;(k) + ¢y.rand. (Ppese — %;(k)) + ¢;. rand. (Gpese — x; (k) (1D

With the help of the gravitational constant (w), the cognitive constant (cl), and the societal constant
(c2), the rand () algorithm generates a random integer between 0 and 1. The rate of convergence is
affected by all these factors. Clerc's optimal numbers were c1=1.494, c2=1.494, and w=0.729 [22-25].
PSO's cost function must be adjusted to reflect the intended system behavior under these conditions.
The PSO keeps running its procedures for the given amount of time to find the best answer. The next
iteration's particle position is calculated using the following algorithm. 'k+1":

After making some educated guesses, we can figure out what size community to use to initiate PSO. In
spite of the fact that the optimum population is context-dependent, the PSO developers have stated that
starting with a population of 20-100 particles typically yields the same outcomes [16], [26]. The Quick
Optimization of Particle Swarms (APSO) While standard PSO takes into account both global and local
best particle sites when determining particle motion for the next cycle, accelerated PSO only takes into
account global best particle locations [17]. In PSO, utilizing local best serves to increase the size of the
search area; in APSO, sampling is used to achieve the same effect. Unless the problem is very complex,
this quantity causes the strategy to "accelerate" towards optimality [26]. The simplified new algorithm
is as follows:

vi(k+ 1) = w;v;(k) + ¢c;.rand + c;.rand. (Gpese — x; (k)) 3)
4. Implementation Strategy

4.1 Design Objectives

The STATCOM employed in this study has two major purposes:
e To give reactive power to the system when it is operating in capacitive mode and
e To remove reactive power while it is running in inductive mode.

4.2 System Design

STATCOM used in this study consists of nine-level with four similar CHB connected in series, each
with its own power supply. (DC Capacitor). Each H-bridge can produce a positive, neutral, or negative
voltage at its output. When these energies are added together, a sine pulse is produced. The phase
magnitude of an AC output is represented as follows [18-22]:

Vea = Vear + Veaz + Vegzs + oo+ Vean “4)

M denotes the number of inverters per phase. The flexible design of a cascading multilevel inverter
(CMI) makes adding more similar H-bridge inverters to the circuit a straightforward way to boost output.
Energy from the connection inductance is corrected and supplied through the H-bridge to the DC
capacitors attached to the other side of the bridge. Capacitance can be calculated as follows:

C=_—L (5)

frp*AVDC

frp : frequency of ripples

i :maximumrms current
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io =2 (6)

Vpec

Q : the maximum reactive power can be generate or absorb by STATCOM . As a reactive power
coupling between the PCC and the STATCOM, the inductor's capacitance is affected by the current
harmonics and the CMI. To calculate inductance, use the following formula:

Lfmax = _cC 7N

2470 i
F: System fundamental frequency
Vpec - Voltage at PCC

The above solution gives the highest allowable inductance capacity. Due to its massive scale, this
inductor effectively dampens current waves and overtones at the PCC Transformer. Due to the need to
limit the residual of voltage power networks, the STATCOM cannot be hardwired to the grid. In order
to bring the power down to a level that the equipment can manage, a converter is required. However,
there may be power deficits associated with using a converter, such as increased compensatory currents
on the STATCOM side. Procedure for controlling depending on the PI controller.

The proposed control approach involves the use of PI controllers, one to determine the phase angle from
the DC voltage and another to determine the modulation index from the difference between the targeted
and measured reactive power. The modulator receives inputs such as the toggling components' on/off
states, the current, and the voltages across the capacitors. As shown in Figure3, the control architecture's
primary block layout is laid out in logical fashion.

Out1

(1)
Modlution index

Reactive Power Ref.

[&D;

Reactive Power

3

&

X angle
DC_voltage _Ref Pl-using APSO

S

DC_link

Y

=]
O
@§
=

o
ls}
5
=
&

flu)
Fen

o

o
£

6o

=}
e}
5
ES
o

Figure 3: Schematic of proposed control strategy using PI controller

The reactive power that the STATCOM supplies to the line is given by the equation below:
E.2—E.E5c0s8
Qs = = ®)
Where:

x : the coupling reactance
E;: RMS value of PCC Voltage
E.: STATCOM output voltage

The STATCOM's can adjust the reaction strength by adjusting the frequency it operates at. The
following is a broad description of the connection between the DC link voltage and the STATCOM
output voltage.

Vout

Zout _ 9

By T (€))
Therefore, the reactive power equation changes to
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Es2—mEpcELCcoSS

X

(10)

The solution above illustrates how the STATCOM operates. In the suggested setup, the modulation
index regulates the reaction strength of the STATCOM. The primary regulator of the STATCOM. The

phase locked loop (PLL) component provides not only the phase but also the phase angle (wt) of a
voltage signal for verification purposes.

5. Simulation And Results

The whole form of the modeling software’s depiction of the system is shown in Figure 4.
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Figure 4: Simulink block diagram of complete system

To cope with a nonlinear load, the H-bridge circuit in Figure5 uses a perfect IGBT and a reactive power
reference. The scenario is executed without STATCOM, with a power factor of 0.7 for all loads, and
with inductive/capacitive load powers varying from 0 to 14 seconds and capacitive load powers ranging
from 14 to 28 seconds. Table 1 contains the model's characteristics.

Table 1: System parameters

Type Parameter Value
Source PCC Voltage (L- L) 311.12V

System Frequency (Hz) 50 Hz
Load Voltage (V) 220Vrms

Real Power (Watts) 450 W

Reactive Power Inductive 450 VAR
Reactive Power Capacitive 450 VAR

Dc Link volt DC Link reference Voltage (Volts) 27V

Coupling Transformer Nominal Power (VA) 5000 VA
220/110 V
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Figure 5: Reactive power reference signal for STATCOM
The PI-based APSO management method is advocated by the computer program. Figure6 displays the

layered inverter's output voltage's thirteen discrete steps. The reactionary power of the STACOM is
depicted in Figure7, and the APSO technology is what gives the PI control its durability and versatility.
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Figure 7: STATCOM- reactive power with APSO

The effectiveness of the APSO method can be further examined by plotting the cost functions for both
controllers in addition to the PI controller gains k p and k 1. Figure8 displays the gains achieved by the
reactive power converter over the course of 50 trials. The advantage in k I increases to 6.1, then drops
to the optimal number of 0.1. The k p trajectory, on the other hand, shows a negligible decrease from its
initial 0.6 to its ultimate 0.01035.
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Trajectory of Pl gains for Reactive Power Controller
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Figure 8: PI parameters for reactive power controller iterations using APSO
The Figure9 depicts the reduction in IAE (cost function) caused by a reactive power converter. After
running through APSO's rounds, the cost naturally drops from a high of 1.1 to a low of 0.17, which is
an acceptable margin of error.

Performance index trajectory
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Figure 9: IAE for reactive power controller iterations using APSO

Another controller that provides comparable trajectory options is the APSO-optimized DC-Link PI
controller. The Figure10 can be seen, the K P gain number begins at 11.8 and increases gradually to
3.1. The rise has been larger in recent versions than in previous ones. In a similar vein, the K I gain,
which was originally fixed at 013.9, steadily declines to 0.355 after 50 cycles. Figurell shows the
iterative readings of the IAE. The APSO method fails after 50 rounds, with an initial error of 0.67 and
a final error of 0.091.

Trajectory of Pl gains for DC-Link Voltage Controller
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Figure 10: PI parameters for DC-Link Voltage controller with iterations using APSO

37



Ankara Science University, Researcher

Soodi et al., 2024

07 Performance Index Trajectory
. T T
06
05F
04}
w
<
0.3
0.2
01
0 1 1
0 5 10 15 20 25 30 35 40 45 50
Iterations

Figure 11:Trajectory of IAE for DC-Link Voltage controller with iterations using APSO

Optimizing the controller parameters of a Multilevel Converter-Based Static Synchronous Compensator
for reactive power compensation can offer several advantages in power systems. STATCOMs are a type
of Flexible AC Transmission System (FACTS) device used to control and stabilize the voltage and
reactive power in electrical grids. Optimization of controller parameters allows for precise control of
the STATCOM's output voltage. This helps in maintaining grid voltage within specified limits, reducing
voltage fluctuations, and ensuring a stable and reliable power supply. By optimizing controller
parameters, the STATCOM can provide efficient reactive power compensation. This helps in
minimizing voltage drops, improving power factor, and reducing line losses. Properly tuned controller
parameters enable the STATCOM to respond quickly to changes in the grid's reactive power
requirements. This rapid response time ensures that voltage and power factor are kept within desired
limits, even during transient events. Multilevel converters used in STATCOMs can generate harmonics
if not controlled properly. Parameter optimization can mitigate harmonics, ensuring a cleaner and more
stable power supply with minimal distortion. A well-tuned STATCOM contributes to grid stability by
damping out oscillations, reducing voltage flicker, and preventing voltage sags and swells. This, in turn,
enhances the overall reliability of the power system. Optimizing the controller parameters can lead to
more efficient operation of the STATCOM. This means that the device consumes less reactive power
from the grid, reducing energy losses and improving the overall energy efficiency of the system.
Improved voltage regulation and reduced losses result in cost savings for utilities and end-users. With
optimized STATCOM control, there is less need for additional equipment to maintain grid quality.
STATCOMs are increasingly used in conjunction with renewable energy sources like wind and solar
power. Proper parameter optimization ensures seamless integration and improved grid stability in
renewable energy systems. Optimization allows for the development of control strategies tailored to
specific grid conditions and requirements. This adaptability is crucial in addressing varying grid
challenges. Many countries have stringent grid codes that require power quality standards to be met.
Optimized STATCOM controllers can help meet these regulatory requirements, avoiding penalties and
ensuring compliance.

6. Conclusion

The Adaptive Particle Swarm Optimization (APSO) algorithm is a powerful optimization approach
rooted in the principles of swarm intelligence, drawing inspiration from the collective behaviors of
natural swarms like fish or birds [14]. Voltage optimization plays a pivotal role in maintaining the
operational efficiency and reliability of electrical distribution systems by ensuring voltage levels remain
within acceptable parameters. Leveraging the STATCOM (Static Synchronous Compensator) in
conjunction with APSO offers a viable strategy for achieving this optimization goal. A STATCOM, as
a component of Flexible AC Transmission Systems (FACTS), possesses the capability to control
reactive power flow within the electrical grid. This device, consisting of a voltage source converter
(VSC) driven by power electronics, can dynamically generate or absorb reactive power as required,
providing essential voltage support to the system. APSO, an evolution of the Particle Swarm
Optimization (PSO) algorithm, harnesses the innate behaviors of swarming creatures to fine-tune the
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settings of STATCOM and effectively regulate the system's voltage in the context of voltage
optimization. PSO, a metaheuristic optimization technique, orchestrates a population of potential
solutions, referred to as particles, in a dynamic and purposeful manner, much like the cooperative or
competitive interactions observed in natural swarms. Each particle, representing a point in a
multidimensional space, is guided towards the optimal solution through iterative adjustments, ultimately
yielding the best configuration for achieving voltage optimization. The successful optimization of
controller parameters not only enhances the STATCOM's ability to provide reactive power
compensation but also contributes to the overall stability and reliability of the power system. It allows
for better control of voltage levels and mitigation of power quality issues such as voltage sags and swells,
thereby improving the quality and efficiency of electricity distribution.

Additionally, the optimization of controller parameters for Multilevel Converter-based STATCOMs
represents a critical step towards achieving optimal reactive power compensation and improving the
overall performance of power systems. This ongoing research and development effort continue to play
a vital role in ensuring a stable, reliable, and high-quality supply of electricity to meet the demands of
modern society.
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The present study examines the impact of entrepreneurial culture on the performance of small and medium-sized
enterprises (SMEs) in Tehran Province, Iran, focusing on the mediating effect of marketing capacities and social
media usage. A questionnaire of 25 questions, separated into four sections—"Entrepreneurial culture," "SMEs'
performance," "Marketing skills," and "Social media usage"—was used to collect data. The replies of 80 SME
owners or managers were collected by non-probability sampling, and the validity and dependability of the data
were confirmed. For data analysis, the study applied structural equation modeling (SEM) with the partial least
squares (PLS) technique and SmartPLS 4 software. The findings indicated that entreprencurial culture has a
favorable and substantial effect on the performance, marketing capacities, and social media usage of SMEs. In
addition, marketing capabilities and social media usage have a positive and substantial effect on the performance
of SMEs. Additionally, social media utilization has a good impact on marketing capabilities. The study
demonstrated the indirect impact of entrepreneurial culture on the performance of SMEs through the mediating
roles of marketing capabilities and social media usage. The article concludes with evidence-based, actionable
recommendations based on the research findings.

Keywords: Entrepreneurial Culture, SMEs’ performance, Marketing Capabilities, Social Media Usage

1. Introduction

SMEs are essential for fostering economic growth in both developed and developing countries,
including Iran. Their effects are seen in the growth of the GDP, the creation of jobs, rising incomes, and
the establishment of new businesses [1]. As a result, research on SME-related challenges has gained
popularity in a number of sectors [2]. It is now even more important to understand entrepreneurship and
the use of digital technologies, particularly social media, in order to improve the performance and
productivity of SMEs after the COVID-19 pandemic had such a devastating impact on them [3]. In the
post-pandemic era, Ratten [4] underlines the value of entrepreneurial expertise. SMEs in difficult
circumstances may need to take entrepreneurial actions, such as refocusing innovation resources on
obtaining practical insights, selecting the best options for the production or service delivery process,
realigning business models with the changing needs and expectations of their customers, and
implementing technologies to enhance their operations [S]. Like in any other nation, SMEs are the
foundation of the Iranian economy. The success of SMEs is vital to the economic development of nations
since they are acknowledged as the engine of economic growth in both developed and developing
nations [6]. Even though they have many advantages, SMEs confront a number of common problems,
including lower productivity, less legitimacy, and higher capital expenses. Regardless of the business
climate they operate in, these challenges pose a danger to the viability and success of SMEs, leading to
an alarming failure rate during the first few years of operation [7]. Long-term performance for even
those that do survive is frequently only mediocre, which is worrying for both the economy and
enterprises. Social and demographic changes are continually changing the entrepreneurial environment,
and SMEs struggle to operate in a commercial world that is more controlled by technology. Iran's
developing economy presents particular difficulties that call for reconsideration and a better
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understanding of Iranian business culture and performance. A definition of entrepreneurial culture (EC)
is a setting that fosters creativity and invention and is marked by a set of values, precepts, and anticipated
behaviors. As a result, this culture encourages employees at entrepreneurial firms to be proactive and
free-thinking when developing and implementing novel ideas. It also encourages a willingness to
embrace uncertainty, take chances, and start new projects. As a result, these companies exhibit highly
creative workplace behavior. In the quickly changing environment of the fourth industrial revolution,
where innovation dynamics are bursting because of the open innovation paradox, understanding the
function of EC in fostering inventive work behavior is extremely critical [8]. This study also answers
Obschonka's [9] demand for additional research on EC in order to capitalize on unparalleled prospects
for entrepreneurial activities while addressing twenty-first-century concerns [10]. In recent years, the
marketing paradigm has shifted significantly as a result of the development of technology and the
increased use of social media in marketing [11]. Consequently, it is considered that marketing
capabilities (MCs) and social media usage (SMU) may impact the connection between EC and the
performance of SMEs [12]. However, research on the relevance of these characteristics in the context
of SMEs, particularly in developing nations, has been sparse [13]. MCs and SMU should be examined
for two reasons. Initially, MCs can strengthen a company's competitive position and customer
relationships, resulting in enhanced performance [2]. MC refers to a company's capacity to comprehend
and predict the demands of its customers better than its competitors and to engage them successfully.
Therefore, it is proposed that SMEs need marketing skills to develop a strong relationship between their
EC and performance. In addition, MCs may serve as both a mediator and an influencer on EC
performance. This dual role of MCs has not been investigated in the context of emerging markets [14],
broadening our understanding of the responsibilities of MCs within the EC-SMEs’ performance
relationship. Second, SMU platforms such as Facebook, Instagram, WhatsApp, LINE, and WeChat offer
multiple chances for SMEs to increase their competitiveness in the social media environment [15].
SMEs can use social media to identify new possibilities, strengthen customer relationships, increase
collaboration within the business and with other entities, and advertise their products and services. In
addition, social media plays a significant role in establishing consumer interactions, making it an
essential part of marketing [16]. The association between EC and SME performance may therefore be
moderated by the SMU. The prospective marketing activities via social media show that it can establish
the link between EC and MC, and ultimately, EC and the performance of SMEs. Previous studies have
neglected the possibility of a serial or double mediator between EC and SMEs' performance [17]. In
order to examine the relationship between EC and SMEs' performance, the study has five objectives:

e Analyzing the connection between EC and SMEs’ performance.

e Examining the role of MC as a mediator between EC and SME performance.

e Examining SMU as a mediator between EC, SMEs’ performance, and MC.

e Examining SMU as a mediator between EC and the SMEs’ performance.

e Examining the serial mediation of EC and SME performance via SMU and MC.

These objectives suggest that the study intends to investigate the relationship between EC and SME
success, as well as the role that social media and MC may play in this relationship. In order to examine
the relationship between EC and SME success, the study has five objectives:

e Analyzing the connection between EC and the SMEs’ performance.

e Examining the role of MC as a mediator between EC and SME performance.

e Examining the SMU as a mediator between EC, SME performance, and MC.

e Examining the SMU as a mediator between EC and the SMEs’ performance.

e Examining the serial mediation of EC and SME performance via SMU and MC.

These objectives suggest that the study intends to investigate the relationship between EC and SME
success, as well as the role that SMU and MC may play in this relationship. It also says that the study
would investigate how SMU may moderate the connection between EC and SME performance. It also
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says that the study would investigate how SMU may moderate the connection between EC and SME
performance.

2. Literature Review

2.1 Entrepreneurial Culture (EC)

EC is the combination of personal values, management expertise, experiences, and behaviors that
determine an entrepreneur's spirit of initiative, risk-taking, innovative capability, and ability to manage
a company's economic ties [18]. This concept is multifaceted and comprises numerous facets. Despite
the fact that multiple features of EC have been found in the relevant literature [19-21], there is a lack of
uniformity in how this term is defined and quantified across different disciplines. Leadership is likely
the most frequently mentioned aspect of EC, since it entails managers encouraging their people to fulfill
their full potential and fostering an entrepreneurial mindset among them. The second factor relates to
the characteristics of EC, such as risk-taking and a tolerance for failure, as well as the adoption of
innovative techniques by both the firm and its board of directors, as well as human resource (HR)
policies and initiatives [10]. Bau and Wagner [22] highlighted four aspects of EC that encompass the
aforementioned themes. These are "leadership quality and effectiveness" (LQE), "collaboration,
information, and innovation" (CII), "product and market expertise," and "tasks and responsibilities." In
addition, this concept incorporates some aspects that were not previously included in research, such as
product and market expertise, teamwork, and information exchange [10].

In an entrepreneurial organization, the "LQE" component refers to the significance of competent
leadership. This can appear in several ways, such as developing self-governing teams through clear
instructions and objectives for all members (as advocated by Bell and Kozlowski [23]) or mentoring
and guiding people to nurture innovative thought and the ability to see new opportunities (as proposed
by Hisrich and Peters [24]).

The "CII" dimension refers to HR systems that empower employees to act independently and
demonstrate entrepreneurial behavior through fostering collaboration, creativity, and information
exchange [22]. This includes fostering a supportive workplace culture in which employees are
encouraged to collaborate, adopting effective information technologies to allow communication and
knowledge exchange, and providing an atmosphere that fosters innovation.

The "product and market expertise" dimension is a cultural quality that emphasizes the significance of
having a thorough understanding of a company's goods, customer needs, and industry trends [22]. This
includes a thorough understanding of the company's services, an awareness of the changing needs and
desires of clients, and an awareness of the most recent industry advances and innovations.

The "tasks and responsibility" factor relates to the clarity with which employees comprehend their job
responsibilities. This includes having a full understanding of their jobs and responsibilities, as well as
their role within the business. Such clarity enables employees to align their own ambitions with the
organization's objectives, thus assisting the organization in achieving its goals [22].

Based on this perspective, the following hypothesis is proposed:

e HI1: EC is positively associated with SMEs’ performance.

2.2 Social Media Usage (SMU)

Social media is a readily accessible external resource that any SME can utilize. The amount of benefit
derived from social media mostly depends on the talents, methods, habits, and decision-making abilities
of SME owners [5]. The rise of social media as a meaningful and innovative tool for corporate growth
and sustainability has been the subject of extensive academic and managerial discussion [25].
Consequently, entreprenceurship researchers have acknowledged the growing significance of social
media, especially for SMEs [26]. Utilizing their real-time market knowledge, resource-matching
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abilities, networking, social media customer relationship management (CRM), co-creation of products
and services, and overall MCs, social media can provide valuable market intelligence to bridge the
resource gap and reduce uncertainty for SMEs [2]. As noted by Sigala [27], the usefulness of social
media in increasing SME performance is contingent on the company's total utilization of multiple
technologies and the synergy produced between these technologies and the company's internal
resources. In addition to utilizing corporate IT resources, social media provides opportunities for
networking, knowledge and information sharing between businesses and customers, and other
advantages, as mentioned by Trainor et al. [28]. According to this perspective, SMU can strengthen the
impact of EC on SMEs.

Effective two-way communication with consumers and the development of long-term relationships are
essential to a company's success because they result in enhanced customer happiness, business goodwill,
and profitability. By leveraging SMU, SMEs may effectively communicate with customers and collect
information about their requirements and problems, enabling them to better comprehend real-time
expectations and fluctuating product and service demand. Furthermore, SMU enables SMEs to access
wider client groups and demographics, which can increase overall performance. The favorable
mediation effects of social media marketing on organizational and brand performance discovered by
Wang and Kim [29] and Odoom and Mensah [30], respectively, suggest that SMU likely impacts the
relationship between EC and SME success. According to Mason et al. [31], social media marketing has
been actively exploited throughout the COVID-19 epidemic.

Therefore, our hypotheses in this stance are as follows:
e H2: EC is positively associated with SMU.
e H3: SMU is positively associated with SMEs’ performance.
e H4: EC has an indirect positive effect on SMEs’ performance through SMU.

2.3 Marketing Capabilities (MCs)

MC:s are the abilities and skills that enable firms to identify and comprehend the needs of their customers
and the market through interactions. By exploiting these competencies, businesses can proactively adapt
their approach to market conditions and achieve specific performance goals [32]. As a result, MCs have
been identified as a crucial company performance determinant [33].

MC:s are regarded as an internal asset because it is the obligation of the decision-maker to decide when
to engage, publicize, and react. SMEs require an entrepreneurial mindset to produce exceptional results
through their MCs. These skills permit the integration of improved services that suit consumer needs,
ultimately resulting in stronger customer connections [34]. Utilizing MCs enables SMEs to maximize
their potential profit and gain a competitive advantage over other organizations. Consequently,
incorporating the market capability element into the interaction between EC and SME is essential for
strengthening the model and gaining a thorough grasp of its dynamics. In addition, a number of research
papers, including those by [35], [33], and [36], have examined the relationship between MCs and
corporate performance. These studies have collectively established a strong and positive association
between MCs and organizational performance. Therefore, it is logical to conclude that SMEs could
improve their performance by enhancing their MCs. Khan et al. [37] found a positive correlation
between entrepreneurial competencies and the performance of enterprises during the COVID-19
pandemic.

In addition, a number of research papers, including those by [35], [33], and [36], have examined the
relationship between MCs and corporate performance. These studies have collectively established a
strong and positive association between MCs and organizational performance. Therefore, it is logical to
conclude that SMEs could improve their performance by enhancing their MCs. Khan et al. [37] found a
positive correlation between entrepreneurial competencies and the performance of enterprises during
the COVID-19 pandemic. Consequently, the hypotheses for this position are as follows:

o HS5: EC is positively associated with MC.
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e H6: MC is positively associated with SMEs’ performance.
e H7: SMU is positively associated with MC.
e HS8: EC has an indirect positive effect on SMEs’ performance through MC.

After building a theoretical basis and assumptions, we suggest the research framework represented in
Figure 1.

0 Social Media 3
Usage
H7
H4
Entrepreneurial N SMEs’
Culture HI d performance
\ /
Marketing
H5 Capabilities Ho

Figure 1: Research Conceptual Model

3. Research Method

This study design adopts a quantitative methodology with closed-ended survey questions. The
organizational level will serve as the unit of analysis for this investigation of SME proprietors and
managers in Tehran Province, Iran. Due to a dearth of data, this study employed the technique of
purposive sampling based on government-defined criteria for SMEs. The research team circulated 90
questionnaires via research assistants and enumerators and gathered 80 completed surveys, which met
Hair et al.'s [38] sample requirements. PLS-SEM (partial least squares structural equation modeling)
was used in this study to test the conceptual framework and hypotheses. Given the mediation hypothesis,
Hair et al. [39] indicated that PLS-SEM was an appropriate approach. For the PLS-SEM analysis,
SmartPLS 4 software was utilized.

This study utilized a five-point scale that varied from "strongly disagree" (1) to "strongly agree" (5) for
measuring responses. The choice of a five-point scale was made to encourage respondent engagement
and reduce the amount of time needed to complete the questionnaire, as compared to an open-ended
approach [40]. To verify the validity and reliability of the metrics, each item was adapted from earlier
SME research and field-tested in emerging economies.

We used the measurement items for "EC" from Nguyen et al. [10] due to their effective implementation
and validation in previous studies on SMEs in developing countries. The "EC" variable consisted of a
total of 9 items, including 2 items pertaining to leadership and quality of exchange, 3 items pertaining
to creativity, innovation, and risk-taking, 2 items pertaining to product and market knowledge, and 2
items pertaining to task management and responsibility. This variable contains the example "My
employer encourages and supports my career development."

To measure "MC", we utilized the measuring items created and validated by Susanto et al. [5], consisting
of a total of 4 items. In accordance with their research, we also evaluated a multidimensional construct
of "SMU" comprising three dimensions: information search, marketing and branding, and customer
relations. Each dimension was measured with two items, for a total of six items derived from Susanto
etal. [5].

To assess "SME performance" (PER), we utilized the measurement items created by Susanto et al. [5],
which consist of a total of six measures that are centered on efficiency, growth, and profitability.
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As aresult, a questionnaire with 25 questions was distributed. Prior to dissemination, we did a pilot test
of the survey with a small sample of SME owner-managers to check that there were no phrasing,
grammar, or readability errors. The pilot study included 30 managers or owners of SMEs, which is
regarded as an appropriate quantity according to Hertzog [41] as the minimal criterion for a pilot study.
No problems were discovered during the pilot research.

4. Results

4.1 Demographic Statistics

84 out of 90 surveys were returned, for a response rate of 93.3 percent. Eighty percent of the submitted
surveys were useful, while the rest could not be utilized due to unanswered questions. Following the
recommendations of Hair et al. [38], we are sure that our sample size and response rate are enough for
conducting the analysis.

On the basis of a questionnaire given to SME owners and managers, the demographic characteristics of
the respondents were identified. These statistics indicate that 56 percent of respondents are male and 44
percent are female. In addition, the ages of the respondents are as follows: 11% are between the ages of
25 and 34, 59% are between the ages of 35 and 44, 21% are between the ages of 45 and 54, and 9% are
over the age of 54. Regarding marital status, 63% of respondents are married, while 27% are single. 35
percent of respondents own a bachelor's degree, 55 percent possess a master's degree, and 10 percent
possess a doctorate.

In conclusion, the questionnaire issued to SME owners and managers found that the majority of
respondents were male, between the ages of 35 and 44, married, and master's degree-educated. However,
there was also significant participation from other age groups and educational backgrounds, showing
the existence of a broad community of SME owners and managers.

4.2 Measurement Model Evaluation

In accordance with Hair et al. [39], we utilized SEM-PLS to develop a reflecting measurement model
(algorithm) and a structural model (bootstrapping). The initial phase entails assessing the quality of
measurement, which requires a review of validity and reliability measures to ensure that criteria are met.
According to the measurement test and quality standards established by Hair et al. [39], it has been
confirmed that each item has a loading factor greater than 0.70. We used the PLS-SEM algorithm to
assess the measurement model's internal consistency (Cronbach's alpha, composite reliability),
convergent validity (loading factors, average variance extracted), and discriminant validity (e.g.,
Fornell-Lacker Criterion and Heterotrait-Monotrait ratio/HTMT) in accordance with Hair et al.'s [39]
recommendations.

Table 1 provides proof that the measuring model meets the necessary standards. Cronbach's alpha and
composite reliability for each construct, which both surpass 0.70, indicate that the internal consistency
is dependable. In addition, the average variance extracted (AVE) exceeds 0.50, indicating adequate
convergent validity.

Table 1: the status of convergent validity and internal consistency reliability

Construct AVE CR Cronbach's
alpha
EC 0.574 0.892 0.866
MC 0.711 0.873 0.863
PER 0.573 0.872 0.840
SMU 0.717 0.926 0.921

Table 2 demonstrates that the square roots of the AVE values are bigger than the correlation between
constructs in terms of discriminant validity. Further, Table 3 demonstrates that the HTMT ratio falls
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below the crucial value of 0.90, suggesting that discriminant validity is obtained. These outcomes
permitted us to proceed with the evaluation of the structural model.

Table 2: the status of discriminant validity (Fornell-Lacker criterion)

EC MC PER SMU
EC 0.888
MC 0.856 0.843
PER 0.850 0.818 0.857
SMU 0.743 0.800 0.841 0.847

Note: The correlation of the latent construct is lower than the square roots of the AVE values (italicized).

Table 3: the status of discriminant validity (Heterotrait-Monotrait ratio (HTMT))

EC MC PER SMU
EC -
MC 0.824 -
PER 0.873 0.861 -
SMU 0.765 0.855 0.884 -

4.3 Structural Model Evaluation

According to Hair et al. [39], the evaluation of the structural model consists of a set of consecutive
processes. Among these are measuring collinearity, identifying the significance of route coefficients,
calculating the R-squared value (R2), and checking predictive significance (Q2). Prior to doing the
study, it is essential to test for collinearity using variance inflation factor (VIF) values. The findings of
the internal VIF suggest that each construct (EC, MC, and SMU) has a value less than 3 (EC = 2.23,
MC = 1.000, and SMU = 2.33), showing that collinearity is not a concern [39].

The coefficient of determination (R?) reflects the predictive accuracy of MCs (0.845) and SME
performance (0.897), which both exhibit high levels of accuracy, while SMU (0.552) demonstrates
moderate levels of accuracy. According to [39] and [42], R? values of 0.19, 0.33, and 0.67 imply weak,
moderate, and strong levels of in-sample predictive power [43]. Our blindfold tests utilizing the cross-
validated redundancy method [39] indicated Q? values for exogenous constructs (EC) to be greater than
zero, suggesting their predictive validity for endogenous constructs (SME performance and MC).

These outcomes suggest that the structural model evaluation requirements have been satisfied. We
utilized PLS-SEM bootstrapping with a subsample of 5,000 and used bias-corrected accelerated (BCa)
bootstrapping and two-tailed to determine path coefficient significance. We established a significance
criterion of 5 percent with a p-value less than or equal to 0.05. The path coefficients can be classified as
direct or indirect (mediation) coefficients, which are reported in Table 4.

Figure 2 displays the coefficients and t-values of the model's relationships.
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Figure 2: Result of the structural model including path coefficients (t-values)

Table 4: Results for direct effects, mediating effect

Hypotheses Relationships i} STDEV t-value p-values Decisions
H1 EC 2 PER 0.230  0.067 3.419 0.001 Supported
H2 EC > SMU 0.743  0.046 16.219  0.000  Supported
H3 SMU - PER 0.381  0.080 4.786 0.000  Supported
H4 EC > SMU > PER 0283  0.059 4.779 0.000  Supported
H5 EC > MC 0.485  0.055 8.870 0.000  Supported
Hé6 MC - PER 0.393  0.088 4.494 0.000  Supported
H7 SMU > MC 0.500  0.057 8.802 0.000  Supported
H8 EC>MC->PER 0.191 0.056 3.418 0.001 Supported

5. Discussion

The study suggests that the presence of an EC can have a significant and positive effect on the
performance of SMEs. The statistical analysis demonstrates that the hypothesis H1 is supported, as
evidenced by the statistically significant effect size (f = 0.230, p-value = 0.001). This means that SMEs
with a greater degree of EC will likely do better. The study underlines the positive impact of EC on the
success of SMEs, which may be promoted through a set of values, beliefs, attitudes, and behaviors that
encourage innovation, risk-taking, and proactive decision-making. As SMEs are viewed as economic
development, job creation, and innovation engines, this conclusion is especially crucial for
policymakers, entrepreneurs, and researchers. Thus, organizations should seek to foster an environment
that supports innovation and risk-taking, as well as provide the resources necessary to pursue new ideas.
In addition to providing financial help, policymakers can assist SMEs by fostering an entrepreneurial
mindset. Overall, EC contributes to improved organizational performance, which fosters economic
expansion and innovation. This finding is similar to prior research, such as those of [44], [45], and [10],
which discovered that businesses with high entrepreneurial behavior are likely to enjoy more success.
In addition, this study contradicts previous studies, which revealed only a moderate association between
EC and firm performance ([46, 47]).

The study demonstrates that hypothesis H2 is supported, as EC has a significant and positive effect on
SMU (B = 0.743, p-value = 0.000). This result suggests that an increase in EC will likely result in a
wider SMU for business purposes. Additionally, Amoah et al. [48] have investigated the SMU for
business reasons. With an estimated effect size of f = 0.743 and a statistically significant p-value of
0.000, the finding implies that there is a strong association between EC and SMU. This suggests that
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individuals or firms with a better entrepreneurial spirit are more likely to use SMU platforms for
marketing, networking, and consumer communication. The study also underlines the significance of
developing an EC in the digital age in order to capitalize on the potential benefits of SMU. This research
provides organizations and governments with useful insights to consider when building policies to
promote innovation, growth, and engagement via social media channels.

It has been determined that hypothesis H3 is supported since SME performance is positively affected
by SMU (B =0.0381, p-value = 0.000). This result is consistent with earlier studies that have proved the
significance of social media in increasing the marketing efforts and consumer involvement of
businesses. By exploiting social media channels to communicate with customers and advertise their
products or services, SME performance and market competitiveness can potentially be enhanced. These
findings emphasize the need for SMEs to incorporate social media strategies into their business planning
in order to fully enjoy the benefits of these communication channels. It is essential to remember,
however, that effective SMU necessitates careful planning and execution, as well as continuous
evaluation of its impact on business outcomes. Several past studies have corroborated the positive effects
of SMU on the performance of businesses, as have our findings. In particular, [5], [49, 50], and [51, 52]
have shown comparable outcomes. In addition, Amoah et al. [48] have backed this view by
acknowledging that corporations have been utilizing social media to conduct specific operations.

Table 4 confirms that EC has a favorable indirect influence on SME performance via SMU (f = 0.283,
p-value = 0.000). The result that EC has a positive indirect effect on the performance of SMEs through
the SMU underscores the significance of fostering a strong, innovative, and risk-taking culture in SMEs.
Such an EC encourages people to take risks, be innovative, and investigate new business ideas. This
may result in greater SMU channels for brand promotion and customer outreach. SMU can improve the
exposure and reach of SMEs, which has a positive effect on their financial success. Therefore,
entrepreneurs should seek to cultivate a culture that fosters innovation and risk-taking while embracing
social media platforms to improve the performance of their SME.

The supported hypothesis HS suggests an association between EC and MC (B = 0.485, p-value = 0.000).
This conclusion emphasizes the significance of developing a culture of innovation and risk-taking in
SMEs. When SMEs encourage employees to think creatively, take risks, and investigate new business
models, they are more likely to develop robust MCs. This allows them to effectively identify their target
market, craft a persuasive message, and design customer-resonating promotional techniques.
Entrepreneurs should attempt to construct a culture that supports creativity, innovation, and risk-taking
while investing in developing excellent MCs. This can ultimately result in an increase in consumer
engagement, brand recognition, and financial performance for the SME.

By accepting hypothesis H6, it was determined that MCs are positively related to SME performance (3
= 0.393, p-value = 0.000). This discovery is a significant advance in our understanding of what makes
SMEs successful. This shows that SMEs that invest in enhancing their MCs will likely perform better
than those that do not. This is consistent with prior studies that have shown how good marketing tactics
may assist organizations in achieving their objectives and gaining a competitive advantage in their
respective marketplaces. This conclusion emphasizes the need for SMEs to prioritize and invest in the
development of their MCs in order to improve their overall success. Multiple studies have investigated
how the MCs of a company or manager can facilitate the appraisal of market needs and the achievement
of both financial and non-financial goals ([53, 54]; [33]). Khan et al. [37], who examined the effects of
COVID-19, and our own findings are consistent. In addition, the positive influence of MCs on SME
performance gives additional support for prior studies, such as [5], [33], [35, 36], and [53] among others.

According to Table 4, hypothesis H7 is supported since SMU is positively linked with MC (f = 0.50, p
= 0.000). The result that SMU is positively linked with MC is not surprising. With the rising significance
of social media platforms in the digital age of today, it has become essential for businesses to develop a
strong online presence and utilize social media platforms for marketing reasons. When businesses
actively connect with customers on social media, not only can they enhance brand exposure, but they
may also get vital insights about customer preferences and behavior. This allows businesses to better
customize their marketing tactics and offers to their target audience's requirements and expectations.
Therefore, it is essential for businesses to cultivate their social media community managers in order to
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remain competitive in the market and promote development. This conclusion is consistent with those of
[31] and [5], who found that marketing via social media platforms attracted more attention.

Finally, hypothesis H8 results show that EC has an indirect positive effect on SMEs’ performance
through MC (B = 0.191, p-value = 0.001). This discovery provides a fresh perspective on how MCs
mediation impacts the relationship between EC and SME performance, thereby enriching the research
findings of previous studies such as [55-57], [14], and [5]. This finding highlights the importance of
nurturing a culture of entrepreneurship in SMEs. The study suggests that firms with a strong EC are
better equipped to develop effective MCs, which in turn leads to improved business performance. This
indicates that investing in developing an entrepreneurial mindset among employees and fostering a
culture of innovation can yield significant benefits for SMEs. By recognizing the mediating role of MCs,
policymakers and managers can focus on building a robust marketing function within their organizations
and provide opportunities for employees to enhance their entrepreneurial skills. Overall, this finding
underscores the need for SMEs to prioritize the development of an EC as a critical foundation for
achieving sustained growth and success.

6. Conclusion

SEM-PLS was utilized to analyze the association between EC and the performance of Iranian SME:s.
The study also considered the mediating effects of MC and SMU. The primary result of this study is
that the European Union has a positive effect on the performance of Iran's SMEs. In addition, the SMU
and MC impact the interaction between the two as intermediary factors.

SMEs that develop an atmosphere that supports innovation, risk-taking, and creativity are more likely
to achieve greater levels of company success, according to the research. In addition, this study
emphasizes the significance of social media and management communication in mediating the link
between an EC and SME performance. By effectively utilizing social media platforms and implementing
effective marketing strategies, SMEs can increase their reach and visibility, attract new customers, and
ultimately improve their bottom line. These findings have important implications for policymakers and
business leaders in Iran. Not only can encouraging the growth and development of entrepreneurship
assist individual enterprises, but it may also contribute to the economic growth and development of the
nation as a whole. Governments can support this by providing funding and resources for entrepreneurial
training programs and incentives for starting small businesses.

For SME owners and managers, this research underscores the need to focus not only on product or
service quality but also on creating a supportive environment that fosters innovation and creativity.
Additionally, investing in MCs and building a strong online presence can be crucial for achieving long-
term success. This study contributes to the expanding body of knowledge regarding the importance of
entrepreneurship and innovation for economic progress and growth. By understanding the factors that
facilitate SME success, policymakers and business leaders can make informed decisions that promote
sustainable business growth and create a thriving economy.

Overall, this study indicates that SMEs should concentrate on enhancing their MCs and social media
abilities in order to boost sales, profitability, and sustainability. Social media may give real-time market
intelligence, enabling proactive analysis and the implementation of suitable measures to establish
customer connections and enhance corporate performance. Additionally, it might be advantageous to
encourage entrepreneurs to create company concepts and provide social marketing training to those who
lack the necessary abilities. Social media networks such as Facebook, Twitter, and Instagram may
connect clients and expedite business transactions, particularly when paired with a home delivery
service, due to the prevalence and widespread usage of smartphones and Internet-based applications.
Therefore, SMU and MC are crucial for both consumer connections and commercial transactions.

According to the results of this study, here are some practical recommendations for SMEs in Iran to
improve their performance:
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Foster an EC: It is important for SMEs to cultivate a culture that encourages innovation, risk-
taking, and creativity. This can be achieved by promoting a work environment that values ideas
and encourages employees to take initiative.

Improve social media presence: Since SMU and MCs serve as intermediate variables between
an EC and a SME's success, it is suggested that SMEs concentrate on enhancing their social
media presence and MCs. They can do this by creating engaging content, using relevant
hashtags, collaborating with influencers, and analyzing their metrics to determine what works
best.

Ensure work-life balance: It is essential for small business owners to consider their own and
their workers' health. This can be done by establishing clear boundaries between work and
personal life and providing flexible working arrangements.

Seek policy support: SMEs can benefit from policy support that provides them with access to
resources and facilitates their growth. Therefore, it is recommended that SME owners seek out
policies and initiatives that support the development of SMEs in Iran.

Future research recommendations are as follows:

Consider niche categories: Future study can investigate particular elements, such as cost issues,
that may be critical to the sustainability of each SME group. In order to make decisions that will
contribute to their company's growth and long-term viability, SME owners need conduct
research and gain a thorough awareness of their industry's distinctive qualities.

Longitudinal design testing: Since the current study is based on cross-sectional data, it is
suggested that future research employ a longitudinal design to examine the mode. This will
result in a more accurate grasp of the model's genuine dynamic effects.

Compare and contrast emerging markets: The market in Iran is the topic of this investigation.
However, future research may concentrate on other emerging areas in order to simplify the
comparison and contrast of SME behavior in these markets. This will enable SME owners to
acquire insight into the methods that worked for their competitors in other marketplaces and
adopt them within their own enterprises.
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Abstract updates

Fuel supplies for conventional vehicles are vulnerable to scarcity, which could ultimately lead to an increase in
fuel prices. There has been a realization regarding national energy security as a result of these high gasoline costs,
which further increase the overall cost of ownership. Additionally, the emissions from burning conventional fuels
make consideration of the already pressing environmental issues necessary. On the other hand, because they have
low running costs and no tailpipe emissions, electric vehicles are being considered as a viable alternative to
conventional automobiles. But when a vehicle's whole life cycle is taken into account, the common-sense belief
that electric vehicles are cheaper and emit no emissions may be misleading. Therefore, it is necessary to consider
both the economic and environmental elements of whether electric vehicles are a viable alternative to conventional
automobiles. In this article, a life cycle analysis—both economic and environmental—between battery-electric
and conventional automobiles is presented in the context of India. For financial analysis, a Total Cost of Ownership
(TCO) model is created to show how compatible battery-electric vehicles are. OpenLCA software, which is based
on the ReCePi 2016 technique, is used to conduct the environmental analysis for all impact categories at both the
mid-point and end-point levels. According to the findings, electric vehicles are more expensive than conventional
automobiles in India based on current data and regulations. However, it is shown that electric vehicles have cost
parity and can sometimes even become more inexpensive than conventional automobiles by using specific
optimizing factors in sensitivity analysis. The results of environmental studies show that battery electric vehicles
emit fewer greenhouse gases (GHGs) than do conventional automobiles. Battery electric vehicles, however, had
less of an impact in ten of the eighteen impact categories that were examined, and they even have a lower impact
score at the end-point level.

Keywords: Life Cycle Analysis, Economic Compatibility, Total cost of Ownership, Electric vehicles in
India

1. Introduction

Researchers from all around the world are being pushed to develop more sustainable transportation
solutions as the drive to convert to carbon-neutral transportation becomes more intense. Consequently,
the global vehicle fleet is witnessing an abundance of electric vehicles. The main factors driving the
adoption of electric vehicles are the avoidance of exhaust emissions from tailpipes and the achievement
of national energy security through the use of an affordable fuel substitute [1]. Among the EV research
community, there is currently no agreement on the sustainability, viability, techno-economic, and
environmental aspects of electric vehicles (EVs). It's still uncertain if electric cars would work as a
reliable substitute and, if so, in what circumstances. According to Gautam [2], fully electrified vehicles
won't be practical by 2040, but electric-hybrid cars will be a preferable choice over traditional fuel-
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powered automobiles. Conversely, for a variety of reasons, including technical, financial, and
environmental, experts Hauschild et al. [3] support electric vehicles as the superior choice.

The inconsistent adoption of battery-powered cars around the world is shown in the Global EV Outlook
report [4]. Similarly, a variety of literary works highlight the obstacles to the widespread adoption of
electric vehicles, as well as the public's perceptions and regulations aimed at promoting their use. Lieven
et al. [5], Heidrich et al. [6]. These publications also emphasize that the absence of reliable facilities,
financial concerns, and environmental issues are the main obstacles to the widespread use of electric
vehicles. These obstacles become increasingly important for nations such as India. Given that the Indian
auto industry is price-sensitive, a comprehensive cost study is crucial. Furthermore, it is evident from
the regional energy mix—which primarily consists of coal—that environmental analysis is also
necessary in order to power electric vehicles.

The sluggish adoption of electrically powered cars is also intimately related to India's national energy
security. India is the third-most populous crude oil importer because less than 20% of the country's crude
oil is derived from domestic sources [7]. The fiscal year 2022 saw a nearly twofold increase in the crude
oil import cost, amounting to $120 billion [8]. Furthermore, India is ranked second in Asia for CO2
emissions, with a significant majority of these emissions coming from the transportation sector,
primarily from road transportation [9]. To increase the market share and accelerate the deployment of
electric vehicles, these complex barriers need to be carefully considered. But even after the Indian
government implemented programs like the National Electric Mobility Mission Plan (NEMMP 2020)
and Faster Adoption and Manufacturing of (hybrid &) Electric vehicles (FAME I & II), there was a gap
among the plan and its implementation, which undermined the mission and made it necessary to think
more deeply about the problem. The worldwide market contribution of battery-powered two-wheelers
is consistent with the worldwide marketplace, but the numbers for electric four-wheelers are
significantly worse [10]. In order to determine the sustainability implications, this article compares the
economic viability of battery electric vehicles (BEVs) with internal combustion engine vehicles
(ICEVs). Additionally, an environmental evaluation is conducted to compare the two vehicle types.

2. Literature Review

The literature on the environmental and economic aspects of battery-electric cars is highlighted in this
section. According to J. Seixas et al.'s literature [11], one of the main obstacles to the widespread use of
electric vehicles is their somewhat greater cost than internal combustion engines. On the other hand,
electric cars may be more affordable than internal combustion engines (ICEVs) when taking into
account their entire life cycle. Persuading potential buyers of the long-term advantages of electric cars
can increase sales of the type and entice them to change their minds. et al. Bhosale [12]. Numerous
academic works disclose that variations in local rules, exemptions, and limits can cause the Total Cost
of Ownership (TCO) to fluctuate across various parts of the world. Even after accounting for incentives,
battery electric vehicles seem to be more expensive in China than ICEVs Zhao et al. [13]. However,
when certain intangible costs are taken into consideration, ICEVs become far more costly than BEVs,
according to a related study done in China Diao et al. [14]. Even in Singapore and Australia, battery
powered cars have higher total costs than internal combustion engines (ICEVs) for many reasons.
Electric vehicles with batteries have a higher total cost of ownership (TCO) in Singapore due to high
local and customs duties as well as excise taxes [12], while in Australia, peak and off-peak electricity
prices cause the TCO of battery electric vehicles to be significantly lower. Kara and others [15].

Norway is at the top of the European economic chart, which is explained by the combination of clean
and renewable energy. L evay et al al. [16]. Following Norway on the list are France, the UK, and the
Netherlands, whose TCOs are cheaper than ICEVs but still somewhat higher than Norway's. In contrast
to ICEV, other nations fare poorly when the entire cost of ownership is taken into account. When
compared to the TCO of BEVs in Japan, roaming incentives are an elixir for BEVs in the US and the
UK, according to comprehensive research by Palmer et al. [17]. Potk'any et al. [18] reported similar
findings in Slovakia, where providing subsidies had a significant impact on lowering the TCO of BEVs.
While some studies categorize TCO comparisons based on geographic regions, others differentiate TCO
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based on governing characteristics such gasoline prices, incentives, and annual kilometers traveled
(AKT). Many governments use incentives as their main policy instrument, but how effective is this
strategy has to be examined? According to Levey et al. [16], incentives are determined to be adequate
in some areas, such as Norway and other European and American nations. Lieven et al. [19] observed
similar things in roughly 20 other countries, demonstrating that the monetary grant is the most valued
incentive. However, incentives don't seem to work all that well in various parts of the world. In
Germany, it is determined that a 4,000 Euro incentive is insufficient. According to Bubeck et al. [20],
battery-electric cars are still 5% more expensive than gas-powered cars. In Germany, it is determined
that a 4,000 Euro incentive is insufficient. According to Bubeck et al. [20], battery-electric cars are still
5% more expensive than gas-powered cars. After receiving government grants et al. Tseng [21]. A year
AKT, or kilometers traveled, is a metric that also influences Wu et al.'s TCO on Battery Electric Vehicles
[22]. AKT has been referenced in literature which is upto 20,000 kms in order to cover the entire
expenses between the automobiles Mitropoulos et al. [23] recommend at least 23,000 kms AKT for
BEVs to surpass gasoline in efficiency and Italian cars using diesel fuel. Some literatures have placed
emphasis on the battery price, battery replacement cost, and its prognosis, in addition to incentives and
yearly kilometers traveled. When battery prices for battery electric vehicles drop to less than $300/kWh
and €240/kWh for various parts of the world, the vehicles become economically competitive. Newbery,
David, and others [24]. In addition to the cost of the batteries, high depreciation rates are also thought
to contribute to the total cost of ownership (TCO), making battery-electric vehicles more expensive than
internal combustion engines. The literature shows that while battery electric vehicles (BEVs) were
initially welcomed with gusto, buyers are becoming hesitant to purchase BEVs due to their higher total
cost of ownership. One of the most challenging problems is minimizing the total cost of ownership
(TCO), which is determined by a complex interplay of characteristics that needs to be addressed giving
priority.

When it comes to battery-electric vehicles, environmental damage is the main worry in addition to the
barrier of economic compatibility. The battery-electric cars produce no emissions is a frequent trick that
should be watched out for as the tail pipe's emissions are being transferred to Kalghatgi is another
website [4]. But we can't ignore it. The traditional automobiles' emissions have been a significant
problem since there are more cars on the road Lucas [25] but examining the emissions of both kinds of
vehicles grounds will be used to assess these cars' prospects. When driving a battery-electric car,
greenhouse emissions come from a variety of sources, including material extraction, transit, the amount
of energy used in manufacturing and its nature Ma et al. (energy-mix utilized) [26]. However, rather
than focusing on just one effect category (greenhouse gases), a whole life cycle study should be carried
out taking into account all of the impact categories in order to obtain a panoramic emission impact. It
makes sense that, if a clean energy source is utilized to charge the BEVs, emissions from battery electric
vehicles might be substantial during the manufacture phase of the two phases (use and production).
Although the battery pack is thought to contribute significantly to overall emissions, differences in
emissions from various battery technologies also need to be taken into consideration. According to
research by Premrudee et al. [27], Li-lon batteries have the least number of pollutants when compared
to Lead Acid batteries. According to Held et al. [28], the primary cause of the twice-as-high global
warming potential impact category for battery-electric vehicles compared to equivalent internal
combustion engines is battery production. Remarkably, with Belgium's existing energy mix, electric
cars are discovered to be releasing fewer emissions. While gasoline and diesel vehicles emit more than
200 g/km CO2eq, battery powered cars emit less than 52 g/km CO2eq [29]. Picirelli de Souza et al.'s
[30] observations from Brazil, where they estimated the emissions from BEVs compared with ethanol
mixed gasoline, show that while BEVs perform well overall in terms of emissions, ethanol blended fuel
has less of an influence on human toxicity and global warming. In the global warming category, BEV
emissions exceed 140 g/km CO2eq, while ICEVs using an ethanol mix fuel emit less than 100 g/km
CO2eq. The average greenhouse gas emissions from battery electric cars (BEVs) in China are 210 g/km
CO2eq, according to Zhou et al. [31]. The carbon footprints from BEVs vary across China, ranging from
160 to 245 g/km CO2eq. Comparably, Qiao et al. [32] propose that by choosing the battery recycling
option, BEV GHG emissions can be lowered below 50% of those of ICEVs, while current evidence
shows that BEV emissions are 18% lower than those of equivalent ICEVs. In tandem with the
development of BEVs, laws pertaining to their emissions must be upheld. As the technology behind
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electric cars develops, regulations (such as ICEV emission standards, such as EURO 2, 3...) will become
stricter, hence it will be crucial to monitor BEV emissions lest the whole transformation in transportation
modes be jeopardized.

3 Motivation and Objectives

In order to replace the whole fleet of vehicles with 100% electric vehicles by 2030, the government
created the National Electric Mobility Mission Plan 2020 (NEMMP). Regrettably, taking into account
the present pace of the market, the goal has been reverted to electrifying thirty percent of the whole fleet
of electric vehicles by 2030. The original impetus for the study was these "Unachieved Targets". Second,
the "Current Market Status" shows that conditions for electric four-wheelers in India are still unfriendly,
even with the introduction of incentive schemes like FAME I & II. The third factor is "Anxiety," which
arises from the fact that the Indian market is extremely receptive to cost. This leads to erroneous
concerns such as "Are electric vehicles in India cost-competitive with traditional automobiles?"
Therefore, the primary goal of this study is to expedite the launch of electric vehicles in India, allay
public anxiety (deception questions), pursue the target as soon as possible, and revitalize the electric 4-
wheeler market in India.

In the context of India, this article examines how battery electric vehicles compare economically and
environmentally against vehicles with similar internal combustion engines. to conduct life cycle
environmental and economic analyses while taking into account more accurate data and Indian
conditions as opposed to depending solely on general information. Additionally, conduct sensitivity
analysis taking into account various regulating factors and recommend appropriate inputs to policy
drafters to increase the acceptance of BEVs

4 Methodology
4.1 Economic Analysis

Life cycle economics accounts for the Total Cost of Ownership (TCO), which includes all costs from
the time a vehicle is built to the end of its useful life. In order to conduct a fair comparison, the pairing
approach—as recommended by Gilmore et al. [33]—is chosen to estimate total cost of ownership. With
the matching vehicle approach, automobiles with nearly comparable dimensions and attributes are
compared in order to confirm that the estimations are produced using the right datum. Figure 1 shows
the TCO block diagram, several phases, and significant obstacles. As shown in Figure 1, the TCO is
divided into three phases: acquisition phase, utilization phase, and end-life phase.

The total cost of ownership (TCO) for the base case is first evaluated. Afterwards, optimization is chosen
with the aid of sensitivity analysis to determine the optimum alternative that may be recommended to
the strategy drafters. Evaluations of sensitivity take into account a number of factors, including Annual
Kilometer Traveled (AKT), Battery Replacement Cost, Incentives/Subsidies, Finance Interest Rates,
and EV-PV Integration (Battery electric vehicles utilized in combination with solar energy alternative)

The TCO/km is computed by Equation 1:

N
_ [IC,+RCpy+(PVC—PVS),,—RS]-1+B,,
TCO/km = anl L (1)

Here, IC is the possession cost, RC is Operating cost, PVC and PSS are the associated with the solar
energy (cost and sale respectively), RS is salvage cost, and | is subsidies/Incentives/ other exemptions
and B is loading principal balance, D is annual distance travelled in kilometers, n is number of years
vehicle used.
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Figure 1: Approaching the Total Cost of Ownership

The acronyms Finance TCO (FTCO) and Purchase TCO (PTCO) are used to calculate the effects of
financing and not financing on the TCO. The total cost of acquisition is the amount the owner must pay
to purchase the car. Ex-showroom costs, government taxes, road taxes, registration fees, additional
ancillary charges from the vehicle's manufacturer company, and interest if the car is financed are all
included. During the vehicle's use phase, expenses include fuel, upkeep, parking fees, municipal entry
taxes, tire replacement, and other parts. Estimating the fuel cost (Petrol/Diesel and Electricity) involves
taking the timeline's inflation rates into consideration. General inflation rates, or around 3.98%, are
applied whenever necessary to account for inflation. According to literature, electric vehicles typically
require 30% less maintenance than internal combustion engines (ICEVs), and their tires have a 50,000
km lifespan. Ultimately, the salvage phase includes the car's market value for that year, which is
calculated using the car's depreciation. In line with the trend in the literature, which is reported by
Messagie et al. [34], battery-electric cars lose value faster than internal combustion engines.

59



Ankara Science University, Researcher

Bhosale et al., 2024

_______ - o mm mm e = -y -_—— ===,
’ _ e : S~ 7 -
[ Production h / Use N Disposal \I
1
I I Electricity \ | |
| 1 generation | [ :
11
: Lithium-ion battery Ll ) ) . ; I Vehicle disposal |
I production T —* Electric vehicle ———:—I——' l :
|
| 11 1 I |
| -
11 Lithium-ion battery 1
: 11 Emigsions from | ! disposal |
Wehicle production = I Maintenance wear of: brake, | 1
I " road, tires 1 :
| 1 l |
I 11 T I : |
I Lead-aci ] kn‘t_l:rnal c?rrbl.lsﬁun _ ) 1
e l?amry I engine vehicle fuelled — Vehicle diposal I
| production | : .
Ty with petrol or diesel 1 :
: " l : : Lead ;dh ttery :
-acid ba
| Il Fuel extraction Adr emissions from 1 disposal |
| || and refining combustion of petrol I 1
\ or diesel I 1 1
\ AN /N
. ’ - e o e — - - -~ = = — -7

Figure 2: Various Phases in an Environmental Life Cycle Analysis of an automobile application.

The assumptions and usage statistics for the vehicles can be summed up as follows: Two sets of cars are
compared in this TCO model; pair A comprises a TATA pair that contrasts the TATA Nexon EV and
TATA Nexon Diesel/Petrol. Hyundai Kona EV and Hyundai Creta are contrasted for pair B. To
complete the paired vehicle technique, the appropriate model variant is chosen. For the basic case, with
a loan tenure of five years and an annual kilometer traveled of 15,000 km, the financing interest rate of
9.7% is taken into account for FTCO computation. According to FAME I & 11 standards, pair A BEV
is eligible for an incentive of ¥115,000, and pair B BEV is presumed to have an incentive of X 400,000.
The battery replacement is done after 8 years/ 160,000 km.

4.2 Environmental Analysis

The Life Cycle Environmental Analysis, which follows the ISO 14040 and ISO 14044 European
standard series, assesses a product's emissions during its whole life. Here, the consequences and
emissions from ICEVs and BEVs that have been modelled are contrasted in relation to the Indian setting.
The extraction of materials, transportation, the production and consumption of energy, the usage phase,
and lastly the end of life phase are all included in the emissions.

The comparison of emissions from both internal combustion engines (ICEVs) and BEVs from birth to
death is known as "cradle-to-grave" analysis.

An examination that solely considers the route of fuel from production to combustion or consumption
is referred to as a "Well to Wheel" analysis; well-to-tank and tank-to-wheel analyses are also included
in this phrase. Environmental analysis is divided into three parts, much like economic analysis is, as
Figure 2 shows. Pollution from the mining and processing of raw materials to the construction of the
vehicle and other essential parts like battery packs are included in the manufacturing phase. Emissions
from the extraction of fuel, the production of power, and other incidental elements like tire and brake
wear are all taken into account throughout the use phase. The vehicle's disassembly and recycling of its
required pieces are the last steps in the disposal phase.

60



market for transport, frei...

battery preduction, Li-io...

Ankara Science University, Researcher

Bhosale et al., 2024

market for transport, frei...

market for powertrain, fo...

B market for battery, Li-ion...

market for transport, frei...

market for waste rubber, ...

market for waste glass, al...

Bmarket for manual disma...

market for waste mineral...

market for glider, passen...

market for transport, frei...

B Battery pack electric vehi...

B passenger car productio... N =

Car Electric

8 Person Transport, electric...

electricity, high voltage, ...

market for transport, frei...

market for transport, frei...

market for transport, frei... r

market for transport, frei... r

Figure 3: Interlinking of various processes for BEV production

With the aid of the software OpenL.CA, which estimates emissions for each effect category, the LCA is
carried out. Ecoinvent-3 is the compatible database that is utilized for data inventory. The modeling
process incorporates the essential product flows, systems, and processes before being compared to a real
project. Figure 3 depicts the prototype product system for battery-electric vehicles. It shows the main
processes, with over 9000 processes or flows interacting with the end flow diagram. ReCePi 2016 is the
impact assessment approach that was employed; all 16 effect categories are taken into consideration in
the evaluation, both at the mid- and end-points.

5. Results and Discussion
5.1 Economic Analysis results

Figures 4a and 4b's results indicate that for parings in this study, the financed overall cost (TCO) of the
BEV (F-BEV) is higher than the corresponding TCO of the ICEV (F-ICEV D & F-ICEV P). In a similar
vein, for both pairs, the purchased TCO of the BEV is higher than the comparable ICEV. Nonetheless,
there is a slight difference in the pair A (TATA pair) purchase TCO between the I.C.V. purchases TCO.
However, even pair A's financed TCO is significantly lower than ICEV TCOs. Sadly, pair B (the
Hyundai pair) has dismal performance for both purchased and financed choices, highlighting the TCO
discrepancies more clearly. An additional intriguing discovery indicates a significant increase in the
TCOs of BEVs in both pairings at the eighth year. This sudden rise is due to the high battery replacement
cost. The citations should be given in IEEE Style. Authors can get help from citation management
applications (tools) when preparing their papers. The title of the citations section should be
“References”. A sample reference list is shown at the end of this document in the “References” section.

In-text citations should be written in square brackets like [1], [2]-[4], [2—4], [5], [6].

61



Ankara Science University, Researcher

Bhosale et al., 2024

|+FBEV+P BEV—&— FICEVD—y—PICEVD—4—FICEVP P\CEVF’|

|+FBEV+P BEV—A— FICEV D—— PICEVD—4—F ICEVP PICEV P

4,500,000

= 3.000.000 [ Hyundai Paifs : Bage Casg
v 5,000, e = ¥ 4,000,000
';" TATA Fair: .Base Case Ji/ A _______ g .
o X @ 3,500,000 =
2 2,500,000 — g a 4
& | o r ':_ 3,000,000 = e .
— - p
£2,000,000 '/../' - B 2500000
[ J g - -
[ Tasy =
§ 1500000 (/ ,/'/ g 2000000 e
o by 'S 1,500,000 r o
s ¢ 5 A Y
+ 1,000,000 S 1.000000 s - .
] ¥ = 3
0 A v 2 500000
—_ (=] 3
5 500,000 7 (= | &
[ 1.2 0 |
0l 0 2 4 & 8 10 12 14 18
0 2 4 6 g 10 12 14 16 Years
Years
Figure 4: TCO for TATA pair Figure 5: TCO for Hyundai pair

5.1.1 Sensitivity Analysis

According to the base case study, no pair's BEV becomes more cost-effective than an ICEV or reaches
cost equality. In order to accomplish the economic compatibility of BEVs, it becomes necessary to
examine the TCO in combination with a few extra variables. Aspects of the sensitivity analysis include
Policy Governed: offering incentives (discussed in the preceding section), Technology governed: a 50%
decrease in battery replacement costs; Extended Policy governed: a reduction in financing interest rates
(ROI to 6% from 9.75%) Consumer-Governed: using BEVs with EV+PV integration and imposing a
higher Annual Kilometer Traveled (AKT) of 20,000 AKT rather than 15,000 AKT.

According to the findings of the sensitivity analysis, pair A (TATA)'s purchased TCO of a BEV is lower
than that of an ICEV for each of the previously mentioned parameters. When the "reduction battery
replacement cost" feature is taken into account, the funded TCO for pair A BEV is also equated with
the TCO of an ICEV. When examining every variable separately, the funded TCO of pair A BEV is still
higher than the TCO of an ICEV. In every variable, outcomes for pair B don't appear sides the electric
vehicles. In every sensitivity characteristic listed above, the TCO of the BEV in pair B (the Hyundai) is
still greater than that of a comparable ICEV.

It only happens once the BEV's purchase TCO in pair B approaches the ICEV's buy TCO for the
"reduction battery replacement cost" criterion just a little bit. The sensitivity analysis reveals that, in the
majority of circumstances, the individual variables are insufficient to make the pair's costs competitive;
this can only be accomplished by combining the aforementioned characteristics.

As seen in Figure 6, a "compatibility wheel" is created for this. This wheel shows the many variable
configurations that were used, as well as how both couples performed under 12 different sets of
situations. The planes indicate finance and purchase TCO for the corresponding pairs, while the orbits
represent a collection of conditions and parameters.

The wheel consists of 12 different sets of variables (called "orbits") that range from O to K and are listed
in the sensitivity analysis. For example, Orbit "A," also known as "Policy Governed," has a set of
settings consisting of 15,000 AKT, incentives, a finance interest rate of 9.75%, and no integration of EV
and PV. Compare the financed/purchased TCO of a BEV with the financed/purchased TCO of an ICEV
within a pair (for example, Planet 1 compares the FTCO of a Hyundai pair of BEVs with the FTCO of
an ICEV). These comparisons are known as the planets.
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Figure 6: The Economic Compatibility Wheel for the TCO analysis of battery electric vehicles compared to ICEVs
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The following is an explanation of the economic compatibility wheel using an example: The parameters
considered are 15000 AKT with incentives, 6% interest rate, and no integration of PV and EV. An orbit
"B" is observed. For the previously described orbit (set of conditions), Planet 1 (the FTCO of the
Hyundai pair BEV compared to the FTCO of the ICEV) is situated in a costly zone or quadrant, meaning
that the FTCO of the Hyundai pair BEV is more than 10% more expensive than the FTCO of the
Hyundai pair ICEV. Planet 2, on the other hand, is in the moderately expensive range when compared
to the PTCO of the ICEV. This implies that the PTCO of the Hyundai pair BEV is 2—10% more
expensive than the PTCO of the Hyundai pair ICEV.

The FTOC and PTCO of TATA pair BEVs are situated in the economic and near cost parity zones,
respectively, in contrast to ICEV. In a nutshell, the economic compatibility wheel shows how each pair's
TCO functions in different scenarios in a simple and visual manner.

The graphic shows that the Hyundai pair BEV's FTCO (planet 1) mainly falls in the expensive zone
when compared to ICEV FTCO. Almost all of the orbits for the TATA pair, with the exception of the
base orbit "O," put BEV's PTCO (planet 4) in the economic zone. Known as orbits 'G' and 'K,' we have
found two intriguing orbits (set of conditions) in which every planet is in the economic zone. This
implies that the sponsored and acquired TCOs (FTCO and PTCO) of the TATA pair and the Hyundai
pair are more economical than the TCOs of ICEV. We also find that in orbit J', the Hyundai pair FTCO
reaches the cost parity zone, which is around 2% economical. In conclusion, the Hyundai dual BEV
financing option may also prove to be economical when the proper arrangements are made.

5.2 Environmental Analysis Results

Figure 7 (a-g) shows the climatic implications for the simulated ICEV and BEV in the OpenLCA for
the Indian setting. To further aid in mitigating the problem, the total impacts are further divided into the
pre-use and usage phases. This allows for a clearer knowledge of the primary emitter source.

The results' primary effect categories—which are frequently discussed in the literature—are displayed
in Figure 7(a—g).

The global warming gases (GHG) emissions are the subject of the most frequent plot literature
discussion; it is discovered that BEVs emit fewer GHGs than ICEVs.

Wu et al.'s findings are also consistent with other literature [40]. Though in a distributed study, the GHG
emissions from BEVs during the use phase are somewhat higher than those from ICEVs, the GHG
emissions from BEVs are still only 15% of those from ICEVs. This could be explained by the fact that
coal-powered facilities already make up a sizable portion of India's electricity mix.

Beyond the production of greenhouse gases, BEVs do well in impact categories like resource scarcity
and ionizing radiation. In ionizing radiation impact categories, where emissions from BEVs are nearly
half those of ICEVs, the emissions gap is observed rather clearly. When there is a shortage of mineral
resources, the BEV has very high emissions during the production phase, but these emissions are closed
during use, resulting in lower overall emissions than ICEVs. However, when taking into account all the
impact areas, ICEV do not always end out negatively. ICV emit equivalent levels of pollution that are
lower in categories including human toxicity and finite particle matter. In contrast with BEVs, [EVs'
emissions in the human carcinogenic toxicity impact category during use are essentially insignificant.

The findings show that neither the BEV nor the ICEV benefit from the emissions in the various effect
categories. Figure 8's relative graph, which displays all of the impact categories for both automobiles,
can be used to get deeper understanding. It is discovered that the BEV emits less in nearly ten of the
eighteen categories; the category with the least variation in emissions each category is terrestrial
acidification, at roughly 7%. The impact category of freshwater eutrophication has the largest range,
with nearly over 73% of the total.
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Figure 8: LCA relative results.

Last but not least, a single point score is obtained from the end-point analysis, showing that battery
electric vehicles are more cost-effective when the total score—0.59 kpt—is taken into account,
compared to the traditional vehicle's 2.12 kpt score.

6. Conclusion

For the Indian setting, a life cycle analysis comparison between a modeled or chosen battery electric
vehicle and an internal combustion engine is conducted, taking into account both environmental and
economic factors. This page assists end users in addressing the highly complex question of whether
BEVs are environmentally and economically viable in India. Regarding economic compatibility, the
base case taken into consideration here is significantly closer to actual data of the current situation and
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finds that BEVs are not financially compatible with ICEV for both financed and purchased options in
both pairings. In contrast, pair A's (TATA) total cost of ownership (TCO) gap is lower than pair B's
(Hyundai). Additionally, a sensitivity analysis was conducted with various parameters considered in
order to reduce the total cost of ownership (TCO) of BEVs in both pairs. The examination of sensitivity
clarifies that aside from the component handled by technology (a 50% decrease in the cost of replacing
batteries) not another each of the parameters alone can determine the BEVs' TCO. To be more affordable
than ICEVs or almost cost parity. It's just with the parameter combinations from the sensitivity analysis
the BEV attains cost parity and even gains enough efficiencies that the similar ICEV that is seen in the
compatibility diagram. The compatibility wheel shows the financial performance of cars with twelve
distinct parameter configurations, two of which (in orbits G and K) allow the BEV's total cost of
ownership to enter the profitable range. With an annual mileage of roughly 20,000 km, the usage of
EV+PV integration, 6% loan ROI, and incentives, battery electric vehicles seem to be the answer.

Environmental friendliness analysis was used to resolve the disturbed greenhouse gas emissions, and
the result was an agreement that, in the Indian context, the greenhouse gas emissions from BEVs are
lower than those from ICEVs. BEVs do not, however, perform better than ICEVs in all impact categories
when it comes to emissions. Although not in the vast majority of cases, ICEVs have less emissions in 8
out of the 18 impact areas. The class with the least amount of emissions difference between BEVs and
ICEVs is the one that affects terrestrial acidification the least, while freshwater eutrophication varies the
most.

By dividing the overall emissions into the pre-use and usage phases, one may identify the real significant
source of emissions, which in turn helps to reduce or remove the source of concern. The BEV has a
significantly lower overall emission score (0.59 kpt) than the ICEV (2.12 kpt) based on the end-point
study. Lastly, switching to renewable energy sources can make this battle for environmental
compatibility worse. Recycling the products and using correct production techniques will also assist to
carefully reduce the emissions from battery-electric vehicles.
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Disaster management includes efforts to reduce the negative effects of a disaster. This management system has
various challenges. Teams need to be sent to disaster areas as soon as possible to reduce losses and damages.
Turkey, which frequently experiences earthquake disasters, has recently experienced the 2023 Kahramanmaras
earthquakes. After the recent earthquakes, the Great Marmara Earthquake, which scientists emphasize the most,
has started to be discussed. It is said that Istanbul will be affected very much. Possible earthquake scenarios with
a magnitude of 7.5 have been produced. In this study, Adalar district, which will be affected by the Great Marmara
Earthquake, is considered and the problem of assigning teams to very heavily damaged buildings is discussed. For
the continuation of the study, the data in the Istanbul Province Adalar District Possible Earthquake Loss Estimates
Booklet is used. The 413 severely damaged buildings in the 5 neighborhoods where the destruction will occur and
the number of building floors in the neighborhoods are taken into consideration. A mathematical model was
created for the problem with the goal programming method. The model was solved with the Cplex solver of IBM
ILOG optimization program. Thus, the optimal team assignment was realized.

Keywords: disaster management, search and rescue, marmara earthquake, istanbul, optimization, goal
programming

1. Introduction

Turkey is an earthquake country that frequently experiences tectonic earthquakes caused by the
movement of plates. According to the Earthquake Zones Map, 92% of Turkey is an earthquake zone
and 95% of its population lives at risk of earthquakes. An earthquake is an event that causes loss of life
by shaking the surface we know as motionless and damaging the structures on it.

It is unknown when the earthquake will occur, but all efforts to reduce the damages are the subject of
disaster management. When an earthquake occurs, search and rescue, first aid, evacuation, prevention
of secondary disasters, etc., are carried out by the necessary search and rescue teams. The earthquake,
which causes significant damage, makes it difficult to carry out search and rescue activities in a
coordinated manner. This reveals the difficulty of sending teams to disaster areas. It requires effective
organization for emergency decision-makers to dispatch teams to disaster areas in a reasonable but rapid
manner [1]. The complexity of disasters and emergencies affects the rapidity of this decision. Search
and rescue operations that start immediately after the collapse of structures and trapping of people inside
these structures continue sequentially and continuously. As soon as the disaster strikes, people in the
immediate vicinity rush to help with their means. Search and rescue teams reaching the disaster areas
face challenging tasks in multiple and dispersed disaster areas.

As a result of risk assessment studies, earthquake scenarios are created to estimate losses and damages
in case of hazards at various locations and regions. These scenarios differ according to the time of the
earthquake as day and night earthquake scenarios. In nighttime earthquakes, most people are considered
to be in their homes. Accordingly, loss of life may be caused by damage to residential buildings.
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In this study, we consider the problem of assigning search and rescue teams to the Adalar district of
Istanbul in the event of a 7.5-magnitude Marmara Earthquake. According to this deterministic
earthquake scenario, the earthquake will occur at night and search and rescue teams will be dispatched
to heavily damaged buildings in 5 neighborhoods in the district.

2. The Seismicity of Istanbul Province

The tectonic structures controlling the earthquake hazard of Istanbul are expected to be the northern
branch segments of the North Anatolian Fault, also called the Main Marmara Fault, located within the
Marmara Sea. The western part of the North Anatolian Fault in the Sea of Marmara was ruptured in the
1912 earthquake, and the eastern part was ruptured in the 1999 Kocaeli Earthquake. It is thought that a
Marmara Earthquake that will affect Istanbul will occur on one or more of the central segments that
have not yet broken.

Due to its earthquake hazard, population size, building inventory stock and economic characteristics,
Istanbul has become a region where earthquake risk should be determined as soon as possible. Seismic
hazard studies of a possible earthquake and the extent to which settlement centers can be affected are
tried to be analyzed by earthquake scenarios [2]. The map showing the risky earthquake zones for
Istanbul is shown in Figure 1.
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Figure 1: Istanbul Earthquake Zones (Source: [2])

Adalar district consists of 9 islands in Istanbul Province and its distance to the city center is 30 km.
Kartal and Maltepe districts are the closest neighboring districts to Adalar district. This district has five
neighborhoods: Burgazada, Heybeliada, Kinaliada, Maden and Nizam. According to 2019 TURKSTAT
data, the population of the district is 15,238. There are 3,584 houses in the district before 1980. In
addition, there are 6,155 houses with 1-4 floors and 538 houses with 5-8 floors, which make up 96%.

3. Literature Review
This study addresses the issue of assigning and scheduling search and rescue teams in disaster

management, and the literature review on the related topic is presented in this section. The studies
reviewed for the problem addressed in this study are summarized in Table 1.
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Table 1: Literature Review

Author Goal Method
[3] Assignment during the search and rescue Dynamic optimization, simulated annealing
period and tabu search
[4] Planning rescue units and assigning units to Linear optimization, Monte Carlo based
incidents heuristic solution
[5] Assigning and scheduling rescue units Complex integer programming, GRASP
metaheuristic approach
[6] Allocating and scheduling rescue units under Biased random-key genetic algorithm
uncertainty
[7] Assign rescue and medical units and allocate Optimization model proposal
medical units to casualties at incident scenes
[8] Assigning teams Multi-objective optimization
[9] Assign rescue units in a multi-disaster area Optimization model proposal
[10] Assignment and scheduling of rescue units Three metaheuristic algorithms and TOPSIS
with fatigue effect
[11] Assigning and scheduling rescue units Complex integer programming and GRASP
metaheuristic
[12] Team planning taking into account the Non-dominated sorting genetic algorithm
characteristics of the rescue team and fuzzy logic method
[13] Assignment and scheduling of recovery units Multi-objective complex integer
with fatigue effect and withdrawal time programming, Lp-metric method and two
metaheuristics
[14] Assignment and scheduling of rescue units Bi-objective complex integer linear
with learning effect programming
[15] Duty assignment of rescuers Agent-based simulation
[16] Assignment and schedule of fatigue-impact Two-objective complex integer
recovery units programming
[17] Search and rescue resource deployment Complex integer programming
planning
[1] The problem of dispatching rescuers to Dempster-Shafer theory with evidence-
multiple disaster areas based best-worst method
[18] Minimize the weighted completion time of Fuzzy robust optimization, hybrid
rescue operations metaheuristic algorithm
[19] Assigning rescuers by calculating their Optimization model proposal
synergy rating, fitness for duty rating and
rescue time satisfaction rating
[20] Assignment of search and rescue and Goal programming
psychosocial support teams
[21] Scheduling search and rescue teams to Goal programming
disaster districts
[22] Scheduling search and rescue and Goal programming
psychosocial support teams to disaster areas
[23] Scheduling search and rescue teams to Goal programming
disaster districts
[24] Formation of search and rescue teams Goal programming
[25] Scheduling psychosocial support teams Goal programming
[26] Assignment of search and rescue teams Goal programming
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The goal programming method used in the considered problem has been widely used in the literature to
solve many problems. [27] addressed the ergonomic staff scheduling problem in the retail sector with
goal programming and AHP. [28] conducted a literature review on scheduling and planning in service
systems with goal programming. [29] utilized goal programming and the ANP method in task-based
personnel shift scheduling problems. [30] formulated the monthly staff assignment and scheduling
problem during the pandemic period with the goal programming method. [31] addressed the operating
room scheduling problem using constraint and goal programming methods. [32] used the goal
programming method for shift scheduling of male and female security personnel. [33] addressed the
ergonomic staff scheduling problem for female staff working in the textile industry with goal
programming and the REBA method.

4. Application

The Adalar district of Istanbul Province, which will be affected by the expected Great Marmara
Earthquake, which scientists have been discussing in recent years, has been taken as the place of
application. The reason for considering the Adalar district, which will be significantly affected in
population density, is to prevent a great tragedy due to the expected Marmara Earthquake. In this
context, a sample planning study is presented on the problem of assigning search and rescue teams to
disaster areas. The flowchart of the problem is given in Figure 2.

Identification
of disaster Creating the
Data collection zones and mathematical
search and model
rescue teams

Definition of Evaluation of

the problem solution results

Figure 2: Flow Chart of the Problem

4.1. Problem Definition

This study addresses the problem of assigning teams to very heavily damaged buildings by considering
the Adalar district, which will be affected by the Great Marmara Earthquake. The study is continued by
using the 7.5 magnitude night earthquake scenario of the Main Marmara Fault, which has yet to be
broken recently, included in the Istanbul Province Adalar District Possible Earthquake Loss Estimations
Booklet. The data used in the study were the number of very heavily damaged buildings on a
neighborhood basis calculated by the risk analysis module of the ELER software. To solve the problem,
a mathematical model was created with the goal programming method, taking into account the number
of building floors. The model was solved with the IBM ILOG program.

4.2. Data Collection

The data used in this study are listed below.
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Adalar district earthquake scenario
The number of damaged buildings was calculated with ELER software
Neighborhood-based building floor numbers

DN NN

Information about search and rescue teams

4.3. Identification of Disaster Zones and Search and Rescue Teams

When the results of the estimates of the number of damaged buildings in the Adalar district are
examined, it is seen that five neighborhoods that require search and rescue operations were severely
damaged. These neighborhoods are Burgazada, Heybeliada, Kinaliada, Maden and Nizam. In total, 413
buildings were severely damaged.

4.4. Creating the Mathematical Model

4.4.1. Goal Programming

The goal programming method, used to solve many problems in the literature, simultaneously provides
conflicting objectives. There are multiple objectives in this method. The method achieves the desired
objective by minimizing the deviation variables that express the deviations of the constraints from the
objectives [34], [35]. The mathematical form of the method is as follows.

xj: j.decision variable

a: decision variable coef ficient parameter

r: goal constraint right side value parameter
d}:i.positive deviation value of goal

d; :i.negative deviation value of goal

. €Y)
MinZ = Z(d{f +d)
i=1
- 2
Za*xj— df +di=r
=1
Xj,d?,di_ >0 Vi,j (3)

Equation (1) is the objective function of the model. Equation (2) is the objective constraint of the model,
where r is the desired right-hand side value. Equation (3) is the rigid constraint of the model; if it is not
satisfied, the model is unsolvable.

4.4.2. Mathematical Model Created

Parameters

n = number of teams

m = number of neighborhoods

I = team index i=12..,330

Jj = neighborhood index j=12..,5
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Decision variables

_ {1, if team i is assigned to neighborhood j.
ij =

0, other situations Vi
. (1)
Exlj >1 7
i=1
N @
lef =1 vl
=1
N 3)
qu —df +d7 =45
i=1
N )
inz —dL+di; =75
i=1
n ©)
ins —df +ds =50
i=1
\ ©)
inj—d;,+d;=80 j=(4,5)
i=1
minZ =Y (d} +diy +dih +di; +di +dz + diy, + di) )
x;; =0veyal V;; (8)

Equation (1) refers to assigning at least 1 team to each neighborhood and Equation (2) refers to assigning
each team to at most one neighborhood. Equations (3)-(6) are the objective constraints of the problem.
Equation (3) aims to assign 45 teams to the Burgazada neighborhood, Equation (4) aims to assign 75
teams to the Heybeliada neighborhood, Equation (5) aims to assign 50 teams to the Kinaliada
neighborhood, Equation (6) aims to assign 80 teams to the Maden and Nizam neighborhoods. Equation
(7) is the objective function of the problem. Equations (8)-(9) are the sign constraints of the problem's
decision variables.

4.5. Evaluation of Solution Results

According to the solution results, 45 search and rescue teams were assigned to the Burgazada
neighborhood, 75 to the Heybeliada neighborhood, 50 to the Kinaliada neighborhood, 80 to the Maden
neighborhood, and 80 to the Nizam neighborhood. All 330 search and rescue teams considered in the
problem were assigned to the disaster areas and all objective constraints were met. The solution results
are given in Figure 3.
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Figure 3: Solution Results (SAR: Search and Rescue Teams)

5. Conclusions And Recommendations

It aims to minimize losses and damages by assigning teams to disaster areas with a deterministic
earthquake scenario. Thanks to the results obtained from the problem, it will plan which number of
teams should go to which neighborhood in the Adalar district, which is predicted to be heavily damaged
in the expected Marmara earthquake. It will support decision-makers by eliminating the chaos that may
occur during the disaster. Thus, the response phase will start as soon as possible. 413 buildings in 5
neighborhoods in Adalar district are severely damaged. Looking at the solution results obtained, all of
the search and rescue teams available in the targeted numbers were assigned to the neighborhoods of
Adalar district.

In this study, the teams were assigned assuming the destruction would occur only in Adalar district. In
future studies, the mathematical model created by including other districts where the destruction will
occur in the problem can be used again.
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Ozet o &)
Deprem sonrasi yanginlar; 6énemli bir ikincil afet olarak yasam kaybi, yapt hasari ve finansal zarar agisindan
deprem kaynakli sismik hasarin boyutlarini biiyiik 6lgiide artirma potansiyeline sahiptir. Yogun niifusa sahip
kentsel bolgelerde deprem nedeniyle yanginla miicadele ekipmanlarinin zarar gormesi, yollarin gerekli itfaiye ve
acil miidahale faaliyetlerini engelleyecek bicimde tikanmasi, yangina sebebiyet verebilecek elektrik ve gaz
hatlarinda meydana gelebilecek hasarlar ve iletisim hatlarindaki olas1 kesintiler sebebiyle deprem sonrasi yangin
riski iizerinde durulmasi gereken 6nemli bir risktir. Simiilasyon metodolojileri, deprem sonrast yangin riskinin
degerlendirilmesinde ve mevcut risklere karsi topluluk direncini artirabilecek 6nlemlerin belirlenmesinde
literatiirde en yaygin kullanilan yontemlerden biridir. Bu galismada, 2000 yil1 sonrasinda yayimlanan, deprem
sonrasi yangin riskinin ele alinmasinda ve bu afetlere karsi yiriitiilebilecek faaliyetlerin degerlendirilmesinde
simiilasyon metodolojilerini kullanan makaleler incelenmistir. ilgili anahtar kelimeler kullanilarak ulasilan
¢aligmalarin bibliyografik 6zellikleri sunularak, deprem sonrast yangini simiilasyon odaginda ele alan ¢aligmalara
kavramsal bir bakis agis1 sunulmustur.

Anahtar Kelimeler: deprem sonras1 yangin, ikincil afet, simiilasyon, bibliyografik analiz, literatiir arastirmasi

Simulation Methodologies for Post Earthquake Fire as a Secondary
Disaster: A Conceptual Framework

Abstract

As a major secondary disaster, post earthquake fires have the potential to significantly enhance the extent of
seismic damage caused by earthquakes in terms of fatalities, structural damage and financial loss. Due to possible
damage to firefighting equipment, road blockages that restrict the requirement for emergency response and
firefighting operations, potential damage to gas and electricity lines that could result in fires and potential
disruptions to communication lines, there is a significant risk of post earthquake fire that should be assessed in
densely populated urban areas. Simulation methodologies are one of the most widely used techniques in the
literature in assessing post earthquake fire risk and determining actions that may improve community resilience
against existing risks. This study examines articles published after 2000 that use simulation methodologies to
address post earthquake fire risk and evaluate preventative actions that can be taken against these disasters. A
conceptual framework is provided to the studies that address post earthquake fire in a simulation focus by
displaying the bibliographic features of the studies that are accessed using the relevant keywords.

Keywords: post earthquake fire, secondary disaster, simulation, bibliographic analysis, literature review
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1. Giris

Depremler, afet yonetimi literatiiriinde en sik ele aliman dogal afetler arasinda yer almaktadir. Cesitli
ikincil afetleri tetikleme potansiyeli bulunan depremlerin topluluk iizerinde birg¢ok yikici etkisi
bulunmakta olup, bunlar arasindan en O6nemlisi siiphesiz can kaybma neden olma potansiyelidir.
Istatiksel veriler, deprem nedenli can kayiplarinin deprem sonrasi yanginlar, tsunami ve heyelan gibi
diger tehlikeleri de iceren ¢esitli nedenlerden kaynaklandigini ortaya koymaktadir [1]. Deprem kaynakli
olarak meydana gelen ve depremin meydana getirdigi kayiplari ileri boyutlara ulastirma potansiyeline
sahip bu tehlikeler arasinda, deprem sonrasi yanginlar kentsel bolgelerde yaygin olarak yasanan en
yikici olaylardan biri olarak kabul edilmektedir [2].

Deprem sonrasi yanginlar, genellikle biiylik depremler nedeniyle meydana gelen, genis boyutta mali ve
insani kayiplara yol acabilen ciddi bir ikincil afet olarak kabul edilmektedir [3]. Deprem sonrasi
yanginlar; dogal gaz kaynakli tutusmalar, bitki ortiisii ve ¢arpik kentlesme nedenli tutugsmalar, depremi
takip eden kaos durumunun ortaya ¢ikardigi olaylar, binalarda aktif yanginla miicadele sistemlerinin yer
almamasi, yangin koruma sistemlerinde deprem kaynakli meydana gelen hasar, riizgar kuvveti ve
potansiyel hava hareketi gibi ¢ok cesitli faktorler nedeniyle meydana gelebilmektedir [4]. Deprem
sonrasinda binalardaki yanginla miicadele ekipmanlarinin zarar gormesi, yikilan binalar nedeniyle
yollarin tikanmasi ve bu nedenle kurtarma faaliyetlerinin zorlugunun artmasi gibi faktorler deprem
sonrasi yangin kayiplariin boyutunu biiyiik 6lciide artirmaktadir [2].

Tarihsel deprem sonrasi yangin olaylari incelendiginde, 1906 San Francisco depreminde meydana gelen
giiclii sarsintiya ragmen olusan hasarin bilylik ¢ogunlugu deprem kaynakli yanginlardan kaynaklanmis
ve sonug olarak 28,000°den fazla bina etkilenmistir [5]. 1923 Kanto depremini takiben iki giin siiren
yanginlar meydana gelmis ve 694,000’ den fazla binayi etkileyerek 140,000’den fazla can kaybina neden
olmustur [2]. 1994 Northridge depreminde ortalama 110 yangin rapor edilmis, 1995 Kobe depreminde
ise 6zellikle sehir merkezinin yogun yapilagmis bolgelerinde meydana gelen 108 yangin rapor edilmistir
[5]. Tarihsel olaylara dair verilerin de ortaya koydugu iizere, deprem sonrasi yanginlar depremin yikici
etkilerini daha ileri seviyeye tagima potansiyeline sahip Onemli ikincil afetler olup, bu afetlerin
incelenmesi etkili afet yonetimi ve topluluk direncinin artirtlmasi agisindan oldukc¢a Snemlidir.

Bu ¢aligmada, literatiirde deprem sonrasi yangin afetini incelemede simiilasyon yaklagimlarini ele alan
calismalar incelenmistir. Bu calismalarin literatiirdeki yeri ve flzerine yogunlastiklar1 konulari
degerlendirmek iizere bibliyografik analizler yiiriitiilmiistiir.

Calismanin ikinci boliimiinde, literatiir arastirmasi siirecinde izlenen metot ve ilgili anahtar kelimelerle
ulagilan ¢alismalarin bibliyografik analiz sonuglari sunulmustur.

Calismanin ti¢lincii boliimiinde, simiilasyon metodolojileri ¢ergevesinde deprem sonrasi yangin riskine
odaklanan caligmalar ele alinarak bu c¢alismalar detayli olarak incelenmis ve elde edilen bulgular
sunulmustur,

Calismanin dordiincii ve son boliimiinde ise uygulanan bibliyografik analizler ile literatiir incelemesi ile
elde edilen ¢ikarimlar ve sonuglara yer verilmistir.

2. Literatiir Arastirmasi ve Bibliyografik Analiz

Literatiirde deprem sonras1 yangin afetini simiilasyon yaklasimlari ile ele alan ¢calismalara kavramsal bir
bakis acis1 sunmak {izere; deprem sonrasi yangin literatiiriinde siklikla kullanilan “post earthquake fire
(deprem sonrast yangm)” ve “fire following earthquake (depremi takip eden yangin)” anahtar
kelimeleri, “simulation (simiilasyon)” anahtar kelimesi ile birlikte ilgili veri tabanlar1 iizerinde
aratilmistir. Calismada, arastirmacilar tarafindan en sik kullanilan akademik veri tabanlar1 arasinda
olmalar1 sebebiyle Scopus ve Web of Science veri tabanlarindan yararlanilmigtir. Bibliyografik analiz
icin bu iki veri tabanindan elde edilen sonuclar bir araya getirilmistir.

Ilgili anahtar kelimeler icin literatiir arastirmasi adimlar1 Tablo 2.1 ve Tablo 2.2’de sunulmustur:
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Tablo 1: “Post Earthquake Fire (Deprem Sonrast Yangin)” ve “Simulation (Simiilasyon)” Anahtar Kelimeleri
icin Literatlir Aragtirmasi Adimlari

“Post Earthquake Fire (Deprem Sonrast Yangin)” ve “Simulation Veri Tabanlart

(Simiilasyon)” Anahtar Kelimeleri icin Literatiir Arastirmast Adimlar: Sens Web of Science

1) Anahtar kelimelerin makale basligi, ozet ve anahtar kelimeler 66 32

icerisinde aratilmasi sonucu ulasilan dokiiman sayist
2) 2000 ve 2023 arasinda yayimlanan ¢alismalarn filtrelenmesi 65 32
sonucunda ulasilan dokiiman sayist
3) Dokiiman tipinin “Makale (Article)” olarak filtrelenmesi sonucunda 48 27
ulasilan dokiiman sayisi
4) Dokiiman dilinin “Ingilizce” olarak filtrelenmesi sonucunda ulasilan 37 27
dokiiman sayisi

Tablo 2: “Fire Following Earthquake (Depremi Takip Eden Yangin)” ve “Simulation (Simiilasyon)” Anahtar
Kelimeleri i¢in Literatiir Arastirmas1 Adimlar1

“Fire Following Earthquake (Depremi Takip Eden Yangin)” ve Veri Tabanlart
‘Simulation (Simiilasyon)” Anahtar Kelimeleri icin Literatiir S s Web of Science
Arastirmast Adimlart
1) Anahtar kelimelerin makale basligi, ozet ve anahtar kelimeler 31 19

icerisinde aratilmasi sonucu ulasilan dokiiman sayist

2) 2000 ve 2023 arasinda yayimlanan ¢alismalarin filtrelenmesi 29 19
sonucunda ulasilan dokiiman sayist

3) Dokiiman tipinin “Makale (Article)” olarak filtrelenmesi sonucunda 20 16
ulasilan dokiiman sayisi

4) Dokiiman dilinin “Ingilizce” olarak filtrelenmesi sonucunda ulasilan 18 15
dokiiman sayisi

Veri tabanlart iizerinden ulasilan ve ilgili filtrelemeler sonucunda elde edilen ¢aligmalarin kayitlar:
RStudio’da kullanilmak {izere BibTeX formatinda disariya aktarilmistir. BibTeX dokiimanlari, R
programinin “bibliometrix” kiitliphanesinin “convert2df” fonksiyonu kullanilarak okunmustur. Scopus
ve Web of Science i¢in final dokiiman sayilari sirastyla 55 ve 42 olmustur.

R programmin “bibliometrix” kiitliphanesinin “mergeDbsources” fonksiyonu kullanilarak, iki veri
tabanindan elde edilen dokiimanlar bir araya getirilmis ve tekrarlanan dokiimanlarm elenmesi
saglanmistir. 42 adet dokiimanin yinelendigi belirlenmistir. Bir araya getirme ve yinelenen dokiimanlar
eleme siireclerinden sonra elde edilen dokiiman sayist 55 olarak belirlenmistir. Bu 55 ¢aligmaya ait
veriler, Bibliometrix ve VOSViewer yazilimlarinda kullanilmak iizere “.xlsx” ve “.txt” formatlarina
¢evrilmistir.

Bibliometrix, R iizerine kurulu bir a¢ik kaynak uygulamasi olup kapsamli bilimsel haritalama analizi
icin kullanilmaktadir [6]. Bibliometrix, bir¢ok farkli bibliyometrik veri 6gesinin derinlemesine analizini
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saglamaktadir. VOSViewer ise ¢ok sayida farkli bibliyografik veri 6gesi arasindaki iliskilerin
haritalanmasi ve gorsel tasvirini saglayan bir yazilimdir [7].
Bibliometrix iizerinden elde edilen, analizde kullanilan ¢aligmalarin verisi hakkindaki temel bilgiler
Tablo 2.3’te sunulmustur.

Tablo 3: Anahtar Kelimelerin Bibliyografik Verisi i¢in Temel Bilgiler

BIBLIYOGRAFIK VERI ICIN TEMEL BILGILER

Zaman Araligi 2004:2023
Kaynaklar (Dergiler, Kitaplar vb.) 32
Dokiimanlar 55
Yillik Biiyiime Orani % 3.72
Dokiimanlarin Ortalama Yast 6.84
Dokiiman Bagina Ortalama Alintilar 15.22
DOKUMAN ICERIGI
Arti Anahtar Kelimeler 495
Yazarin Anahtar Kelimeleri 201

Bibliyografik verilerin Bibliometrix’e aktarilmasindan sonra bu veriler kullanilarak gesitli analizler
yiiriitiilmiistiir. Ik olarak yillik bilimsel iiretkenlik ve yillik ortalama atiflar analiz edilmistir. Y1llik
bilimsel tiretkenlik analizi sonuglar1 Sekil 2.1°de sunulmustur. 2020 ve 2023 yillar1 arasindaki makale
sayilari sirasiyla 7, 11, 5 ve 2°dir. 2021 yili 11 makale ile bu konuda en ¢ok yaym yapilan yildir.

Makaleler

2004
2010
2012

2014

2016
201

2020

Yil

Sekil 1: Anahtar Kelimeler igin Yillik Bilimsel Uretkenlik Analizi

Anahtar kelimeler i¢in yillik ortalama atiflara yonelik analiz sonucu Sekil 2.2°de sunulmustur. 2020 ve
2023 yillan arasindaki yillik ortalama atif sayilar sirasiyla 2.89, 1.64, 1.60 ve 1 olmustur. En yiiksek

ortalama atif sayisina sahip olan y11 4.11 ile 2015 olmustur.
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Yil

Sekil 2: Anahtar Kelimeler i¢in Yillik Ortalama Atiflar Analizi

Bibliyografik verinin temel 6zelliklerinin incelenmesinden sonra; kaynaklar, yazarlar ve dokiimanlar
olmak {izere li¢ temel baglik iizerinde bibliyografik veriyi daha detayli degerlendirmek tizere cesitli
analizler yiuiriitilmiistiir.

Kaynaklar basglig1 altinda en ilgili kaynaklarin belirlenmesine yonelik analiz yiiriitiilmiistiir. Bu analizin
sonuclar1 Sekil 2.3’te sunulmustur. Earthquake Spectra, Fire Safety Journal, Journal of Constructional
Steel Research, Journal of Earthquake Engineering ve Natural Hazards isimli kaynaklar, her biri i¢in 4
dokiiman say1si ile, anahtar kelimeler i¢in en ilgili kaynaklar olmustur.

EARTHQUAKE SPECTRA

FIRE SAFETY JOURNAL

JOURNAL OF CONSTRUCTIONAL STEEL RESEARCH

JOURNAL OF EARTHQUAKE ENGINEERING

NATURAL HAZARDS

CONSTRUCTION AND BUILDING MATERIALS

Kaynaklar

FIRE TECHNOLOGY

JOURNAL OF BUILDING ENGINEERING

JOURMAL OF FIRE SCIENCES

JOURNAL OF STRUCTURAL ENGINEERING (UNITED STATES)
0 1 2

| DokOman Sayisi |

Sekil 3: Anahtar Kelimeler igin En [lgili Kaynaklar Analizi

Devaminda, ilgili anahtar kelimeler icin en yiliksek dokiiman sayisina sahip kaynaklarm zaman
icerisindeki iiretkenlikleri incelenmistir. Bu analizin sonuglar1 Sekil 2.4’te sunulmustur.
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Sekil 4: En Ilgili Kaynaklarin Zaman Icerisindeki Uretkenlik Analizi
Yazarlar basligi altinda; yazarlar ve iilkeler i¢in iki farkli alanda analizler yiiriitilmistiir.

Dokiiman sayisina bagli olarak ele aliman anahtar kelimeler i¢in en ilgili yazarlara yonelik analiz sonucu
Sekil 2.5’te sunulmustur. Himoto K., Sarreshtehdari A. Ve Xu Z., ilgili anahtar kelimeler i¢in en yiiksek
dokiiman sayisini saglayan yazarlar olarak belirlenmistir.

HIMOTO K
SARRESHTEHDARI A
XUz
DAVIDSON R @)
5
| Hokusoa &)
o]
N
E KHORASANI N &
LEES ©
LU X ©
MAHMOUD H &)
MEMARI M ©
0 1 2 3 4

| DokUman Sayisi |

Sekil 5: Anahtar Kelimeler igin En Ilgili Yazarlar Analizi

En ilgili yazarlarin belirlenmesini takiben, ele alinan anahtar kelimeler i¢in en ilgili yazarlarin zaman
igerisindeki iiretkenlikleri incelenmistir. Bu analizin ¢iktilart Sekil 2.6’da sunulmustur.
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Sekil 6: En Ilgili Yazarlarin Zaman Igerisindeki Uretkenlik Analizi

Ulkeler alaninda, ilgili anahtar kelimeler icin iilkelerin zamana bagli iiretkenligi analiz edilmistir.
Ulkelerin zamana icerisindeki iiretkenliklerine iliskin analizin sonuclar1 Sekil 2.7°de sunulmustur.
Bilimsel iiretkenligi en yiiksek iilkeler siklik dereceleri sirasiyla 28, 19 ve 10 olmak iizere Amerika, Cin
ve Japonya olmustur. Son yillarda 6zellikle Amerika’da bu konudaki ¢aligmalarin artis gosterdigi
goriilmektedir.
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Sekil 7: Anahtar Kelimeler i¢in Ulkelerin Zaman icerisindeki Uretkenlikleri Analizi
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Dokiimanlar baglig1 altinda anahtar kelimeler hakkinda c¢esitli analizler yiiriitiilmiistiir. Yazar anahtar
kelimeleri arasinda en ¢ok tekrar eden anahtar kelimeler belirlendikten sonra, bu anahtar kelimeler i¢in
bir kelime bulutu olusturulmus ve arti anahtar kelimeler icin popiiler terimlerin analizi
gergeklestirilmistir. En sik tekrar eden yazar anahtar kelimeleri Sekil 2.8’de sunulmustur. Sikliklarina
gbre en ¢ok yinelenen anahtar kelimeler; “deprem-sonrasi yangin”, “depremi takip eden yangin”,
“yangm”, “tutusma” ve “yangin direnci” olmustur. “CBS”, Cografi Bilgi Sistemi’ni, “YBM” ise Yap1
Bilgi Modellemesi’ni temsil etmektedir.

| Deprem-Sonras! Yangin

| Depremi Takip Eden Yangin | °

o
@
©
CBS @)

YBM

Deprem

I
i

| Monte Carlo SimUlasyonu

| Deprem-Sonras Yangin [DSY) | —9
— e
o

Sekil 8: En Sik Tekrarlanan Yazar Anahtar Kelimeleri Analizi

Yazar anahtar kelimeleri arasinda en sik tekrar eden anahtar kelimeler i¢in olusturulan kelime bulutu,
Sekil 2.9°da sunulmustur.

deprem-sonrasi yangin (dsy)

vangin direnci

depremi takip eden yangin

deprem-SONFASI yangin

1mlilerlwlnhn!mcns “ “ ma simiilasyon
'nm yangin yayilimi
yangin

deprem
monte carlo simiilasyonu

Sekil 9: En Sik Tekrarlanan Yazar Anahtar Kelimeleri I¢in Kelime Bulutu

2004 ve 2023 yillar1 arasinda ele alinan tiim makalelerin art1 anahtar kelimeleri ele alinarak popiiler
terimler i¢in bir analiz yiiriitiilmiistiir. Elde edilen sonuglar Sekil 2.10’da sunulmustur. Simiilasyon ile
ilgili anahtar kelimelerin 6zellikle son yillardaki popiilerligi goriilmektedir.
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Sekil 10: Art1 Anahtar Kelimeler i¢in Popiiler Terimler Analizi

Bibliometrix tizerinde ilgili anahtar kelimeler icin elde edilen bibliyografik verinin analizi sonrasinda,
Scopus ve Web of Science veri tabanlarindan elde edilen dokiimanlarin birlestirilmis veri seti
VOSViewer lizerinde anahtar kelime haritalama analizi yiiriitmek iizere kullanilmistir. Haritalama
siirecinde, anahtar kelimeler i¢in minimum tekrarlama sayist iki olarak belirlenmis ve boylece haritada
birbiriyle iligkili 18 adet anahtar kelime igerilmistir. Olugturulan anahtar kelime haritas1 dort siiftan
meydana gelmektedir. VOSViewer tarafindan olusturulan anahtar kelime haritas1 Sekil 2.11°de
sunulmustur,

[ Deprem-Sonrasi Yangin (DSY) ]

Monte Carlo Similasyonu

:
EEE

Sekil 11: Anahtar Kelimeler i¢in Ortak Haritalama Analizi

“Deprem-sonrasi yangin”, 15 ile en ¢ok tekrar eden anahtar kelime olmus ve toplam baglanti giicii 7
olarak belirlenmistir. “Depremi takip eden yangin” anahtar kelimesinin baglanti giicii ise 6 olarak
belirlenmistir. “Simiilasyon” anahtar kelimesinin baglant1 giicii ise 11 olarak belirlenmistir.
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3. Deprem Sonrasi Yangin Riskini Ele Almada Simiilasyon Yaklasimlarini Kullanan Caliymalarin
Incelenmesi

Bu boliimde, deprem sonrasi yangin riskini ele almada simiilasyon metodolojilerini kullanan ¢aligsmalar
detayli olarak incelenmistir. Literatiirde yer alan c¢alismalarin bir boliimii deprem sonrasi yangin
nedeniyle meydana gelen risk faktorlerinin tahmini, degerlendirilmesi ve analizine odaklanirken, bir
kismi ise binalarin deprem kaynakli sismik sarsint1 sonrasi yapisal olarak yangina dayanikliligini ele
alan ¢alismalardan meydana gelmektedir. Deprem sonrasi yangin igin risk faktorlerinin belirlenmesi ve
bunlarin neden olacagi kayiplarin analizine yonelik simiilasyon metodolojilerini ele alan ¢aligmalar bu
caligmanin ana odak noktasi oldugundan, ulasilan dokiimanlar arasinda ¢alismanin odagi disinda kalan
21 adet galigma elenerek geriye kalan 34 caligma incelenmis ve arastirma c¢ergevesi kapsaminda en ilgili
olan ¢aligmalar detayli olarak ele alinmigtir.

Ren ve Xi tarafindan yapilan ¢alismada, deprem sonrasinda yanginlarin meydana gelebilecegi yerleri
belirlemek {izere Japonya, Amerika ve Cin'deki tarihi verilerine dayali olan, Huygens prensibi
kullanilarak gerceklestirilen dinamik bir yangin yayilma siireci simiile edilmistir. Deprem sonrasi
yanginlari yayilabilecegi alanlarin simiilasyonu amaciyla Arc Info’ya dayali bir bilgisayar sistemi de
gelistirilerek, bu sistemin sehir imarinda ve acil miidahale planlamasinda kullanilabilecegi belirtilmistir
[8]. Zhao vd. tarafindan, deprem sonras1 yanginlarin temel mekansal ve zamansal 6zellikleri belirlenmis
ve 20. ylizyilda meydana gelen tarihi deprem sonrasi yangin verileri toplanarak, deprem sonrasi
yanginlar regresyon analizi yontemiyle modellenmistir. Deprem sonrasi yanginlarin mekansal ve
zamansal olasilik dagilimini olusturmak i¢in bir rassal Poisson olayr ve Weibull dagilim modeli
onerilmis, meydana gelebilecek tutugmalari tahmin etmek i¢in Cografi Bilgi Sistemi tabanli bir stokastik
simiilasyon semas1 6nerilmistir [9]. Lee vd. tarafindan, deprem sonrasi yanginin etkilerini tahmin etmek
iizere gelistirilen mevcut tutusma ve yayilma/bastirma modelleri incelenmistir. Uygulanabilirlik
acisindan ampirik yayilma modelleri yerine fizik tabanli yayilma modellerine ve farkli simiilasyon
teknikleri kullanilan modellere yonelik bir egilime dikkat ¢ekilmistir. Bu modellerin egim, bitki ortiisii
ve bina hasari, itfaiye teskilatlarinin sondiirme ¢alismalarmin etkileri, su temini ve ulagim sistemlerinin
isleyisi acisindan gelistirilebilecegi belirtilmistir [10]. Huang vd. tarafindan yapilan calismada,
Tayvan'da meydana gelen bir deprem Monte Carlo simiilasyonu uygulanarak simiile edilmis ve bu
depremden sonra meydana gelen deprem sonrasi yangin olaylariin sayist belirlenerek sehrin farkl
bolgelerinin deprem sonrasi yangin riski tolerans olasilik seviyeleri analiz edilmistir [11]. Zhao
tarafindan yapilan ¢alismada, deprem sonrasi yangin yayiliminin karmasik davranigini arastirmak ve
yangmin sebep oldugu kayiplart degerlendirmek amaciyla deprem sonrasi yanginlarin dinamik
simiilasyonunu gerceklestirmek {izere entegre bir yazilim sistemi gelistirilmistir. Gelecek ¢aligmalarda
yangin ¢ikislar ile sismik zamanlama arasindaki iliskinin modellenmesi gerekecegi, yangmin sigrama
yoluyla yayilmasimin 6nemli bir faktor olarak ele alinmasi gerektigi ve su basincinin dogru tahmininin
modelleme i¢in yliksek 6neme sahip oldugu belirtilmistir [12]. Lee ve Davidson, deprem sonrasinda
kentsel yanginlarin nasil yayildigin1i modelleyen yeni bir simiilasyon modeli sunmustur. Yanginin bir
oda veya catidaki gelisimi, odadan odaya yangin yayilim1 ve binadan binaya yangin yayilimi modellerini
bilinyesinde barindiran ve uyarlayan bu modelin, yanginlarin ne kadar, ne hizda, nerede ve nasil
yayilabileceginin yani sira, bunda hangi unsurlarin en etkili oldugunun arastirilmasinda da
kullanilabilecegi belirtilmistir [13]. Lee ve Davidson tarafindan diger bir calismada, yangin yayiliminin
farkli bigcimlerini igeren fizik tabanli simiilasyon modeline sahip bir vaka ¢aligsmasi anlatilmis ve yangin
yayllimmin daha gergek¢i ve derinlemesine incelenmesine olanak saglanmistir. Aktif yangm
sondiirmenin entegre edilmesi ve su temini ile ulagim hatlar1 arasindaki etkilesimin dahil edilmesi
yoluyla risk azaltma stratejilerinin degerlendirilebilecegi belirtilmistir [14]. Nishino vd., deprem sonrasi
yanginlarda kisilerin ve yapilarin giivenligini saglamak amaciyla hava kosullari, yangin ¢ikislarinimn
sayis1t ve yeri, ilk asamadaki yanginla miicadele faaliyetleri, ilk tahliye edilenlerin yerleri, yollarin
tikanmasi ve binalarda deprem kaynakli olusan hasar gibi yanginin yayilmasi ve tahliyesine iliskin
belirsiz faktorleri ele alan bir risk degerlendirme yontemi sunmay1 amaglamistir. Risk, Monte Carlo
simiilasyonu ve fizik bazli yangm yayilimi ve tahliyesi simiilasyonlarmin bir kombinasyonu ile
hesaplanmistir [15]. Himoto vd. tarafindan yapilan ¢aligmada, yer hareketi nedeniyle binalarda meydana
gelen yapisal hasar1 ve yanginin 1sinmasi nedeniyle ilerlemesini dikkate alarak fizik-tabanli bir deprem
sonrasi yangin yayilma modeli gelistirmistir. Gelistirilen model, 1995 depremi sirasinda Kobe sehir
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bolgesindeki yangimin yayiliminin simiilasyonu ile dogrulanmis ve yanan bina sayisina iligkin beklenen
degerler elde edilmistir [16]. Omidvar vd., Iran'in Kirmansah kenti altinda gémiilii olan yakit boru hatti
sistemleri, boru hatti arizalar1 ve deprem sonrasi yangin agisindan hasar analizine odaklanmistir.
Simiilasyon metodolojileri ile deprem sonrasinda yangina maruz kalacak alan, ev sayist ve niifus i¢in
olasilik dagilim fonksiyonu hesaplanmistir ve yangin hasarini azaltmak i¢in risk hafifletme segenekleri
degerlendirilmigtir [17]. Himoto ve Nakamura, Monte Carlo simiilasyonu ve fizik tabanli kentsel yangin
yayilim modeli kullanarak Japonya'nin Kyoto kentindeki 2131 tarihi binanin deprem sonrasi yangin
giivenligi acisindan degerlendirilmesine yonelik bir analiz yapmayr amacglamigtir. Tarihi yapilarin
yakininda tutugsma, yanginin ilk asamasinda yanginla miicadele faaliyetlerinin yetersizligi ve kentsel
bolgelerde genis alana yayilan yanginlar, tarihi yapilarm yangina maruz kalmasina neden olan dzel
olaylar olarak ele alinmistir. Yapilarin ve ¢evrelerindeki kentsel alanlarin yangin giivenligi agisindan
tyilestirilmesinin, tarihi binalarin yangin giivenligini artiracagi belirtilmistir [18]. Shang vd., Monte
Carlo simiilasyonu ile deprem sonrasi yangmlar1 simiile ederek Tayvan’in Taipei sehrinin yangin
kurtarma kapasitesini degerlendirmistir. Caligmada sunulan modelin, ilgili alandaki potansiyel afet
kaynak planlama ihtiyaglarini degerlendirmek iizere kullanilabilecegi belirtilmis ve elde edilen
bulgulardan yola ¢ikilarak ilgili riski azaltmaya yonelik stratejiler 6nerilmistir [19]. Himoto ve Suzuki,
alt1 farkli yangin koruma ekipmaninda meydana gelebilecek sismik hasari ele alarak, orta yiikseklikte
ve ¢ok katl binalarda deprem sonras1 yangin riskini tahmin etmek iizere bir model olusturmustur. Bu
model, duman yayilmasma yonelik model, bina sakinlerinin yanginla miicadele faaliyetlerine yonelik
model ve bina sakinlerinin tahliyesine yonelik model olmak iizere ii¢ alt modelden olugmaktadir.
Uygulanan vaka c¢alismasinda deprem sonrasi yangin riski Monte Carlo simiilasyonu ile
degerlendirilmis ve yangm giivenligi ekipmanmin bulunmamasinin sonu¢ olarak insan kayiplarinin
kapsamini artirdigi belirlenmistir [20]. Liu vd. tarafindan yapilan ¢alismada, sismik olarak zayif bir
kentsel bolgede deprem sonrasi yangin etkisi altinda yollarin bosaltilmasi sorunu ele alinmis ve
kalabalik akisi, tahliye alani ve deprem sonrasi yangin iliskileri arastirtlmistir. Bina yiiksekligi ve riizgar
hizi, simiilasyon modelinde ele alinacak hassas faktorler olarak belirlenmis ve bu faktorlerin farkl
degerlerinin yanginin yayilma hizim1 da farkli sekilde etkiledigi belirlenmistir [21]. Xu vd. tarafindan
yapilan ¢alismada, yagmurlama sistemlerinin sismik hasarin1 dikkate alan ve bu hasarin neden oldugu
yangin yayiliminin etkisinin niceliksel olarak degerlendirilmesine yardimei olan bir deprem sonrasi
yangin simiilasyonu ydntemi Onerilmistir. Deprem sonrasi yanginin yayilma siirecinin simiile edildigi
bir vaka calismasi sonucunda hasarli bir yagmurlama sisteminin yatay ve diisey yonde daha ciddi yangin
tehlikelerine neden olabilecegi sonucuna varilmistir [22]. Lu vd. tarafindan, bina sismik hasarini dikkate
alarak deprem sonrasi yangin afetinin fizik tabanl simiilasyonu ve yiiksek kaliteli gorsellestirilmesi i¢in
bir gergeve sunulmustur. incelenen bélgedeki binalarm sismik hasar1 simiile edilmis ve yangin yay1limi
ile duman etkilerini simiile etmeye yonelik bir gorsellestirme yontemi sunulmustur. Farkli yer
hareketleri ve bina sismik direnglerinin tutugma ve yanginin yayilmasi iizerindeki etkisi dikkate alinarak
deprem sonrasi yangin olayinin daha gergek¢i modellenebilecegi belirtilmistir [23]. Li vd. tarafindan,
sismik hasar ve deprem sonrasi yangimlarin etkisi altinda su dagitim sebekelerinin hem yanginla
miicadele akisini hem de orijinal talebi karsilamadaki afet sonrasi performansini degerlendirmek
amaciyla simiilasyona dayali bir model sunulmustur. Hizmet verilebilirlikteki en énemli azalmanin
deprem sonrasi yangini takiben ilk birka¢ saatte meydana gelen yogun yanginla miicadele akisindan
kaynaklandig1 ve yanginla miicadele i¢in giivenilir bir ilave su kaynaginin insa edilmesinin yangin
hasarmu etkili bir sekilde azaltabilecegi belirlenmistir [24]. Nishino ve Hokugo, deprem sonras1 yangin
riskinin degerlendirilmesi amaciyla binalardaki deprem sonrasi yanginlarin sayisinin zaman serisi
tahmini i¢in stokastik bir model gelistirmistir. Elektrik kaynaklarindan meydana gelen tutugmalarin
zamana bagli olusum modeli ile gaz, petrol veya diger kaynaklardan meydana gelen tutugmalar i¢in
zamandan bagimsiz bir tutusma modeli olmak {izere iki tiir Poisson regresyon modeli kullanilmigtir.
Onerilen modelin dogrulanmas: i¢in 2011 Tohoku depremi tutusma sayilarinin zaman serisi tahmini
Monte Carlo simiilasyonu kullanilarak gerceklestirilmistir [25]. Rafi vd., yanginin hem bina igerisindeki
hem de binadan binaya yayilma mekanizmalarimi dikkate alarak, yapir malzemelerine dayali olarak
yanginin kitlesel yayiliminin simiilasyonu i¢in bir model sunmustur. Yap1 bilgi verilerinin Cografi Bilgi
Sistemi’ne entegrasyonu ve yangin yayillma mekaniginin matematiksel formiilasyonu ile uygulanan
modelin, ¢alismada ele alman her iki modelleme mekanizmasi i¢in de yangimi yeterince simiile
edebildigi ve literatiirdeki diger yontemlere basit ve gilivenilir bir alternatif olabilecegi sonucuna

&9



Ankara Science University, Researcher

Bulut et al., 2024

varilmigtir [26]. Coar vd. su sebekesi tasarimi, sismik tehlike ve elektrik sebekesine bagimlilik
senaryosu olmak iizere ii¢ parametrenin yangin musluklarinda deprem sonrasi su mevcudiyeti
iizerindeki etkilerini inceleyerek deprem sonrasi yangm sondiirme kapasitesini topluluk diizeyinde
degerlendirmeyi amaglamigtir. Sebeke davranisimin gergeke¢i temsili i¢in su temin performansi ile
topoloji bazli ve enerji bazli sebeke performans Slgiimlerinin kullanilmasi gerektigi belirtilirken; su
sebekesinin elektrik sebekesine agik bagimliliginin dikkate alinmasi tavsiye edilmistir [27]. Himoto
tarafindan yapilan ¢aligmada, hiyerarsik Bayes yaklasimi kullanilarak Japonya'da 1995-2016 yillar1
arasinda meydana gelen bes biiylik deprem sonrasi yangin tutusma olasiliklarinin analizi sunulmustur.
Tutusma nedenlerine yonelik parametrelerin hedef sonsal dagilimlarindan 6rnekler alinabilmesi igin
simiilasyon metodolojilerinden yararlanilmistir. Hiyerarsik Bayes yaklagiminin, farkli bolgesel ve
mevsimsel 6zellikleri modelleme sorununu ¢ézmek igin sistematik ve rasyonel bir ¢erceve saglayarak
deprem sonrasi tutugsma olasiliklarini tahmin etmede istatistiksel glivenilirligi artirdigi belirtilmistir [28].
Lu vd. tarafindan Yap1 Bilgi Modellemesi ve sanal gergeklige dayali i¢ mekan deprem sonrasi yangin
kurtarma senaryosunun simiilasyonu i¢in bir ¢aligma yiiriitiilmiistiir. Bina bilesenlerinin sismik hasar1
ve duman yayilimmin gorsellestirilmesi ile bina i¢i yangin yayilimi ve kurtarma asamalar1 analiz
edilmistir. Onerilen metodolojinin gercek¢i bir deprem sonrasi yangin senaryosu olusturulmasina
bilimsel bir temel saglayacagi belirtilmistir [29]. Lotfi vd. tarafindan, deprem sonrasi yangin afeti
sirasinda yiiksek katli bir binada giivenli bir tahliye planmin garanti edilip edilemeyecegini
degerlendirmek iizere bir ¢cergeve Onerilmistir. Bu amagla; Yap1 Bilgi Modellemesi’nden yararlanilarak
¢ok katl1 bir bina modellenmis, yangin ve duman simiilasyonlari ile senaryo analizleri yapilmistir. Dogru
sonuglar elde dilebilmesi i¢in yanginin tamamen simiile edilmesi ve binanin tim katlarinin dikkate
alinmasi gerektigi belirtilmistir [3]. Sarreshtehdari ve Elhami Khorasani, yangin sondiirme siirecini ve
itfaiye miidahalesini modelleyerek deprem sonrasi yanginlari simiile etmeye yonelik mevcut yontemleri
gelistirmeyi amaclamistir. Ulasim agi, su ve elektrik sebekeleri gibi altyap: sistemlerinin katmanlari ile
bina envanteri, depremin topluma verdigi hasar karakterize edecek sekilde modellenmistir. Yangin
yayilimi ile yangini bastirma faaliyetleri de modellenerek tutugsma konumlarina itfaiye atamalar1 igin bir
karar verme algoritmasi uygulanmistir [30]. Coar vd., art arda gelen deprem ve yangin felaketlerinin
etkileri ile yapi envanteri, su sebekesi ve ulagim agi olmak iizere ii¢ altyapi sisteminin zarar
gorebilirligini, depremi takip eden 12 saat igerisinde itfaiyecilerin ve diger acil durum hizmetlerinin
ihtiyaglarina 6zel olarak odaklanarak ele almigtir. Kentsel bir alan igin topluluk 6l¢eginde tahmin
modelleri olusturmak iizere bir c¢erceve sunularak, mevcut veri deprem sonrasi yangin hasarina en
duyarli bolgelerin belirlenmesinde kullanilmistir [31]. Hou ve Li, sismik boru hatt1 hasarinin ve deprem
sonrasi yanginlarin ¢oklu tutusma etkileri altinda, su dagitim sisteminin yanginla miicadele kapasitesini
degerlendirmek ve deprem sonrasi yanginlar ile boru hattt hasarinin mekansal dagilimlarimi simiile
etmek iizere entegre bir prosediir gelistirmistir. Onerilen ydéntemin olas1 uygulamalari igin ¢oklu es
zamanl su taleplerinin etkileri {izerine analizler yapilmig ve yanginin tutusma olasiligimi azaltmanin
deprem sonrasi yangina direnme kapasitesini artirmada boru hatt1 sistemini giiglendirmeye gore daha
etkili oldugu belirtilmistir [32]. Scheele vd. tarafindan yapilan caligmada; aktif faylara yakinlik, yakin
aralikli ahsap kapli binalar, zarar gorebilirligi yiiksek su ve gaz altyapisi, sik siddetli riizgarlar ve acil
durum hizmetlerine erigimin zor olmasi gibi tutusmaya ve yanginin yayilmasina duyarli bir¢ok 6zellige
sahip olan Yeni Zelanda’nmin Wellington sehri ele alinmustir. Yer hareketlerindeki belirsizlik,
tutusmalarin sayisi ve lokasyonlari, hava kosullar1 ve yangimla miicadele kapasitesi ele aliarak deprem
sonrasi yanginin tutusmasi, yayilmasi ve bastirilmasi modellenmis ve riskli alanlar belirlenmistir [33].
Tong ve Gernay, ge¢miste meydana gelen bir deprem sonrasinda yangin ¢ikma sayisini etkileyen
degiskenleri analiz ederek, deprem sonrasinda olusabilecek yangin sayisini tahmin etmeyi amaglamustir.
Onerilen modelin simiilasyon uygulamasi i¢in varsayimsal bir vaka calismas1 uygulanmustir. Hiyerarsik
Bayes modeliyle elde edilen tutusma verilerinin, ele alinan ge¢mis depremlerde yasanan tutusma
sayilartyla uyumlu oldugu, modelin gelecekteki sismik olaylarda tutusmalar1 degerlendirmek iizere
kullanilabilecegi belirtilmistir [34]. Wu vd. tarafindan, deprem sonrasi bina ¢dkmelerini ve yangin
nedeniyle yollarin gecis kabiliyetini dikkate alan bir deprem sonrasi trafik simiilasyon yontemi
onerilmigstir. Elde edilen sonuglarin deprem sonrasi trafik durumunun belirlenmesinde ve deprem sonrasi
tahliye ve kurtarma kararlarinin alinmasinda referans saglayabilecegi belirtilmistir [35]. Nishino ise,
bolgesel dlgekte yer sarsintist ve deprem sonrasi yanginlara iliskin ¢oklu tehlike riskini degerlendirmek
iizere olasiliksal bir metodoloji sunmustur. Kullanilan yangin modelleri; deprem sonrasi yangin tutugsma
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modelleri, hava durumu modeli, fizik-tabanli kentsel yangin yayilma modeli ve itfaiye miidahale
modellerini i¢ermektedir. Belirsiz faktorlerin degerlendirmelere dahil edilmesini saglayan entegre
modelleme metodolojisinin, mevcut riskin anlagilmasinda ve risk azaltmaya yonelik karar verme
asamalarinda kullanigh olacagi belirtilmistir [36].

4. Sonuc ve Cikarimlar

Deprem sonrasi yanginlar, birgok belirsiz risk faktorii barindirmalar1 sebebiyle ikincil afetlerin en
tehlikelilerinden biri olarak tanimlanmaktadir ve tarihi olaylara dair veriler de bunu dogrulamaktadir.
Bu afetler, sismik hasarin daha ileri boyutlara ulasmasina sebebiyet verebilmektedir.

Bu calismada, deprem sonrasi yangin afetinde simiilasyon metodolojileri {izerine kavramsal bir bakis
ac1s1 sunmak amaciyla literatiir arastirmasi ve bibliyografik analiz yaklagimlarindan yararlanilmistir. Bu
amagla bibliyografik veri analizi ve gorsellestirmesinde yaygin olarak yararlanilan Bibliometrix ve
VosViewer araglari kullanilmustir.

Literatiirdeki ¢alismalar; deprem sonrasi yanginlarin belirli bina tipleri iizerindeki etkilerinin
arastirilmasi, deprem sonrasi yanginin su hatti, ulasgim ag1 veya sismik hasara ugramis yanginla
miicadele ekipmanlar1 gibi spesifik faktorler agisindan ele alinmasi, yangini bastirma, yanginla
miicadele ve tahliye faaliyetlerinin analizi, risk degerlendirmesi ve kayip tahmini gibi cesitli
alanlardadir. Simiilasyon metodolojileri; deprem sonrasi yanginin tutusma asamasinda tutugmalarinin
sayisinin, yerlerinin ve zamanlarinin belirlenmesi, yangindan etkilenebilecek binalarin ve toplam
niifusun belirlenmesi, belirli bina tiplerinin gilivenilirliginin analiz edilmesi, potansiyel toplam yanan
alanin belirlenmesi ve itfaiyecilerin ncelikli olarak ¢alismasi gerekecek olan yangina egilimli alanlarin
belirlenmesi i¢in kullanilabilmektedir. Yanginin yayilma agamasinda yanginin nereye, ne sekilde ve ne
hizda yayildiginin incelenmesi, yanginin gelisiminin modellenmesi, farkli zaman araliklarinda yapilarin
durumlarinin analizi ile zaman igerisinde yangina maruz kalan yapi sayisi ve toplam niifusun
belirlenmesi, belirli yanginla miicadele ekipmanlariin sismik hasari1 ele alinarak yangin yayiliminin
degerlendirilmesi ve duman yayilimmnin incelenmesi amaciyla simiilasyon metodolojilerinden
yararlanilmaktadir. Bastirma ve tahliye asamasinda ise yangmin siirme zamaninin belirlenmesi, su
sebekesi vb. altyapt unsurlarinin sismik hasar1 dikkate alimarak yanginla miicadele faaliyetlerinin
degerlendirilmesi, tahliye planlar1 ve kurtarma faaliyetlerinin degerlendirilmesi, tahsis edilmesi gereken
itfaiye araclarinin sayisinin belirlenmesi ve tahliye siiresinin belirlenmesi igin trafik simiilasyonu gibi
¢esitli alanlarda simiilasyon yer almaktadir.

Simiilasyon modellerinde kullanilan veriler ¢alismanin kapsamina ve ele alinan bolgeye gore gesitlilik
gostermektedir. Tutusma modellemelerinde genellikle tepe yer ivmesi, sismik yogunluk ve tutugma
kaynaklarimin durumu gibi girdiler dikkate alinmaktadir. Yayilma ve bastirma modellerinde ise bina
ozelliklerine, imar planina ve ¢evre kosullarina iliskin cesitli faktorler analize dahil edilmektedir. Bina
yiiksekligi, binalar arasi alan, bina ¢esitleri ve bina sekilleri, ahsap bina yiizdesi, bina hasar durumu,
egim ve bitki oOrtiisii gibi faktorler bunlara 6rnek olarak siralanabilir. Hava durumuna iligkin hava
sicakligl, nem, yagis, riizgar hizi ile riizgar yonii gibi faktdrler de bu modellerde igerilen degiskenler
arasinda yer almaktadir. Bastirma modellerinde ayrica yangini sondiirmek iizere mevcut su kaynaklar1
ve su sebekesinin durumu, gerekli su miktar1 ve trafik ag1 gibi faktorler de ele alinmaktadir. Sismik
yogunlugun Ol¢limiindeki potansiyel belirsizlikler ve hatalar, ge¢mis depremlere iliskin farkh
kaynaklardan elde edilen verilerde tekrar, ¢eliski ve sapmalar ile veri eksikligi nedeniyle deprem sonrasi
yanginda etkili olan birgok farkli faktdr arasindaki niceliksel iliskilerin belirsizligi gibi durumlar
modellemeyi giiglestiren faktorler arasinda yer almaktadir.

Simiilasyon metodolojileri ile entegre olarak, tutugsma alanlarmna itfaiye araclarinin atanmasi gibi
problemler i¢in ¢ok kriterli karar verme algoritmalari, yapilarin ve binalardaki oda konfigiirasyonunun
detayli incelemesi i¢in Cografi Bilgi Sistemi, bina i¢i faktorlerin degerlendirmelere dahil edilmesi i¢in
Yap1 Bilgi Modellemesi ve yer hareketi tahmini gibi deprem sonrasi yangin ¢ergevesinde yer alan bazi
faktorlerin ele alinmasi icin ¢esitli olasiliksal ve istatiksel yaklagimlar kullanilmaktadir.

Genel olarak modellerin tutugma, yayilma ve tahliye faaliyetlerini biitiinsel olarak ele alarak daha detayl
bir analiz sunulmasi 6nerilmektedir. Deprem kaynakli bina, sondiirme ekipmani, gaz sistemi ve elektrik
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ag1 hasari, yanginla miicadele ¢alismalari, su temin agi, ulasim hatlari, yangin yayiliminin ¢esitli
mekanizmalari, iklimsel ve mevsimsel faktorler, depremin zamanlamasi, bitki ortiisii, bolgesel jeoloji,
tektonik c¢ergeve ve depremsellik gibi faktorlerin mevcut modellere entegre edilmesiyle daha etkili
analizler  yiiritilebilecegi  belirtilmektedir.  Mevcut ~ modellerin  uyarlanabilirliklerinin
genisletilebilecegi, duyarlilik analizi gibi ¢esitli analizler ek dogrulamalar yapilabilecegi, daha rasyonel
verilerin kullanimu ile analizlerin gelistirilebilecegi ve yangindan korunma planlamasi ile yanginla
miicadele faaliyetleri kapsaminda karar vericilerin ilgili afeti yorumlama kabiliyetlerinin gelistirilmesi
icin deprem sonrasi yangin afetinin yiiksek kalitede gorsellestirilmesi ile karar verme siireclerinin
desteklenebilecegi belirtilmektedir.

Deprem sonrasi yanginda simiilasyon metodolojilerine kavramsal bir bakis acisinin sunuldugu bu
caligmanin temel kisitlar1 olarak iki akademik veri tabani ile belirli anahtar kelimeler ve filtreleme
kriterlerinin kullanilmig olmasi siralanabilir. Farkli akademik veri tabanlarinin da aragtirmaya dahil
edilmesi ve c¢esitlendirilmis anahtar kelimeler ile ele alman konuya dair daha detayli bir analiz
saglanabilir.
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Preventive maintenance is performed to sustain the safe and reliable operation of industrial equipments. In order
to plan preventive maintenance or evaluate the existing maintenance plan, the failure behavior of the system must
be modeled. The failure behavior of a repairable system is modeled utilizing counting processes. In this study
failure behavior of propellers belonging to a small aircraft fleet is modeled. First non-parametric estimate of
population mean cumulative function (MCF) is obtained. MCF helps discovering the special features of the
maintenance data. The parametric model selection depends on the result of the trend analysis of the time between
failures. In the second part of the study trend analysis is performed on propeller maintenance data. Based on the
trend analysis two prospect parametric models are selected. Reliability measures are estimated using both models
and results are compared to evaluate the existing preventive maintenance plan.

Keywords: repairable system reliability, MCF, counting process, reliability metrics

1. Introduction and Background

Increasingly complex systems are being produced to meet today's technological needs. For these systems
to fulfill their functions, all the parts, devices, and components that make up the system must work
properly. The loss of function of even a small part of the system can have a negative impact on the
operation of the entire system. However, as systems are used, the components that make up the systems
wear out over time. This reduces the efficiency of the systems and leads to their failure after a certain
period.

Maintenance is an important element in ensuring the reliable working of systems throughout their life
cycle. Maintenance schedules and types are determined by the system's needs, equipment's nature and
condition, and other factors. Insufficient, excessive, or incorrect maintenance can cause malfunctions,
which affects the usability of the systems and causes the system to lose performance. System repair
costs may increase significantly due to possible secondary failures. An effective maintenance plan must
be developed and implemented to keep a system in good working condition. In addition, existing
maintenance data should be analyzed over time and the existing maintenance plan should be updated to
meet the system's needs. Maintenance data are classified as recurring event data. These data are
analyzed using counting processes from stochastic models. Counting processes are models of the
occurrence of events over time and are used in systems with recurring events [1, 2].

In the literature, Ye, et al. [3] developed the reliability evaluation framework for hard disk drive (HDD)
based on the non-homogeneous Poisson process (NHPP) and illustrated the framework on real data from
the HDD tests. Traditional methods for accelerated life test (ALT) data analysis cannot fit the time-to-
failure data well. A multi-country production system operational status can be characterized using a task
reliability model based on product quality status, as proposed by Yang, et al. [4]. Majumdar [5] proposed
a failure model for a repairable hydraulic excavator system, which is modeled by a NHPP with a time-
dependent log-linear hazard rate function, and the failure modes of the system, which are at very high
risk, are identified by failure mode and effect analysis (FMEA) and appropriate corrective measures are
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discussed. Huang, et al. [6] proposed the NHPP to model the degradation in the system. The proposed
model considers the virtual age concept and uses the production yield rate as a condition variable for
the optimal preventive maintenance (PM) framework, then three different case-based PM strategies are
proposed for the system. Ali [7] developed intuitive, practically interpreted, and adapted process
monitoring strategies to monitor time-between-events (TBE) online and used a power-law NHPP model
to develop TBE schedules. Cahoon, et al. [8] discussed the background of reliability growth models.
They presented two models based on the Poisson process and competing risks. They discussed how
these models can be extended to a Bayesian framework. Li, et al. [9] developed an improved four-
parameter NHPP model and presented a meta-action reliability model for machine tools. Said and
Taghipour [10] developed the likelihood function corresponding to the failures and preventive
maintenance of a fleet of trucks in the mining industry and optimized the parameters of the failure
process with some meta-heuristics. The Kijima virtual age models [11] discussed by Jack [12] and the
failure density adjustment model for NC machine tools were used by Guo, et al. [13] as part of their
imperfect PM model. Van and Bérenguer [14] assumed that deterioration behavior is a Gamma
stochastic process and proposed a state-based maintenance policy for deteriorating production systems.
Kahle [15] discussed the Kijima models [11] applied to system virtual age and deterioration.

Preventive maintenance is performed to sustain the safe and reliable operation of industrial equipment.
To plan preventive maintenance or evaluate the existing maintenance plan, the failure behavior of the
system must be modeled. The failure behavior of a repairable system is modeled utilizing counting
processes. In this paper, the failure behavior of propellers belonging to a small aircraft fleet is modeled.
First, the non-parametric estimate of population mean cumulative function (MCF) is obtained. MCF
helps to discover the special features of the maintenance data. The parametric model selection depends
on the result of the trend analysis of the time between failures. In the second part of the study trend
analysis is performed on propeller maintenance data. Based on the trend analysis NHPP and Kijima II
models are selected as prospect models. Reliability measures are estimated using both models and results
are compared to evaluate the existing preventive maintenance plan.

The remainder of this paper is structured as follows: Section 2 reviews NHPP and Kijima II models.
The problem and data definitions are given in Section 3. Reliability analysis of propellers is performed
in Section 4. In section 5, results of the proposed models are presented. Finally, the conclusion is given
in Section 6.

2. Methodology

Counting processes are stochastic models, defined as the occurrence of events over time. These events
are thought of as points on the time axis, usually the time between events is neither independent nor
identically distributed [16, 17]. When events are failures of a system, counting processes can be
categorized based on the quality of repairs as homogeneous Poisson processes (HPP), renewal processes
(RP), non-homogeneous Poisson processes (NHPP), and imperfect repair processes (IRP). The
classification of the counting processes according to repair type is shown in Figure 1.
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Figure 1: The classification of the counting process [18].

In this study, NHPP and IRP models are used. The NHPP is also called a non-stationary Poisson process
[19]. The basic assumption of the NHPP model is that in the event of a failure, the system is repaired to
the state it was in immediately before the failure, i.e. the minimal repair or as-bad-as-olds [18, 20]. This
assumption is justifiable for repairable systems, such as an engine, since typically only a few
components of the system is repaired at a time, restoring it to its pre-failure state [21].

Some applications of the NHPP model in reliability; trend analysis based on failure occurrence, optimal
replacement analysis, statistical warranty claim prediction. As an example of these studies; in the study
conducted by Rausand and Hoyland [18], Asfaw and Lindqvist [22], Nelson [23], Tang, et al. [24], the
NHPP model was used in the problem of trend analysis based on fault occurrences. Sheu, et al. [25],
Srivastava and Mondal [26] discussed the NHPP model optimal replacement problems. Kaminskiy and
Krivtsov [27], Majeske [28] used the model to analyze the statistical warranty claim prediction.

For the counting process N;(t),t = 0 to be NHPP with the rate function w;(t), must satisfy the
following conditions; N;(0) = 0, N;(t),t = 0 is an independent increment and it is not possible for
more than 1 failure to occur in at the same time. For the NHPP, the probability mass function of the
number of events occurring at time (0, t] for subpopulation i is according to a Poisson distribution.

W;(t)"e Wi®
n!

P(N;(t) =n) = (1)
In Equation 1, N;(t) is the random variable representing the number of events at time (0,t] for
subpopulation i. W;(t); is the expected value known as the mean cumulative function (MCF) for
subpopulation i at time (0, t] expressed in Equation 2.

T

EIN:D)] = Wy(T) = j wi() dt, @)

0

where w; (t) is rate of occurrence of failures (ROCOF) at time t for unit i.

In order to calculate the ROCOF for the NHPP model, a parametric model is needed. The power-law
was first discussed by Duane [29], and later broadened by Crow [30].The power—law NHPP is used to
model failure times that occur at an increasing, decreasing and constant rate. When the rate constant
NHPP becomes HPP. It is often used for the reliability of repairable systems or complex systems.

Wi(T) = f ' (Al)ﬁ eBi-1gp = (AZ)B (3)

0 i
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where f3; is the shape parameter and A; is scale parameter. The power-law NHPP model is highly
sensitive to f3;. Accurate calculation of £5; is crucial. This calculation is challenging for noisy data sets
and/or subpopulations with few data points. Therefore, in such cases, a power law NHPP model with a
common shape parameter is proposed [20]. According to the value of f5;, the following situations are
observed; if 0 < B; < 1, the time between failures increases, if §; = 1, the NHPP model is reduced to
the HPP model, and if §; > 1, the time between failures decreases.

The general renewal process (GRP) is an IRP model. In particular, GRP models model the failure
behavior of a given system and enable an understanding of the effects of repairs on the age of the system.
The GRP is an appropriate model when the state of the system after repair is between “as good as new”
and “as bad as new”. In the study by Crocker [31], the failures were analyzed by special forms of GRP
Kijima model I and Kijima model II. It was revealed that the system would not be as good as new after
repair. The models developed in Kijima [11] study proposed these two models, which deal with a general
assumption regarding the repair situation of the GRP [32].

Kijima model I assumes that the repair after system failure is based only on the removal of the last
damage, while Kijima model II assumes that the repair after failure removes the damage accumulated
up to the present time and all wear and tear.

R(x) =P(X > x), 4)

where R(x) is the reliability or survivor function, distribution function F(x) = 1 — R(x), densitiy
function f(x) = —dR(x)/dx.

r(x) = f()/R), )

where 1(x) is the hazard rate and H(x) = [ (f r(u)du is the cumulative hazard function. In the event of
a system failure, a repair is performed, and the time between the (i — 1)th failure and the (i)th failure
is the system uptime, expressed as X;, and the distribution of X; depends on the value of V;_;, which is
the virtual age of the system after the (i — 1)th repair [33].

R(x +
P(X;=2x\Vi_y =v) =%' (5)
Vi = y(Vi—llXi)' i = 0' VO =0 (6)

where ¥ is the repair function. Situations by virtual age can be summarized as follows: if V; = 0, i = 0,
replacement (“as good as new”) for The RP or HPP, if V; = V;_; + X;, i = 0, minimal repair (“as bad
as old”) for The NHPP, if V; = V;,_; + a;X;, i = 0 where «; is a random variable and 0 < a; < 1,
Kijima model [, and V; = a;(V;_; + X;), i = 0and 0 < ¢; < 1, Kijima model II. Maintenance models
are constrained by the fact that repairs are either “good as new” or “minimum repair”, so the general
repair models Kijima model 1 and Kijima model 2 are more suitable as they provide flexibility in
modeling the degree of repair between the two extremes of repair [33]. When the virtual age V; is
increased considerably, it will have an infinite failure rate and the uptimes will stochastically decrease
towards a boundary value of zero. For this reason, Kijima model I cannot be used in a repair strategy
that aims to maintain a constant long-term expected time between failures in the system, instead Kijima
model II is a more appropriate approach.

3. Description of the Problem

Propellers are the parts that use the energy generated by the engines to accelerate the air mass so that
the aircraft can move through the air. Propeller maintenance data for a fleet of aircraft is analyzed using
counting processes and suitable reliability measures are estimated to evaluate the existing maintenance
plan. The fleet consists of 34 aircraft and the failed propeller is removed from the aircraft and replaced
with another propeller from the stock. The repaired propeller is sent to stock room. The propellers are
regularly checked and overhauled as part of preventive maintenance. The propeller is tracked in the
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system using the serial number. We have maintenance data for a total of 72 propellers. The maintenance
data used in the study was compiled from various sources. An example of the data can be found in Table
1. The table shows the accumulated flight hours between removals of the propeller P0I. From this data
the accumulated flight hours between failures are calculated for the reliability analysis.

Table 1: Maintenance data

Serial Number Reason thh? Time Be.tw cen
Disassemblies
P01 Overhaul 1118.0
POl Failure 1909.7
P01 Failure 2422.2
P01 Failure 2481.3

Propellers suffered different numbers of failures. This information is summarized in Table 2. For
example, 22 propellers had no failures and 25 had only one failure. The total number of failures for the
whole population of propellers is 96 failures.

Table 2: The Number of Propellers that have Suffered a Given Number of Failures

Number of Failures Propeller Units
0 22
1 25
2 13
3 7
4 1

All propellers are from the same manufacturer, and their ages and operating conditions are the same,
forming a homogeneous population. Therefore, maintenance data of all propellers are polled. Reliability
analysis is performed on the pooled data and reliability metrics are calculated for the fleet.

4. Methodology and Case Study

Two modeling approaches are proposed to analyze the propeller unit data and the systems are modeled
separately for each modeling approach. The propeller units are not considered as good as new after
overhauls so the cumulative flight hours between failures are taken as a basis. Figure 2 below presents
the event plot of propeller units. Cross marks indicate the accumulated flight hours that failures took
place.
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Figure 2: Event Plot for Cumulative Time

4.1. Trend Test

The general trend of the data was first determined using a non-parametric model. In the non-parametric
model, the MCF is estimated over time from the data without assuming a model. MCEF is a plot of the
average cumulative number of failures per unit, over time. The MCEF is estimated for each time point at
which a failure occurs and averaged over the number of units observed at that time point (number of
units at risk) [23].

The shape of the MCF gives information on the shape of the ROCOF. If MCF is linear, ROCOF is
constant in time and there is no trend in the time between failures. If MCF is convex, ROCOF is an
increasing function in time and the time between failures decreases with time. If MCF is concave,
ROCOF is a decreasing function in time and the time between failures increases over time. In these two
cases, ROCOF has a monotonic increase or decrease. When the MCF changes shape, the ROCOF is
also not monotonic. The MCF plot for propeller units is given in Figure 3 below. The slight convex
nature of the figure shows that the propeller deteriorates more often as it ages. This is an expected result
as the propeller is a mechanical system [34].

99



Ankara Science University, Researcher

Sasmacztiirk et al., 2024

Mean Cumulative Function for CUM. TIME
System Column in SERIAL N.

MCF
|

0 1000 2000 3000 4000
CUMULATIVE TIME

Figure 3: Mean Cumulative Function for Propeller Units

MCEF values for some flight hours are given in Table 3. As an example, the third row of the table can be
explained as follows. It is estimated that an average of 2.032 failures per unit will occur in 2133.2 flight
hours. The standard error of this prediction is 0.225 and the 95% confidence interval (CI) is calculated
as 1.635-2.525.

Table 3: Estimation of MCF

95% Normal CI limit

Time MCF Std. Error Serial Number
Upper Lower
32 0.014 0.014 0.099 0.002 P59
1190.5 1.008 0.135 0.312 0.775 Pl1
2133.2 2.032 0.225 2.525 1.635 P35

After determining the general trend of the data with the nonparametric model, a trend test was applied
to the time between failures of the propeller units to determine the appropriate parametric model and the
trend test results are given in the Table 4.

Table 4: Trend Test Results for Propeller Units

MIL-Hdbk-189 Laplace’s
A -
TTT-based Pooled TTT-based Pooled nderson
Darling
Test Statistic 190.83 157.27 1.96 1.59 3.01
0.036 0.100 0.050 0.112 0.027

P-value
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Since the units are homogeneous, the test results based on the total-time-on-test statistic are analyzed.
The test results are evaluated for 0,05 significance level. Since the P-values are less than or equal to
0.05, there is a trend. Based on the trend test results and the nonparametric model results a nonstationary
counting process model is suitable for modeling the reliability of the propellers. Power law model and
Kjima model II are chosen as prospect models.

4.2. Proposed Modeling Approach 1

Parameters of the power law model are estimated by maximum likelihood method. The parameter
estimates of the power law model are given in the Table 5. From the table, the shape parameter (f) is
estimated as 1.11 and the scale (@) parameter is estimated as 1447.51. Although the 95% confidence
interval contains values less than 1, the trend test results, and the non-parametric MCF model results
support the trend in the time between failures as the propeller unit ages.

Table 5: Estimation of Power Law Model Parameters
95% Normal CI Limit

Parameter Estimate Std. Error

Lower Upper
Shape () 1.11 0.089 0.952 1.303
Scale (0) 1447.51 143.707 1191.56 1758.44

The average cumulative number of failures predicted from the model is given in Figure 4. The blue dots
in the figure represent the data and the solid line represents the values predicted from the model, thus
the figure shows that the model predictions are close to the actual data.

Mean Cumulative Function for CUM. TIME
System Column in SERIAL N.
Retirement Column

25 ) Parameter, MLE
( Shape Scale
11317 144751
2,0
15
w
9]
=
10
0,5
0,0
0 500 1000 1500 2000 2500 3000 3500
CUM. TIME

Figure 4: MCF for Cumulative Time
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The values of the ROCOF for the power law model at some time points are given in the Table 6. For
example, a propeller that has completed 1000 hours of flight time will fail on average 7.38 x 10~*
times in an hour flight. This is a very low failure density. As can be seen from the values in the table,
ROCOF increases slowly over time.

Table 6: Proposed Model 1 Density Function Values

Time (t) (flight hour) Density function, A (t) (failure/flight hour)
1000 0.000738
2000 0.000798
3000 0.000835
4000 0.000863

Estimates of the values of the mean time between failures at some time points and the 95% confidence
intervals of the estimates are given in the Table 7. For example, for a small-time interval dt starting
with 1000 flight hours, the mean time between failures (MTBF) is approximately 1356 hours. As the
ROCOF increases over time, MTBF decreases over time as shown in the table.

Table 7: Proposed Model 1 MTBF Values

Time MTBEF (flight hour) 95% Normal CI
1000 1355.93 1109-1657
2000 1253.62 970-1619
3000 1197.40 874.84-1638.90

4.3. Proposed Modeling Approach 2

When the Kijima Il model is applied for all data, the model parameters are estimated by maximum
likelihood method and given in the Table 8. The value of the parameter q, which indicates the repair
quality, is approximately zero. This indicates that the repair quality is very good. After repair, the
systems are almost as good as new. This also supports the fact that the confidence interval for
parameter of NHPP includes also 1. Therefore, Kijima model is more appropriate for modelling
propellers failure behavior.

Table 8: Kijima Il Model Parameters

Parameter Estimate
B 0.900173
A 0.001473
q 0.000015
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For the Kijima Il model, the values of ROCOF at some time points are given in the Table 9. For example,
a propeller that has completed 1000 flight hours will fail an average of 6.87 x 10~ times in a hour
flight. This is a very low failure density.

Table 9: Proposed Model 2 Density Function Values

Time (t) (flight hour) Density function, A (t) (failure/flight hour)
1000 0.000687
2000 0.000659
3000 0.000844

The values of the mean time between failures at some time points are given in the Table 10. The mean
time between failures in 1000 flight hours is 1456.43 hours. A propeller unit with 1000 flight hours
(which may have failed and been repaired) has a 0.41 probability of flying for another 1000 hours
without failure.

Table 10: Proposed Model 2 MTBF Values

Time (flight hour) MTBEF (flight hour) 95% Normal CI Limit
1000 1456.43 1156.15-1888.38
2000 1517.47 1177.55-2025.30

The values of the average number of failures per propeller and the average number of propeller unit
failures for the fleet at some time points are given in the Table 11. For example, the mean number of
failures per propeller unit between 1500-2000 flight hours is 0.315. Since there are 34 aircraft in the
fleet and each aircraft has one propeller unit, the average number of propeller unit failures for the fleet
between 1500-2000 flight hours is 34 X 0.315 = 10.71.

Table 11: Mean Number of Failures for the Kijima II Model
Mean Number of Failures for

Time (flight hour) Mean Failure (E[N(t)]) the Fleet
0-1000 0.396 13.464
1000-2000 0.343 11.662
1000-1500 0.326 11.084
1500-2000 0.315 10.71
2000-2500 0.307 10.438
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5. Conclusions

In this paper, the maintenance data of propellers are analyzed using parametric and non-parametric
models. Analysis results showed that the Kjima Il model more appropriate to model the failure behavior
of propellers.

The Kjima II model used in the proposed modeling approach 2 suggests that the repair quality is almost
as good as new. This shows that the current preventive maintenance plan is effective and the quality of
the corrective maintenance is satisfactory.
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