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Abstract 

Today's technology and requirements directly affect human needs. According to 
the International Maritime Organization - IMO, more than 90% of all needs in 
the world are transported by Maritime Transportation, and ships have a very 
important role in this regard. It is known that most of the maritime and 
producing countries are interested in energy transportation and that these kinds 
of transportation modes are very important for the development of countres. 
In this context, the navigation in important passages and canals around the 
world affects both human life and the marine environment. The Straits of 
Istanbul and Çanakkale, which are major parts of the Turkish Straits Sea Area-
TSSA, are undoubtedly important natural waterways. If precautions are not 
taken, especially after an accident that may occur in the Çanakkale Strait, 
pollution will reach the Aegean Sea due to currents. The study describes insights 
into pollution impacts and prevention activities. 
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1. INTRODUCTION 

The Turkish Straits Sea Area (TSSA) is an essential waterway that connects the Caspian Sea to the Mediterranean, 

serving as a vital route for maritime transportation. Additionally, it provides crucial habitat for marine life. The 

frequent passage of ships highlights the urgent need to address carbon gas emissions, which the International 

Maritime Organization (IMO) considers a significant concern for the shipping industry. To protect both local and 

global maritime environments, it is imperative to focus on key waterways that constitute the primary routes for 

ships serving various international ports, particularly the Turkish Straits.The Strait of Istanbul, Çanakkale, and the 

Sea of Marmara. The Strait's well-known names, Boshporus and Dardanelles, come from ancient times and are a 

great example of the world's natural seaways, such as a valley [1,2,3]. 

The Republic of Turkey has historically held a strategic geopolitical position, bridging the Asian and European 

continents through its straits. The TSSA consists of three main components: the Strait of Istanbul, the Çanakkale 

Strait, and the Sea of Marmara.  
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The straits are commonly known as the Bosphorus and the Dardanelles, names that date back to ancient times, 

exemplifying the world's natural waterways, much like a valley. Turkish authorities no longer include "Bosphorus" 

and "Dardanelles" on maps featuring geographical names. The entire maritime area of the Turkish Straits falls 

under Turkey's sovereign territory. It is governed by the internal water regime as stipulated by the United Nations 

Convention on the Law of the Sea (UNCLOS).  

The TSSA is a crucial corridor for energy transportation, offering the safest and most convenient route between 

the Mediterranean and the Black Sea. Since 1936, the Turkish Straits have been managed in accordance with the 

Montreux Convention, which establishes treaty obligations. 

 

Figure 1: Turkish Strait Sea Area Overview (5) 

The Turkish Straits are home to a diverse range of marine life, but they have also been subjected to heavy traffic 

from marine creatures and vessels for centuries. In recent years, there has been a notable increase in the types and 

quantities of hazardous cargo transported by the Black Sea coastal states and the Central Asian Turkic Republics, 

which are environmentally connected to the sea. This increase has also led to larger ships with greater tonnage 

passing through the Straits. Advancements in technology have contributed to a rise in the number of ships 

navigating these waters, heightening the risk of environmental and security threats for the Turkish Straits Marine 

Area and the surrounding residential regions due to hazardous materials in transit. The high density of maritime 

traffic in the Turkish Straits makes navigation challenging. Accidents, negligence, and other factors frequently 

result in oil spills during ship operations, leading to serious environmental consequences. One study simulated the 

potential pollution from a ship the size of the Independent tanker, which was involved in a significant marine 

accident in the Strait of Istanbul (Bosphorus) in 1979. The study aimed to predict how this pollution would spread 

to the Aegean Sea. In recent years, the TSSA has emerged as a significant trade route, gaining increased importance 

due to the emphasis placed on energy transportation and the movement of oil, petroleum products, and chemicals 

by developed nations. Turkey's unique geography experiences all four seasons, leading to distinct climatic effects. 

It offers special conditions for both marine and terrestrial environments, featuring diverse atmospheric and 

oceanographic conditions and rich plant and animal diversity. 

2. THE STRAIT OF ÇANAKKALE MARINE SCIENCE STATUS  

The Strait of Çanakkale, a unique feature of the Turkish Strait Maritime Area (TSSA), is nearly 20 nautical miles 

longer than the Strait of Istanbul. Its natural structure, morphology, and geographical characteristics significantly 

differ from those of the Strait of Istanbul, making it an intriguing subject for study. The Strait of Çanakkale 

represents 22.56% of the TSSA and exhibits a determined northeast-southwest current and wind direction. The 

strait's spatial significance is particularly evident in the narrow sections between Biga and the Gallipoli Peninsula, 

as well as in the northern and southern regions, where it reaches an average depth of 55 to 90 meters. [6,7,8,9] 
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Figure 2: The Strait of Çanakkale and 1915 Çanakkale Bridge [10] 

The narrowest point between Kilitbahir and Çanakkale is only 1,300 meters wide, while the widest point, between 

the shores of İntepe and Domuz Dere, spans a significant 8,135 meters. The TSSA plays a crucial role in sea 

currents in this area. The primary current is the surface current that flows from the Black Sea to the Aegean Sea 

via the Sea of Marmara. Additionally, an undercurrent originates from the first layer of the Mediterranean Sea and 

flows through the Aegean Sea toward the Sea of Marmara [11,12,13]. 

3. COLLISION EFFECTS AFTER TANKER ACCIDENT ON THE STRAITS OF ÇANAKKALE AND 

HOW IT’ SIMULATE? 

The incident called the most critical accident in the Turkish Straits occurred on November 15, 1979, and involved 

a collision between the tanker M/T Independenta and the vessel M/V Evriali. The accident took place in front of 

Haydarpaşa Port. Following the collision, M/T Independenta leaked over 30,000 tons of crude oil into the Marmara 

Sea, resulting in an estimated 100,000 tons of pollution. This significant amount of oil severely impacted the Strait 

of Istanbul and the Sea of Marmara, raising serious concerns about the long-term environmental consequences. 

The search and rescue operations, fire extinguishing efforts, and environmental cleanup took approximately two 

months. Tragically, the accident claimed the lives of 42 sailors and resulted in many injuries. In addition to the 

human toll, the explosion caused by the collision inflicted damage on the coastline of the Anatolian side and 

affected settlements up to 6 kilometers away [12,13]. 

 

Figure 3: M/T Independenta Disaster photos after collision 

In designing the study, the goal was to gain insights by simulating the potential damage to the Aegean Sea in the 

event of an accident similar to the Independenta tanker incident in the Strait of Çanakkale. To achieve this, the 

dimensions of the Independenta tanker were incorporated into the simulation as a reference for the ship's 

specifications. Additionally, chemical cargoes transported from Black Sea ports were included to ensure the 

simulation accurately reflects current conditions. 

Following a leakage incident at coordinates 40° 24.133 N, 026° 41.882 E, near Gallipoli, the leak reached the 

Aegean Sea by time t+27 [11]. 
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Figure 4: The oil spilled in front of Gallipoli 

Oil leakage began due to grounding at 40° 11.832' N, 026° 23.466' E, in front of Cape Nara, and reached the 

Aegean Sea at t+24 hours. 

 

Figure 5: The oil spilled at the point of Nara 

The oil leak began due to a grounding accident at 40° 08.815 N, 026° 23.570 E, near Çanakkale, and 

reached the Aegean Sea at time t+24 [12,13]. 

4. RESULTS 

A thorough examination of the Strait of Çanakkale reveals a concerning probability of accidents, as highlighted 

by historical accident statistics. Notably, regions between Gelibolu and Çardak, Cape Nara, Kilitbahir, Çanakkale, 

Kumkale, and İntepe are critically vulnerable. Pollution issues are particularly alarming in the waters between 

Gallipoli and Çardak, extending to Cape Nara, where contaminants are seeping into the Aegean Sea, exacerbating 

environmental degradation. This study underscores that if a tanker incident occurs without prompt intervention, 

the pollution effects can escalate significantly over time. The challenges of addressing oil spills are particularly 

acute in the narrowest sections of the strait, such as Nara-Eceabat and Kilitbahir-Çanakkale, where strong currents 

complicate response efforts. Immediate action within the first hour is essential to mitigate the damage effectively. 

While the 1915 bridge construction substantially benefits land traffic, the reality of potential accidents and ship-

related explosions can't be ignored. To confront these dangers head-on, we must create collaborative work plans 

and establish clear responsibility protocols. Equally crucial is fostering coordination with our coastal neighbors, 

highlighting the necessity of international cooperation to preserve the integrity of our territorial waters, especially 

in the Aegean Sea. Acting now is vital for a cleaner and safer maritime environment. 
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Abstract 

This study examines the seasonal variations in temperature, chlorophyll indices, 
and solar radiation to enhance coastal management strategies along the coast 
of Muscat, Oman. Temperature data, measured in Kelvin, revealed a clear 
warming trend from winter to summer, with mean values increasing from 
299.37 K in January to 311.05 K in October. The Chlorophyll-a Index (CAI) and 
the Normalized Difference Chlorophyll Index (NDCI) were analyzed to assess 
marine productivity and vegetation health. Results showed negative CAI values 
in the winter months, indicating lower chlorophyll concentrations, which 
gradually improved by October. The NDCI remained positive across all months, 
with the highest mean observed in January, suggesting active photosynthetic 
vegetation during this period. Solar radiation, measured as All Sky Surface 
Shortwave Downward Irradiance (kW-hr/m2), peaked in April and July, aligning 
with increased temperatures and indicating maximum solar energy input during 
these months. This increase in solar radiation was found to significantly 
influence the chlorophyll indices, reflecting seasonal shifts in marine and coastal 
ecosystem productivity. The interrelationship between temperature, 
chlorophyll indices, and solar radiation highlights the complex environmental 
dynamics governing coastal processes in Muscat. These findings underscore the 
importance of integrating solar radiation data and remote sensing techniques 
into coastal management frameworks. Such an interdisciplinary approach can 
inform evidence-based strategies for mitigating environmental impacts and 
fostering sustainable development along Oman's coastlines. 

 
 Keywords 

Coastal management, Solar Radiation, Climate Change, Oman 

1. INTRODUCTION 

Oman boasts a vast coastline spanning approximately 3,165 kilometers along the Arabian Sea and the Gulf of 

Oman, making coastal management a critical aspect of environmental stewardship in the country [1]. The coastal 

zones of Oman are not only vital for biodiversity and marine ecosystems but also play a significant role in 

supporting economic activities such as fisheries, tourism, and shipping [2]. However, these coastal ecosystems 

face numerous threats, including habitat degradation, pollution, overfishing, and the impacts of climate change. 

By integrating environmental parameters, this research aims to provide valuable insights into the complex 

interrelations that govern coastal processes in Muscat. The findings have significant implications for coastal 

management strategies, advocating for an interdisciplinary approach that incorporates solar radiation data and 

remote sensing techniques. Such methodologies can enhance our understanding of coastal dynamics, enabling 

evidence-based strategies that support sustainable development and mitigate the adverse impacts of environmental 
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changes. Effective coastal management is essential to mitigate these threats and ensure the sustainability of Oman's 

coastal resources for future generations.  

2. STUDY AREA  

The research area encompasses the coastal zone of Muscat in Oman, located at approximately 23.6345° N latitude 

and 58.0962° E longitude. This distinct environmental setting is characterized by a desert climate, with arid 

conditions prevailing year-round. Summers are characterized by high temperatures, often exceeding 40 degrees 

Celsius, while winters are relatively mild, with temperatures ranging between 15 and 25 degrees Celsius. Rainfall 

is typically low, averaging around 100 mm annually and occurring sporadically. The elevation of the Muscat 

coastal region varies, contributing to its diverse topography. Coastal bathymetry further complicates environmental 

dynamics, shaping marine ecosystems and influencing coastal processes. The study area encompasses a significant 

geographical area, including both coastline and adjacent land, providing ample scope for ecological investigations. 

As the capital city of Oman, Muscat holds considerable population and economic significance. The population of 

the municipality is dynamic, reflecting urbanization and economic activities. Moreover, the coastal region of 

Muscat plays a vital role in the country's Gross Domestic Product (GDP) through sectors such as fisheries, tourism, 

and maritime trade. The investigation covers a region of interest spanning 6,360.03 km².  

 

Figure 1. Study Area of interest 

3. METHODOLOGY 

3.1. Satellite Imagery 

The data collection for this study in the Muscat coastal region of the sultanate of Oman relies on satellite imagery 

from the Landsat 8 Operational Land Imager (OLI) and Thermal Infrared Sensor (TIR), obtained through the U.S. 

Geological Survey (USGS) Earth Explorer. Landsat 8 OLI/TIR provides a valuable dataset with distinctive spatial, 

spectral, and temporal characteristics, contributing to a comprehensive understanding of the study area. Spatially, 

Landsat 8 OLI/TIR offers a spatial resolution of 30 meters for multispectral bands, allowing for detailed mapping 

and analysis of land features [3]. The sensor captures data in multiple spectral bands, providing information on 

various surface properties. The multispectral bands range from visible to shortwave infrared, enabling the 

extraction of essential environmental parameters, including vegetation health, land cover, and thermal dynamics 

[4]. Spectrally, Landsat 8 OLI/TIR's spectral bands cover a wide range of electromagnetic wavelengths, offering 

a multispectral and thermal perspective of the Earth's surface. This spectral diversity enhances the capacity to 

discriminate between different land cover types and assess environmental conditions [5]. Temporally, Landsat 8 

OLI/TIR provides a revisit time of 16 days, facilitating the acquisition of frequent and temporally dynamic data 

for monitoring seasonal variations and changes over time [6]. The obtained satellite imagery contributes 

significantly to the research's objectives by capturing the intricate ecological dynamics of the Muscat coastal 

region. The scenes used in this study are listed in Table 1. 
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Table 1. Landsat 8 OLI/TIR satellite scene used 

On Board Sensor Acquisition Date Scene Time WRS (PATH, ROW)  

OLI/TIRS 2023-01-05 06:35:01.2220310Z (158,44) 

OLI/TIRS 2023-04-03 06:34:33.9627430Z (158,44) 

OLI/TIRS 2023-07-08 06:34:10.2046779Z (158,44) 

OLI/TIRS 2023-10-04 06:34:43.5675189Z (158,44) 

 

3.2. Data Preprocessing  

In the analysis conducted, radiometric calibration and atmospheric correction was done on all images. Radiometric 

calibration is done for converting the raw digital numbers obtained from satellite sensors into physically 

meaningful units, ensuring consistency and comparability across different acquisitions [7]. The atmospheric 

correction was carried out using the Fast Line-of-sight Atmospheric Analysis of Spectral Hypercubus (FLAASH) 

method using ENVI 5.3. This enhances the accuracy and reliability of the data derived from Landsat 8 Operational 

Land Imager and Thermal Infrared Sensor (OLI/TIR) imagery. This correction accounts for factors such as water 

vapor, aerosols, and gases, mitigating their impact on the emitted thermal radiation from the Earth's surface. The 

FLAASH algorithm employs radiative transfer equations to model the interactions between the atmosphere and 

the incoming solar and emitted thermal radiation, enabling the derivation of atmospherically corrected values [8]. 

The radiometric calibration and FLAASH atmospheric correction processes are pivotal steps to ensure the accuracy 

of the reflectance values, particularly in regions with diverse atmospheric conditions such as coastal environments. 

Implementing these corrections enhances the reliability of the derived information, allowing for more accurate 

analyses of surface and contributing to a comprehensive understanding of the environmental dynamics. 

3.2.1.  Normalized Difference Chlorophyll Index  

The Normalized Difference Chlorophyll Index (NDCI) is primarily designed for chlorophyll assessment, its 

adaptability has been extended to impervious surface mapping due to its sensitivity to built-up structures.  

3.2.2. Chlorophyll a Index  

The Chlorophyll-a Index (CAI) is an important vegetation index designed for the estimation of chlorophyll-a 

concentrations in water bodies. Unlike traditional vegetation indices, CAI focuses on the spectral characteristics 

related to water quality. The CAI values are indicative of chlorophyll-a concentrations, with higher values 

suggesting higher concentrations. This ratio-based index plays a crucial role in assessing water quality and 

monitoring changes in chlorophyll-a levels within aquatic ecosystems. 

3.2.3. Land surface Temperature  

Land Surface Temperature (LST) is a crucial parameter for understanding Earth's surface energy balance and is 

widely used in various environmental applications. LST represents the temperature of the Earth's surface, 

excluding the effects of the atmosphere. Accurate estimation of LST is essential for monitoring climate, 

agriculture, and urban heat islands. It's important to mention that LST is influenced by various factors, including 

emissivity and atmospheric conditions, which may require additional corrections depending on the specific 

application. 
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4. RESULTS AND DISCUSSIONS  

The RGB composite image shown in Figure 2 after processing demonstrates a notable enhancement in the precision and 

dependability of the radiometric data linked to the image bands. Through calibration, atmospheric distortions, sensor anomalies, 

and lighting differences were effectively addressed, leading to improved consistency in radiometric properties across the RGB 

channels. This enhancement is vital for accurate quantitative assessments, ensuring that the pixel values in the composite image 

better correspond to the actual surface reflectance values. The calibrated RGB composite establishes a dependable basis for 

further image analysis, classification, and extraction of valuable data, ultimately enhancing the accuracy and precision. 

 

Figure 2. Radiometric calibrated and FLAASH Corrected RGB Composite 

4.1. Temperature Variations 

The temperature data across the four selected months (January, April, July, and October) reveal significant seasonal fluctuations 

as can be seen in Figure 3 and LST in Table 2. The mean temperatures in Kelvin (K) for January, April, July, and October are 

299.37 K, 302.27 K, 306.23 K, and 311.05 K, respectively. This progression indicates a clear warming trend from winter to 

summer. January and October exhibit the lowest and highest mean temperatures, respectively. 

 

Figure 3. Temperature Variations 

The standard deviations for temperature are relatively high, particularly in April (6.47 K), July (7.515 K), and October (7.2668 

K), indicating substantial temperature variability within these months. This variability is less pronounced in January (3.565 K), 

suggesting more stable temperatures during winter. 
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Table 2. Land Surface Temperature (LST) 

Month  Land Surface Temperature (LST) 

 

Jan 

 

Apr 

 

Jul 

 

Oct 

 

 

 

4.2. Chlorophyll-a Index (CAI) 

The CAI shows negative mean values in January, April, and July, with -0.347, -0.0656, and -0.055, respectively, while October 

exhibits a positive mean value of 0.059.Table 3 and Figure 4 shows the CAI and Standard deviation and mean of the CAI 

respectively. The substantial negative CAI in January and the relatively low standard deviation (0.555) indicate lower 

chlorophyll-a concentrations and less variability in winter. In contrast, October's positive mean value and moderate standard 

deviation (0.265) suggest higher chlorophyll-a concentrations with increased variability during the autumn months. 
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Figure 4. Standard Deviation and Mean of CAI & NDCI 

 

Table 3. Chlorophyll Absorption Index (CAI) 

Month Chlorophyll Absorption Index (CAI) 

 

Jan 

 

Apr 

 

Jul 

 

Oct 
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4.3. Normalized Difference Chlorophyll Index (NDCI) 

The NDCI values show positive means across all months, indicating the presence of chlorophyll and hence photosynthetically 

active vegetation. The highest mean NDCI is observed in January (0.244), with a standard deviation of 0.373, suggesting high 

chlorophyll levels but with considerable variability. April, July, and October exhibit lower mean NDCI values of 0.024, 0.03, 

and 0.0117, respectively, with corresponding standard deviations of 0.095, 0.0796, and 0.12464, indicating relatively stable 

chlorophyll concentrations during these months. 

Table 4. Normalized Difference Chlorophyll Index (NDCI) 

Month Normalized Difference Chlorophyll Index (NDCI)  

Jan 

 

 

Apr 

 

Jul 

 

Oct 

 

4.4. Solar Radiation 

The analysis of All Sky Surface Shortwave Downward Irradiance, measured in kW-hr/m^2, shows the highest mean values in 

April (6.3577 kW-hr/m^2) and July (6.1835 kW-hr/m^2), suggesting maximum solar radiation during these months. January 

has the lowest mean irradiance (4.2190 kW-hr/m^2), consistent with the winter season when solar angles are lower. The 

standard deviation values indicate that April (1.0150 kW-hr/m^2) and July (0.92797 kW-hr/m^2) have higher variability in 

solar radiation compared to January (0.5522 kW-hr/m^2) and October (0.6886 kW-hr/m^2). Figure 5 depicts the variation of 

the solar radiation, the max, min and Mean. 
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Figure 5. Solar Radiation 

4.5. Interrelationships 

The observed seasonal trends in temperature, CAI, NDCI, and solar radiation illustrate the complex interplay of environmental 

factors influencing coastal processes in Muscat. The increase in temperature from January to October corresponds with 

increased solar radiation, particularly in April and July. This rise in solar radiation likely drives the higher temperatures and 

affects the chlorophyll indices. 

The CAI and NDCI variations further highlight seasonal shifts in marine productivity and vegetation health. The negative CAI 

in the early months suggests lower chlorophyll-a concentrations, potentially due to cooler temperatures and lower sunlight. As 

temperatures rise and solar radiation increases, the CAI improves, indicating enhanced chlorophyll-a presence. The NDCI 

values follow a similar trend, supporting the seasonal growth and activity of photosynthetic organisms. 

5. CONCLUSION  

This study has elucidated the seasonal dynamics of temperature, chlorophyll indices, and solar radiation along the 

coast of Muscat, Oman, underscoring their interconnected roles in shaping coastal ecosystem health and 

productivity. The documented warming trend from winter to summer, alongside fluctuations in chlorophyll 

concentrations and solar radiation, highlights the complexities inherent in coastal environmental processes. The 

findings indicate that increased temperatures correlate with enhanced marine productivity, as reflected by the 

positive trends in chlorophyll indices, particularly during the warmer months. The results emphasize the critical 

need for integrating solar radiation data and advanced remote sensing techniques into coastal management 

frameworks. Such integration can provide a comprehensive understanding of the factors influencing marine 

ecosystems, paving the way for more effective management practices. By considering the interrelationships among 

temperature, chlorophyll indices, and solar radiation, policymakers and coastal managers can develop strategies 

that not only address current environmental challenges but also anticipate future changes driven by climate 

variability.  
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Abstract 

This study delves into the intricate relationship between solar radiation and 
vegetation health in Oman, focusing on the Normalized Difference Vegetation 
Index (NDVI) as a key indicator of ecosystem resilience. Utilizing advanced 
remote sensing techniques and comprehensive climate data, we analyze 
seasonal variations in solar radiation and NDVI across different ecological 
landscapes. Our findings reveal distinct seasonal patterns, with solar radiation 
peaking in April and July, while NDVI values fluctuate, reflecting the vegetation's 
response to varying environmental conditions. The analysis highlights that high 
solar irradiance alone does not guarantee robust vegetation health, 
emphasizing the role of other factors such as temperature and water 
availability. In particular, summer months exhibit signs of vegetation stress 
despite high irradiance levels, suggesting the influence of heat and potential 
drought conditions. This research provides actionable insights for effective 
environmental management and agricultural practices in Oman, advocating for 
strategies that consider both solar radiation dynamics and additional climatic 
factors. By integrating these findings, policymakers and stakeholders can 
develop informed interventions to enhance vegetation resilience and mitigate 
the adverse impacts of climate change on Oman's ecosystems. This study 
contributes to the broader discourse on climate change adaptation, 
underscoring the necessity of incorporating solar radiation metrics into holistic 
environmental assessments and sustainability strategies. 
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1. INTRODUCTION 

Solar radiation, comprising direct and diffuse sunlight, is a primary driver of ecological processes, influencing 

vegetation growth, photosynthesis, and energy balance in terrestrial ecosystems [1]. The Normalized Difference 

Vegetation Index (NDVI), derived from satellite imagery, quantifies the density and health of vegetation cover 

based on the differential reflectance of near-infrared and red wavelengths [2]. NDVI serves as a proxy for 

vegetation biomass, productivity, and ecosystem functioning, making it a valuable tool for monitoring 

environmental changes and assessing ecosystem health [3]. 

Understanding the dynamics of solar radiation and NDVI is crucial for elucidating ecosystem responses to climate 

variability and anthropogenic disturbances in Oman. Changes in solar radiation patterns, driven by atmospheric 
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processes and land surface characteristics, can influence temperature regimes, precipitation patterns, and 

ecological productivity [4]. Variations in NDVI reflect changes in vegetation cover, phenology, and species 

composition, providing insights into ecosystem resilience and vulnerability to environmental stressors [5]. 

By exploring the intricate relationship between solar radiation and NDVI dynamics in Oman, this study aims to 

unravel the underlying mechanisms driving environmental changes and ecosystem responses. Through advanced 

remote sensing techniques and climate modeling, we seek to analyze the spatiotemporal variations in solar 

radiation and NDVI across diverse ecological landscapes, shedding light on the complex interactions shaping 

Oman's ecosystems. 

The introduction section of this paper sets the stage by providing background information, contextualizing the 

research objectives, and delineating the scope of the study. It aims to establish the significance of investigating the 

impact of solar radiation on environmental dynamics in Oman using the Normalized Difference Vegetation Index 

(NDVI). 

The primary purpose of this study is to explore the intricate relationship between solar radiation and environmental 

dynamics in Oman, with a specific focus on utilizing the Normalized Difference Vegetation Index (NDVI) as a 

key indicator of vegetation health and ecosystem resilience. By leveraging advanced remote sensing techniques 

and sophisticated climate models, the research seeks to conduct a comprehensive analysis of the spatiotemporal 

variations in solar radiation and NDVI across diverse ecological landscapes in Oman. 

2. STUDY AREA  

Oman boasts a rich diversity of ecological landscapes. Along Oman's coastlines, diverse marine ecosystems such 

as coral reefs, seagrass beds, and mangrove forests thrive. These ecosystems are crucial for supporting marine 

biodiversity and enhancing coastal resilience. The coastal regions are significant not only for their ecological value 

but also for their role in sustaining local fisheries and protecting shorelines from erosion [6]. Inland, the landscape 

transitions into arid and semi-arid desert regions characterized by sparse vegetation and extreme temperatures. 

Despite the harsh conditions, oases and wadis (valleys) within these deserts provide vital habitats for unique flora 

and fauna. These areas illustrate the resilience and adaptability of desert ecosystems [7]. The mountainous areas 

of Oman, including the Al Hajar Mountains, exhibit a range of microclimates due to elevation gradients. These 

regions support diverse vegetation types, from Mediterranean-like forests and juniper woodlands to alpine 

meadows. The varied climatic conditions across different elevations create unique habitats for a wide array of plant 

and animal species[8]. 

 

Figure 1 Sultanate of Oman 

The study area is selected based on several criteria to ensure a representative sampling of Oman's diverse ecological 

landscapes, the Seeb international airport location is selected as depicted in figure 1, the key considerations for the 

location included: 

I. Geographical Diversity, capturing variations in environmental conditions and vegetation cover, the most 

urban region of Oman, encompassing coastal areas, mountainous regions, and desert landscapes. This geographical 
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diversity ensures that the study accounts for the wide range of ecological and climatic conditions present across 

location habitat by populous. 

II. Ecological Significance, area with high biodiversity and unique ecosystems were prioritized to gain 

insights into the impact of solar radiation on environmental dynamics in key ecological hotspots. Allowing for a 

deeper understanding of solar radiation influences vegetation health and ecosystem resilience in the urban 

landscape. 

III. Accessibility and Data Availability, the region has readily available satellite imagery, meteorological 

data, and ground truth information to facilitate comprehensive and accurate assessments. This criterion ensures 

that the study is based on robust data, enhancing the reliability of the findings regarding solar radiation patterns 

and NDVI variations. 

The selection of these diverse ecological landscapes reflects Oman's environmental heterogeneity and ensures 

comprehensive coverage of the factors influencing solar radiation dynamics and NDVI variations. Aiming to 

provide a holistic understanding of how solar radiation interacts with various ecological settings, informing 

strategies for environmental management and sustainable development in Oman. 

3. METHODOLOGY 

3.1. NDVI Data Source 

For this study, remote sensing data was acquired from multiple sources to capture the spatiotemporal variations in 

solar radiation and NDVI across Oman's diverse ecological landscapes. Satellite imagery, obtained from platforms 

such as Landsat and Sentinel, provided high-resolution data suitable for monitoring vegetation dynamics and solar 

radiation patterns over large geographic extents [9][10]. 

3.2.  Solar Radiation Data Source   

In conjunction with remote sensing data, climate data from NASA POWER were utilized to supplement the analysis and 

provide contextual information on meteorological parameters such as temperature, precipitation, and humidity. 

4. RESULTS AND DISCUSSIONS 

The plot depicted in  Figure 2  shows the All Sky Surface Shortwave Downward Irradiance for four months, Analyzing the 

Solar Radiation  at the month of January,  Minimum of  2.65 kW-hr/m², Maximum of  5.32 kW-hr/m², Mean of  4.22 kW-hr/m² 

and Standard Deviation of  0.55 kW-hr/m² is recorded. In January, the mean irradiance is the lowest among the months 

observed, which correlates with winter conditions where solar insolation is typically reduced. The relatively low standard 

deviation suggests consistent irradiance values throughout the month. In April a Minimum of  3.64 kW-hr/m², Maximum of  

7.75 kW-hr/m², Mean of  6.36 kW-hr/m² and Standard Deviation of 1.02 kW-hr/m² is recorded. The month of April has the 

highest mean irradiance, indicating a transition to summer with increased solar exposure. The high standard deviation reflects 

greater variability in solar irradiance, likely due to changes in weather patterns and atmospheric conditions during spring. 

Furthermore in the month of July a Minimum of 3.01 kW-hr/m², Maximum of 7.35 kW-hr/m², Mean of 6.18 kW-hr/m² and 

Standard Deviation of 0.93 kW-hr/m². the month of July maintains high irradiance levels, similar to April, but slightly lower 

on average. The substantial standard deviation indicates notable variability, potentially influenced by summer weather 

fluctuations such as cloud cover and humidity. Lastly, in October Minimum of 3.63 kW-hr/m², Maximum of  6.24 kW-hr/m², 

Mean of 5.28 kW-hr/m² and  Standard Deviation of 0.69 kW-hr/m² is recorded. In October, irradiance levels decrease as the 

season transitions to autumn. The mean irradiance is higher than in January but lower than in April and July. The standard 

deviation indicates moderate variability, suggesting relatively stable but slightly variable solar conditions. 
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Figure 2  All Sky Surface Shortwave Downward Irradiance 

The plot depicted in  Figure 3  shows Analysis of NDVI. In the month of January, a Minimum of  0.0671, Maximum of  0.195, 

Mean of  0.1144 and  Standard Deviation of 0.0249 is recorded. The mean NDVI in January indicates moderate vegetation 

health. The low standard deviation suggests consistent vegetation conditions across the region, which aligns with the relatively 

stable irradiance during this period. Furthermore in April, a Minimum of  0.0749, Maximum of  0.1839, Mean of 0.1136 and 

Standard Deviation of 0.0247. In April, the NDVI mean is similar to January, indicating stable vegetation conditions. Despite 

the high irradiance variability, the vegetation health appears to be steady, which could be due to favorable spring growth 

conditions compensating for irradiance fluctuations. In the month of July, a Minimum of  0.0673, Maximum of  0.1848, Mean 

of 0.0983 and Standard Deviation  0.0239 is documented. The month of July shows the lowest mean NDVI, suggesting stressed 

vegetation. This could be due to high temperatures and potential drought conditions, despite the high mean irradiance. The 

lower standard deviation reflects a uniform response of vegetation to the harsh summer conditions. Lastly in October, a 

Minimum of  0.0712, Maximum of  0.265, Mean of  0.1067 and  Standard Deviation of  0.0342 is recorded . The month of 

October exhibits a higher NDVI variability, with the highest standard deviation among the months. This indicates diverse 

vegetation responses possibly due to the mix of residual summer heat and the onset of cooler autumn conditions, which can 

create varied microclimates and vegetation responses. 

 

Figure 3 NDVI 

 

The correlation between irradiance and NDVI highlights the complex interplay between solar radiation and vegetation health 

across seasons. High Irradiance Months (April and July), these months experience high solar irradiance, yet the NDVI response 

differs. While April maintains stable NDVI, July shows signs of vegetation stress. This suggests that high solar irradiance alone 
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does not guarantee healthy vegetation; other factors like temperature and water availability play critical roles. Moderate 

Irradiance months (October and January), these months have lower irradiance levels with moderate to high NDVI values. This 

indicates that lower solar radiation can still support healthy vegetation if other conditions are favorable. 

Understanding the seasonal dynamics of solar irradiance and vegetation health is crucial for effective environmental 

management and agricultural practices. The findings suggests the month of April to be Optimal for vegetation growth due to 

high irradiance and stable NDVI, indicating robust vegetation health. This period is ideal for planting and intensive agricultural 

activities. However in the month of July the High irradiance coupled with low NDVI suggests potential heat and water stress 

on vegetation. Measures such as irrigation and shading may be necessary to support vegetation health during this period. The 

variability in NDVI in October suggests a need for targeted interventions based on specific local conditions. This period can 

be used to prepare for the upcoming winter by ensuring vegetation is healthy and resilient. Stable conditions in January with 

moderate NDVI indicate a period of maintenance. Agricultural activities should focus on protecting vegetation from potential 

cold stress and preparing for the spring growth period. 

  

5. CONCLUSION  

This analysis of Sky Surface Shortwave Downward Irradiance and NDVI across four months reveals significant 

seasonal variations in both irradiance and vegetation health. The highest irradiance occurs in April, with July also 

showing high levels, yet the NDVI in July indicates stressed vegetation, possibly due to extreme temperatures or 

drought conditions. October presents the highest variability in NDVI, suggesting diverse vegetation responses to 

environmental factors during this month. Understanding these dynamics is crucial for optimizing agricultural 

practices and managing natural resources. The insights into how different months affect vegetation health can 

guide planting schedules, irrigation practices, and conservation efforts to enhance sustainability and productivity 

in regions with similar climatic conditions.  
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Abstract 

Civil engineering is a human activity, a scientific and technical discipline that 
includes the design, organization and execution of all civil engineering and 
construction works. Some of the common construction products are roads, 
bridges, railways, tunnels, ports, drainage and water supply systems, dams, 
residential and public buildings, sports halls, etc. The construction of new 
buildings reduces the amount of green or arable land needed by the population. 
Also, the demolition of existing buildings creates waste that needs to be 
properly disposed. The problem of waste disposal is very pronounced nowadays, 
so it is necessary to look for new ways of using existing as well as newly created 
waste. One of the available ways of using waste is its incorporation into 
materials used in the construction of buildings. The above can be observed 
through the concept of circular economy, which is the opposite of linear 
economy. Circular economy says that products should be kept as long as 
possible in their life cycle, i.e. that no waste is created. Such resources should be 
reused in other products. The paper will present some of the materials that can 
be reused in construction, as well as application of certain products that 
improve certain properties of construction products. Some examples are reuse 
of glass fiber reinforced plastic in concrete, utilizing biosilica to enhance the 
compressive strength of cement mortar, boosting concrete strength with 
sewage sludge fly ash, adding rubber into the concrete mix and polyethylene 
terephthalate (PET) waste in concrete mixture. Eco trends must be applied in all 
phases: from design to construction and to removal of various objects. Eco 
trends in civil engineering are aimed at protecting the environment by reducing 
the amount of unusable waste material and saving on construction material 
prices. 

 
 Keywords 

circular economy, civil engineering, eco trends, recycling, waste materials 

 

1. INTRODUCTION 

Construction sector is one of the largest and most dynamic sectors in Europe, currently accounting for 25% [1] 

of the total industrial production in Europe. Since the construction industry requires a large amount of raw 

materials, this makes it unsustainable. The fact behind the benefits of using recycled materials in construction is 

that if people mismanage and overuse natural resources — as they do now — these will eventually run out, so 

replacing natural resources with waste recycled products is the first step towards a circular economy and 

sustainable construction. Recycling materials contribute to reduction of waste, resource conservation, 

greenhouse gas emission reduction, and increased energy efficiency. Increased profitability and cost savings are 

two further benefits of employing recycled materials in the construction sector [2]. Utilizing recycled materials 
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may prove to be more cost-effective compared to virgin materials, particularly when obtained from nearby 

sources and incurring reduced transportation expenses. Additionally, they have the potential to decrease the 

necessity for costly charges associated with waste management, such as disposal fees and taxes. Recycled 

materials have the potential to foster new markets and open up new opportunities for companies and workers in 

the recycling industry. This, in turn, can contribute to the growth of local economy and generate additional 

income. On the other hand, recycled materials may have different properties and characteristics than the original 

materials, such as strength, durability, quality and compatibility, so it is important to conduct extensive 

laboratory research. In this context, this paper reviews the use of biosilica, glass fiber reinforced plastic, sludge 

fly ash, rubber and PET waste in concrete mix. A review of these five studies shows that the use of recycled 

materials has positive effects on the mechanical properties of concrete, indicating that their application is the 

basis for future innovation development. 

2. CIRCULAR ECONOMY IN THE CONSTRUCTION INDUSTRY 

Construction sector has been a sustainable sector since ancient times. The materials and building techniques used 

in the past were effective, creating ecologically designed structures while utilizing environmentally friendly 

materials that had a high potential for reuse and recyclability [3]. 

Sustainable circular economy represents a new economic model where the focus shifts from the narrow growth 

of gross domestic product to a multidimensional progress – broadly strengthening the quality of the environment, 

human well-being, and economic prosperity for current and future generations. The circular economy is a 

business model with the potential to generate competitiveness of an economic entity in combination with 

innovation and sustainability. In order to implement this model, the traditional approach to the market, 

customers, and natural resources must change [4]. 

The construction industry has always had a significant impact on every national economy, evident from its 

contribution to the gross domestic product (GDP) structure and employment of a large workforce [5].  

The transition from linear to circular economy is inevitable as linear production is associated with mass 

production and consumption of raw materials, without concern for the potential limitations of the availability of 

these resources [6]. Circular economy can make positive contribution to sustainability. It must be fully integrated 

with the sustainable development of an economic entity, expanding its scope from closed-loop recycling and 

short-term economic gain to a transformed economy that organizes resource access for maintaining or enhancing 

social welfare and environmental quality [4]. The concept of circular economy is shown on figure 1. 

 

Figure 1. Concept of circular economy [7]  

3. USE OF RECYCLED MATERIALS IN CONTRUCTION 

3.1. Utilizing Biosilica to Enhance the Compressive Strength of Cement Mortar  

Recent developments in the industrial sector involve the use of microsilica, a byproduct of metallurgical 

operations used to create metallic silicon, ferrosilicon, silumin, and other silicon alloys. Additionally, biosilica 

obtained by thermochemical processes from natural sources, like rice husk ash, is of considerable interest [8], 

[9]. The possibility that biosilica, a kind of silica that is naturally produced by diatoms, might improve the 

mechanical properties of cement-based materials is being studied. Due to the fact that it comes from a 

sustainable source and is biodegradable, biosilica has several advantages over traditional silica additions. In the 

building materials field, the use of biosilica in cement mortar is becoming increasingly important. Because of its 
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special characteristics, which include a wide surface area, small particle dimensions, and pozzolanic activity, it is 

a desirable addition for cement-based products to improve their mechanical performance. 

The efficacy of an addition in cement mortar is determined not only by its intrinsic qualities, but also by the 

technique of inclusion into the mortar mixture. To produce a homogeneous dispersion of additives, maintain 

sufficient contact with the cement matrix, and influence the performance of composites, mixing processes are 

essential. Therefore, it is necessary to comprehend how mixing methods impact this material to maximize its 

efficacy and realize its full potential when using biosilica in cement mortar [9]. Biosilica synthesis from rice 

husk is shown on figure 2. 

 

Figure 2. Schematic of biosilica synthesis from rice husk [10] 

Research shows that integrating a significant quantity of biosilica can fill cracks, potentially boosting 

compressive strength and minimizing water absorption. Biosilica particles are capable of bearing compressive 

loads, contributing to enhanced strength. Owing to their minute dimensions, these particles can occupy empty 

spaces within the cement, resulting in heightened density. The presence of biosilica renders the pores rigid, 

aiding in preserving the structural integrity [9], [11]. 

3.2. Boosting Concrete Strength with Sewage Sludge Fly Ash 

According to European regulations, sewage sludge fly ash (SSFA) waste generated by the combustion of 

municipal waste sludge in a fluidized bed should not end up in landfills, but must be subjected to different 

treatment methods. Considering the large quantities being produced, it is necessary to explore new approaches to 

managing this waste. Storage of SSFA has negative environmental consequences, including water pollution, 

changes in soil pH and adverse effects on flora and fauna [12], [13], [14]. 

 

Figure 3. Sewage sludge production and disposal for 2021 [1] 
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Figure 3 shows sewage sludge production and disposal for countries in Europe for 2021. Quantities are 

expressed in thousands of tons. There is no data for Bulgaria, Germany, Spain, France, Netherlands, Portugal, 

Finland, Switzerland and United Kingdom. 

Adding SSFA to cement and concrete brings a number of financial and environmental benefits. This reduces the 

amount of waste sludge in landfills, optimizes the costs and quality of construction materials, and reduces total 

disposal costs, including those specific to landfills. It also reduces the need for primary raw materials and 

promotes the sustainable development of the economy through the conversion of waste sludge into useful 

products. In addition, energy savings and the reduction in emissions of harmful substances such as NOx, CO2 

and other pollutants are achieved [15]. 

Considering the results of the experiments, it was observed that the compressive strength of concrete increases 

when SSFA is added, considering this fact, SSFA can be successfully used as an admixture in concrete. 

Furthermore, there are no legal guidelines related to the requirements of the physical and chemical properties of 

SSFA, as well as the possibility of its use in concrete production. By tailoring it to the unique requirements of 

the construction industry, we can successfully decrease SSFA [16]. By adapting it to the unique requirements of 

the construction industry, we can successfully reduce SSFA which is a starting point for further research. 

3.3. Reuse of Glass Fibre Reinforced Plastic in Concrete 

Glass fibre reinforced plastic, or GFRP, is becoming increasingly popular in several sectors. It is used, for 

instance, in the automotive, aerospace, building, marine, and renewable energy sectors [17]. A substantial 

quantity of glass fibre reinforced plastic waste is expected to decrease in the coming years due to the growth in 

production and use of the product on the basis of GFRP [18]. 

 

Figure 4. Amount of GFRP waste per region [19] 

Figure 4 shows the amount of GFRP waste that appears in Europe. Data for Eastern, Northern, Southern and 

Western Europe from 2020 to 2030 are displayed. The black line across the graph represents the total waste from 

GFRP in the EU. The Y-axis represents the "Amount of GFRP waste per region" and ranges from 0 to 70,000. 

The X-axis represents the years from 2020 to 2030. Western Europe has the most GFRP waste in 2024, and 

Northern Europe the least. Western Europe has approximately 55,000 tons of waste and Northern Europe has 

approximately 20,000 tons of waste [19]. 

Sorting, trimming, pulverizing, and sifting are just some of the steps in the mechanical recycling process that are 

used to reduce the amount of GFRP waste [2], [20]. In the production of concrete, the use of mechanically 

recycled glass fibre reinforced plastic (rGFRP) appears to be a viable choice. This tactic not only lessens the 

quantity of materials that must be disposed of in landfills, but it also maintains and occasionally even enhances 

the concrete's quality [21]. 

Currently, three methods may integrate rGFRP from mechanical recycling in concrete. One method entails 

transforming GFRP waste into fine granules that can be used as fine aggregate in concrete mix. Another method 

entails cutting the GFRP waste into larger pieces, which are suitable for replacing the coarse aggregate in the 

concrete mix. In addition, GFRP waste that is turned into fine fibres by mechanical processing can be used in the 

production of reinforcing bars. Fibres further improve the mechanical properties of reinforcing bars. These three 



 

European Journal of Engineering and Natural Sciences  
 

2422 Grčić et al. 

methods for incorporating rGFRP into concrete have potential advantages as they can greatly improve the 

mechanical properties of concrete. 

Research [22], [23], [24] showed that adding GFRP to concrete has increased the flexural strength, toughness of 

concrete, durability of concrete, control of cracking due to drying and reduction of moisture in the concrete 

mixture. 

GFRP holds the potential to improve the properties of concrete mixture, but its application in concrete has not 

received enough research yet. Evaluating the long-term effects of using GFRP waste on the durability of 

concrete is also crucial. Further research into the possibilities of waste glass fiber reinforced polymer  in concrete 

is becoming more pertinent due to the growing need for sustainable materials in the building industry. 

3.4. PET Waste in Concrete Mixture 

Significant environmental problems have arisen as a result of the massive amounts of stable waste made by 

polyethylene terephthalate (PET). Though they trail behind in terms of recycling and reuse, they nonetheless 

represent a sizable amount of all plastic waste. Recent research has investigated the viability of using recycled 

PET solid wastes as short fibres in cementitious composites [25]. 

 

Figure 5. Polyester fibres production and converter demand evolution between 2018 and 2022 for EU [26] 

Figure 5 shows the comparison of polyester fibre demand (blue bars) and production (green bars) from 2018 to 

2022. The highest demand was recorded in 2021 and amounted to 1.9 million tons, while the lowest production 

was in 2022 and amounted to 700,000 tons. In 2022, the demand decreased due to unfavorable economic 

conditions, rising prices, and recessionary issues. Fibre production process is shown on figure 6. Also, table 1 

shows the summary of test results on the mechanical properties of concrete modified with PET fibres. 

 

Figure 6. Fibre production process [27] 
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Table 1. Test results on the mechanical properties of concrete modified with PET fibres 

Apart from the fact that plastic is very useful for any form of industry, it also creates a big problem for the 

environment due to its slow decomposition. Considering the large quantities of PET waste, its use in concrete in 

the form of fibres provides an alternative to the disposal of large quantities of PET waste. Adding PET fibres to 

concrete improves flexural strength, split tensile strength, energy consumption and shear strength (depending on 

fibre concentration), while it has a negative impact on compressive strength and bulk density. For further 

research, it is necessary to examine how different concentrations, lengths, thicknesses, shapes, textures and 

surface treatments of PET fibres affect the mechanical properties of concrete under different loads and 

environmental conditions. 

3.5. Adding Rubber into the Concrete Mix 

European countries face the problem of rehabilitation of a large amount of polymer waste that has no practical 

application. Rubber floor mats for cars belong to the group of polymer waste. Polymeric waste is a big problem 

because there is currently no effective method for disposing this type of waste. Some European Union countries 

charge an environmental fee for the disposal of rubber car floor mats, and the first country to introduce an 

environmental fee for this type of waste is Poland. Due to the mentioned problem, the option of adding polymer 

waste to concrete as a substitute for aggregate is being considered more and more [33]. Shredding process of 

rubber floor mats for cars is shown on figure 7. 

 

Figure 7. Shredding process of rubber floor mats for cars [34] 

 

Mechanical 

properties 
Test results References 

Compressive 

strength 
With a higher proportion of fibres, the compressive strength decreases [27] 

Flexural 

strength 
Increases as the percentage of fibres in concrete increases [28] 

Split tensile 

strength 
Fiber can enhance the tensile splitting strength of concrete [29] 

Shear strength 
At 1 % volume percent of plastic fibres, the shear strength of concrete 

increases, and it decreases as the volume fraction of fibres increases thereafter 
[27] 

Modulus of 

elasticity 
With a higher proportion of fibres, the modulus of elasticity decreases [30] 

Bulk density With a higher proportion of fibres, the modulus of elasticity decreases [31] 

Energy 

consumption 
Increases as the percentage of fibres in concrete increases [32] 
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Table 2. Advantages and disadvantages of adding rubber as an aggregate to the concrete mixture [35], [36], 

[37] 

Rubber has many benefits over natural aggregates in mortars and concrete, including lower matrix density, 

greater flexibility, durability, better resistance to impact loads, better freeze-thaw resistance, better thermal and 

acoustic insulation, increased deformation capacity, and better energy absorption capabilities. However, using 

shredded rubber in place of natural aggregates in mortar or concrete formulations may have some disadvantages. 

A few examples are reduced workability, increased drying shrinkage, higher water absorption, and improved 

chloride ion penetration. To sum up, crumb rubber is a great material to use for creating lightweight mortars and 

concrete. Two interesting applications for it are as a shock absorber in road construction and as a shock-wave 

dampener in construction. 

4. CONCLUSION 

Sustainable construction and responsibility towards the environment requires the use of eco-friendly materials, 

waste reduction and the application of net zero building. The future of construction in the framework of 

sustainable development is reflected in the application of advanced construction technologies and sustainable 

designs. This implies the use of various environmentally acceptable materials. All this points to the necessity of 

adopting the principles of the circular economy in construction. Circular economy implies circular flows of 

materials, reuse of waste and resources, which ultimately results in an increase in ecological efficiency. 
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Abstract 
As the awareness of healthy life develops, the importance of functional foods 
increases. One of these foods is pomegranate molasses. It is noteworthy that 
the production and consumption in the Middle East and the world is increasing 
day by day. Pomegranate mollasses is obtained by pressing the pomegranate 
fruit and thickening the pomegranate juice in the open or under vacuum by 
heat treatment. It is a durable product because of high acidity and water 
soluble dry matter. It is used in soups, salads and special dishes (lahmacun, 
döner, meatball etc.). It has a high medical and nutritional value. It is a 
powerful antioxidant and rich in anthocyanins and other phenolic compounds. 
It has antitumoral, antimicrobial, anti-inflammatory and antidiabetic 
properties. With the increasing demand in recent years, it has been observed 
that the quality of pomegranate molasses has decreased and additives such as 
glucose syrup, date syrup and lemon salt have been added. Especially in 
pomegranate molasses produced by traditional method, there are problems 
such as high temperature in open boiler and not paying attention to packaging. 
The purpose of this review is to emphasize the importance of pomegranate 
molasses, to point out its difference with pomegranate sour sauce and to draw 
attention to the production of high quality pomegranate molasses. 

 
 Keywords 

Pomegranate Molasses, Pomegranate Sour Sauces  

1. INTRODUCTION 

The cultural history of Pomegranate (Punica granatum L.) is quite old. It is stated that it dates back to BC 3000 

years ago. It is an important fruit of Mediterranean countries with subtropical and tropical climates. It is mainly 

cultivated in Iran, Afghanistan,  India, USA, Mediterranean countries (Tunisia, Turkey, Egypt, Spain, and 

Morocco) and to some extent China, Japan, and Russia ([13], [27]-[12]). In Turkey according to TUIK data 

pomegranate production are made about 300 thousand hectares in the area. Pomegranate is a product that grows 

in many regions of our country, especially in the Aegean and Mediterranean regions. Approximately 1/3 of our 

pomegranate production is exported ([5]). 

Pomegranates are usually consumed fresh; however they are also a source of juice and molasses. Although rough 

information is obtained about the history of pomegranate from prehistoric times, we do not know exactly how long 

pomegranate molasses is in our lives. Turkey is one of the world’s main pomegranate producing countries and 

produces the concentrated pomegranate juice known as pomegranate molasses or pomegranate syrup obtained 

from sour pomegranate species ([10]). Pomegranate molasses give flavor especially to salads and appetizers. It is 

used in dishes such as Mualle (a very demanding meal unique to Hatay), stuffed peppers, stuffed grape leaves, 
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chicken and meatballs as the main ingredient of direct food. Although it seems easy to produce, it is actually quite 

troublesome. 1 kg of pomegranate molasses is obtained from approximately 10-15 kg of pomegranate ([2]-[8]). 

Pomegranate syrup is a sour food product obtained by pressing the pomegranate fruit, clarifying the obtained 

pomegranate juice and concentrating it in the open or under vacuum in accordance with the technique and 

consumed with the aim of flavoring foods ([2]). Pomegranate is a rich source of many valuable substances, such 

as tannins, ( e.g., punicalagins, punicalins, proanthocyanidins), anthocyanins, phenolic acids (e.g., gallic acid, 

ellagic acid) and organic acids (e.g., malic acid).  These substances have high antioxidant activity and have been 

correlated with health benefits against cancer, cardiovascular, and other diseases ( [12]).  

Since the pomegranate juice is concentrated in the production of pomegranate syrup, its nutritional value is quite 

high, there are more phenolic compounds and mineral substances than pomegranate juice. It is a storehouse of 

vitamins and energy, in addition it has high antibacterial and antioxidant effects because of containing phenolic 

compounds so it is beneficial in the treatment and prevention of many diseases([1], [4], [13], [35]-[37] 

In this study, it was aimed to draw attention to the importance of pomegranate molasses, the differences between 

pomegranate molasses and pomegranate sauce, and the adulteration of pomegranate molasses.  

2. METHODS OF POMEGRANATE MOLASSES PRODUCTION 

The pomegranate molasses is produced by both industrial and traditional methods. The pomegranate juice is 

concentrated simply by boiling, without additives like sugar or others for traditional production of pomegranate 

molasses. On the other hand, the industrial ones may contain pomegranate juice concentrate, glucose, citric acid, 

antioxidant agents, coloring agents, and some preservatives as declared on the labels ([10]). Pomegranate molasses 

according to TSE ([36]); It is defined as "it is a sour food product obtained by pressing the pomegranate fruit, 

clarifying the obtained pomegranate juice and thickening it in the open or under vacuum in accordance with its 

technique and produced to flavor the foods." ([4]). According to Turkish Standards Institute pomegranate molasses 

should be free of sediment, fruit particles and sucrose. Whereas, people want bitter taste and sourness in 

pomegranate molasses. Therefore, it is not recommended to clarify the pomegranate juice. In the production of 

natural pomegranate molasses, a residue forms in the bottle and this residue is the condensated polyphenols ([1]).  

The production steps of the traditional method of pomegranate molasses are washing, sorting, granulation, 

pressing, boiling (evaporation), cooling, removing of the solid phase and bottling respectively.  This product is 

boiled in open boilers until its brix value becomes 35-50% and pomegranate molasses is obtained ([3]-[16]). In 

commercial production, there are pasteurization of pomegranate juice, enzyme addition, clarification, filtration, 

evaporation stages ([35]) 

Unlike pomegranate molasses, pomegranate sour souce contains glucose syrup, water, pomegranate flavor, 

acidity regulator (citric acid), coloring and preservative ([7]). 
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Table 1. General characteristics of pomegranate molasses ([36]) 

 

 

3. THE QUALITY OF POMEGRANATE MOLASSES  

Factors such as pomegranate variety, production method, method differences, heat treatment parameters, storage 

conditions directly affect the quality of pomegranate molasses. Physicochemical properties such as pH, dry matter, 

viscosity, bioactive compound level, HMF level, whether there is glucose and antioxidant activity are analyzed in 

the quality assessment of pomegranate molasses. 

3.1. Pomegranate variety 

The composition of pomogranate and pomogranate juice apart from the juice preparation methods  is influenced 

by cultivar, growing conditions, climate, maturity and storage conditions ([31], [32], [26]-[19]). Pomegranates 

which have red grains and sour are selected especially to obtain pomegranate juice or pomegranate molasses ([33]) 

The contents of the pomegranate plant may vary according to the soil structure, climatic conditions, the time and 

amount of the plant to benefit from sunlight, the time of harvest, the storage conditions after harvest, cultural 

practices, etc. This situation causes the antioxidant and antibacterial effects of pomegranate molasses products to 

differ ([34]). 

3.2. Production methos differences 

Uncontrolled heat treatment in parallel with the application of heat treatment under open boiler or vacuum 

negatively affects phenolic compounds, anthocyanins, HMF load in pomegranate molasses ([22], [21], [20], 

[18]-[1]). 

The method differences in the production of concentrated pomegranate juice directly affect the quality of 

pomegranate molasses. Apaydın ([19]) investigated the importance of clarification step during the production of 

concentrated pomegranete juice and observed that the production without clarification has more total phenolic 

substances (39%) and more antioxidant activity (25%) compared to clarificated ones and  no significant change of  

total phenolic level in concentrated pomegranete juice samples during the storage. Maskan ([21]) investigated the 

effect of various heating methods ( microwave, rotary vacuum and atmospheric heating) to produce concentrated 

pomegranate juice. He reported that the severity of colour loss was higher in rotary vacuum heating process than 
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the others and microwave energy could be used in production of pomegranate juice concentrate successfully. 

Dhumal et al.([22]) used different concentration techniques like atmospheric heating, microwave heating and 

rotary vacuum evaporation to produce the pomegranate juice concentrate. They reported that different heating 

methods influence the physicochemical constituents, sensorial properties and microbial population of concentrated 

pomegranate juice. They stated that vacuum evaporation give great benefits and the best colour in final product 

and vacuum concentration and microwave energy could be used in production of pomegranate juice concentrate 

successfully. 

Unlike pomegranate molasses, pomegranate sour souce contains glucose syrup, water, pomegranate flavor, acidity 

regulator (citric acid), coloring and preservative ([7]). Food fraud is a serious ethical and economic problem 

affecting the food industry. Darra et al. ([14]) highlighted that date syrup was a potential raw material to adulterate 

commercial pomegranate molasses. They used UV/VIS spectroscopy, HPLC and ATR-FTIR method to determine 

the adulteration with date syrup and citric acid in the pomegranate molasses. They remarked that some of the 

commercialized pomegranate molasses in the Middle East area are adulterated with cheaper date syrup. Kamal et 

al.([13]) had developed successfully a new method that was simple, reliable and reproducible for the quality control 

of various formulations containing pomegranate. They reported that the matrix solid phase dispersion extraction 

methodology and HPLC method could be used successfully for the quantification of vitamin C, gallic acid, rutin 

and gallic acid in pomegranate molasses samples. Ergin ([4]) stated that some pomegranate molasses do not 

comply with the standards because of wrong practices and hygiene deficiencies during  production and bottling in 

traditional production and using additives such as glucose / fructose syrup, synthetic antioxidant in commercial 

production.  

3.3. Hydroxy Methyl Furfural (HMF) 

HMF is an indicator of quality loss in most foods containing carbohydrates due to excessive heat treatment and 

improper storage conditions. HMF is known as an indicator of overheating, spoilage and possible adulteration with 

sugar or syrup. HMF is found in high levels in most foods, especially in caramel products (9.5 g / kg), dried fruits, 

wines, balsamic vinegars, molasses and pomegranate syrups. In high concentrations, Hydroxymethylfurfural 

(HMF) is known to have cytotoxic, genotoxic, nephrotoxic, mutagenic and carcinogenic effects ([7]). Orak ([20]) 

reported that the high temperature and long evaporation time of traditional method of pomegranate molasses 

destroy anthocyanin pigments and cause to increasing the level of HMF in concentrated pomegranate juices. Metin 

([7]) determined HMF level of different brands of pomegranate molasses and pomegranate sour sauces saled in 

Turkey as 91.1 - 11485.7mg / kg and 41 - 151.9 mg / kg respectively. It is stated that the difference in HMF level 

in the products may be caused by the difference of pomegranate species, applied heat treatment technique, size 

and duration, and storage conditions. Hepsag et al. ([6]) determined quality parameters such as pH, water-soluble 

dry matter, titratable acidity, total dry matter, HMF, color analysis in home-type traditional pomegranate molasses 

produced from pomegranate varieties developed in the Osmaniye Region. The level of HMF were found to be in 

between 143.23 ile 530.68 mg/L. They stated that traditional home-type pomegranate syrups pose health problems 

because of their high HMF values. Onsekizoğlu ([24]) used osmotic distillation and membrane distillation + 

osmotic distillation methods in the production of pomegranate juice. He stated that HMF formation was low in the 

pomegranate juice concentrates obtained by these methods 

3.4. Bioactive components of pomegranate molasses  

Pomegranate juice contains significant phenolic substances. The substances that give the pomegranate color from 

pink to purple are anthocyanin group substances. Pomegranate juice carries a distinctive bitter flavor. This bitter 

flavor is caused by various polyphenolic substances and especially tannins. These substances are also the cause of 

cloudiness of pomegranate juice ([23]-[26]). İncedayı et al.([26]) investigated the chemical components which are 

important for health in different brands of pomegranate molasses.They reported that pomegranate molasses is rich 

in phenolics if it is produced correctly. The total amount of phenolic matter was found as 3246 µg gallic acid 

equivalent / mL in pomegranate juice and 9870 µg in pomegranate syrup. 

Manufacturing of pomegranate juice causes relevant changes on the bioactive compounds [12]). It was stated that 

the heat treatment application in traditional pomegranate syrup production at high temperatures and long-term 

causes reduction of the anthocyanin pigments ([20]). Various factors including the temperature of processing and 

storage, the chemical nature of antosiyonin, pH, ascorbic acid, hydrogen peroxide, sugars, light and metals affect 

the stability of antosiyanin in pomegranate juice. ([18]). Phenolic compounds such as anthocyanins, ellagic and 

gallic acids are remarkably decreasing during juice processing line, especially after pasteurization, clarification 

and filtration processes ([17]- [18]). Akyıldız et al. ([17]) reported that processing stages were caused to lose 26, 

45 and 41 % of concentrations of ellagic acid, cy-3,5-diglu and gallic acid according to the initial contents. Özkan 
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([28]) determined that the anthocyanins from pomegranate juices was sensitive to hydrogen peroxide and added 

ascorbic acid increased the stability of anthocyanins in pomegranate juice. 

3.5. Bioactivities and health benefits  

Anthocyanins, ellagic acid derivatives, and hydrolyzable tannins are responsible for the high antioxidant activity 

of pomegranate juice. The high antioxidant activity in the pomegranate juices are correlated significantly to the 

total polyphenol and anthocyanin contents ([11]). Pomegranate juice has high antioxidant activity. This activity is 

associated with the flavonoid content of pomegranate ([29]).  Yıldız et al. ([9]) determined that pomegranate 

molasses had high phenolic content, antioxidant and antimicrobial activity and indicated that pomegranate sour 

sauce was a potent antioxidant food and potential value as a functional food ingredient.  

The phytochemicals found in pomegranate are predominantly polyphenols, including flavonoids (anthocyanins, 

catechins and other complex flavonoids) and hydrolyzable tannins (punicalin, pedunculagin, punicalagin, gallagic 

and ellagic acid esters of glucose), which account for 92% of its antioxidant activity ([9]). Pomegranate 

phytochemicals are effective in prevention of various types of cancers, various cardiovascular diseases,  in the 

treatment for trauma haemorrhage, ulcers, infections,    diarrhoea and dysentery ([13]- [9]). Ellagic acid in 

pomegranate is the most important bioactive compound on human health. It has antioxidant, anticarcinogenic, 

antiestrogenic and antimutagenic effects ([27]). According to Mounayer et al. ([25]),  pomegranate molasses 

possesses a powerful antioxidant activity and a weight loss effect in mice. They reported that pomegranate 

molasses at low doses in the beverage of mice is able to resist weight gain, induce the loss of fat stores, decrease 

tissue necrosis, and protect against deleterious effects of free radicals ([25]). 

Antioxidant activity of different brands of commercial pomegranate molasses was determined by Incedayı et al. 

([26]) as between 0-46.31%. Orak ([20]) compared the antioxidant levels of pomegranate juice and traditional 

pomegranate molasses and reported that the antioxidant activity of pomegranate extract (85.91%) was higher than 

that of pomegranate juice (79.06%). In the same study, pomegranate molasses was found to decrease the glucose 

and fructose levels and increase the potassium and magnesium ratios. The total amount of phenolic substance was 

found in pomegranate juice and in pomegranate molasses as 3246 µg gallic acid equivalent / mL and 9870 µg 

gallic acid equivalent / mL respectively. 

Karabıyıklı and Kışla ([10])  investigated the antimicrobial effect of traditional pomegranate sour sauce and 

commercial pomegranate molasses on microflora of some green vegetables and burgul salad at different 

application times. They reported that traditional pomegranate molasses have more effective than the commercial 

pomegranate sauces on antimicrobial effect because of the differences of raw material and production methods. 

Gökoğlu et al. ([15]) investigated the effects of pomegranate sauce on the quality of marinated anchovy. Anchovy 

had marinated with acetic acid, salt, sunflower oil and pomegranate sauce. They demonstrated that pomegranate 

juice concentrate affected quality and shelf life of marinated fish, finding that pomegranate sauce showed better 

oxidative stability and pomegranate sauce gived a special taste. 

As highlighted by Faour-Klingbeil and Todd ( [30]), Pomegranate molasses had a great potential to enhance the 

microbial safety, especially Salmonella enterica serovar Typhimurium LT2 (S. typhimurium), of parsley and salad 

vegetables as a food condiment. Kışla and Karabıyıklı ([8]) determined  the minimum inhibitory concentrations 

(MICs) of both traditional and commercial sour pomegranate sauce samples on Staphylococcus aureus (ATCC 

25923) and Escherichia coli O157 :H7 (ATCC 43895) and indicated that the traditional products showed more 

antimicrobial effect on the pathogens than the industrial products. It has been stated that the industrial products 

may contain glucose, glucose syrup, citric acid, antioxidant agents, coloring agents, some preservatives and these 

additives caused decreasing of the concentrations of antimicrobial compounds.   

4. CONCLUSION 

Since pomegranate syrup is a functional food, its production and consumption should be encouraged. In this 

context, correct production processes and consumer awareness gain particular importance. If the correct production 

technique is applied, pomegranate molasses is a very beneficial product for human health and has a high nutritional 

value. Especially being rich in phenolic content also increases the antioxidant activity of the product. In the 

production of traditional pomegranate syrup, production and bottling must be applied correctly and adequate 

attention should be given to hygiene. In industrial production, negativities such as additives, glucose / fructose 

syrup, antioxidant addition should not be allowed. It should be checked more frequently whether there is 

adulteration in pomegranate molasses and the consumer should be informed about consuming the right product. 

So pomegranate molasses is a product that should be included more in our diet. 
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Abstract 

One of the main goals of precision agriculture is to maximize crop yields, which 
requires efficient utilization of fertilizers. We present an automated procedure 
for generating a vector layer of zones that require different intensity of 
fertilization based on the value of vegetation index obtained from Sentinel-2 
imagery. After obtaining the images we create a histogram, where the number 
of bins determines the number of fertilization zone classes we wish to obtain. 
Using the marching squares algorithm, we produce a final vector layer, which is 
exported to the GeoPackage format, making it compatible with modern 
agricultural equipment. We observe that fertilization zone generation depends 
on the field size, as large fields can generate more compact zones. Smaller fields 
tend to result in fragmented zones, due to bigger influence of neighboring 
regions pixels intensities. This approach thus offers a scalable solution for 
generation of fertilization zones, that can be used in fertilization map 
generation, but adjustments would be needed to reduce the effect of 
fragmentation.  
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1. INTRODUCTION 

The development of earth observation and processing technologies, such as Sentinel-2 satellites network and 

remote sensing, lead to widespread integration of precision agriculture in modern agricultural practices. 

Precision agriculture enables for site specific interventions without physical presence [1, 2]. With growing 

demand for food and the goal of sustainability while being respectful to the environment, generation of 

fertilization maps has recently been proposed to enable a more efficient planning of fertilizer disposal in the 

fields [1, 2, 3]. Application rates of fertilizer are important, as overfertilization can have negative consequences 

on the environment and be economically inefficient, while underfertilization does not utilize full crop potential 

and can lead to lower yield expectation [2]. 

Existing approaches to generation of fertilization maps usually involve satellite or UAV captured images [4] in 

combination with on-site soil sampling for wheat and barley [1, 2, 4, 5], rice [3, 6] and other types of crops. Soil 

sampling can be very costly and time consuming, since it requires a technician to take samples from fields and 

analyze them in the laboratory. After the analysis the agricultural experts prescribe the rate of fertilizer on 

corresponding locations [2, 7]. In this paper, an automated procedure is proposed, which omits onsite sampling 

and generates a vector layer of zones that require different intensity of fertilization based on the values of a 
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vegetation index. The procedure does not generate fertilization maps directly, but instead generates the zones 

that are prescribed with fertilization rates by agricultural experts. 

The study area can be seen on Figure 1, located in northwestern Slovenia and is dominated by small and medium 

sized fields. Only fields that were planted with wheat or barley are considered in this study. 

 

Figure 1: The study area located in NW Slovenia. Fields with blue color are included in the study and range 

from small to medium size fields (0.2 ha to 40 ha). 

 

2. MATERIALS AND METHODS 

The whole process of zone map generation consists of four steps. The most important step is the user defined 

number of fertilization zones, followed by execution of marching squares algorithm. In the last step all 

segmented zones are merged into a single vector layer. An example of the process is depicted in Figure 2. 

 

Figure 2: Histogram with 2 bins is created from an input image, followed by a segmentation with the marching 

squares algorithm and final merging into a single vector layer. 

 

First we obtain the satellite imagery of the study area for a specified date and location from the Sentinel-2 

satellite network. To estimate the crop health, the normalized difference vegetation index (NDVI) is used: 

𝑁𝐷𝑉𝐼 =
𝑁𝐼𝑅−𝑅

𝑁𝐼𝑅+𝑅
 (1) 

Healthy crops have a greener response, which is effectively reflected by the index. The index values are from the 

interval [-1, 1], where 1 indicates excellent crop health [8]. 
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In the second step, the number of classification zone classes are defined by the user. Based on the number of 

classification zones, a corresponding number of nonoverlapping bins in the histogram are created. The pixels are 

divided into bins based on their intensities. 

In the third step, the segmentation of satellite images into fertilization zones is performed by the marching 

squares algorithm that generates a closed shape from isoline contours. The image of NDVI values is thresholded 

according to histogram bin limits and converted to a binary image for every bin. The value of 1 represents the 

pixels between the minimum and maximum thresholding value, other pixels are set to 0. A 2x2 window is slid 

over the binary image and a contour is assigned to it. There are 16 possible contours, which can be seen in Figure 

3 and are stored in a lookup table. The contour is decided based on the values of neighboring pixels in 2x2 block 

[9]. 

 

 

Figure 3: All 16 possible contour combinations that are stored in the lookup table in marching squares 

algorithm.  

 

After the sliding, closed shapes that represent segments for each bin are saved to a vector layer. Finally, vector 

layers are merged into a final vector layer and exported to GPKG (GeoPackage) format. Attributes are assigned 

to classified fertilization zones. Attributes are used to set the amount of fertilizer to be disposed in the detected 

fertilization zones. 

 

3. RESULTS AND DISCUSSION 

The aim of this methodology was to segment fertilization zone classes from satellite images based on vegetation 

health, which we obtain from NDVI. The first batch of tests is visible on Figure 4a and was run in the early 

March 2024 with the number of fertilization classes set to 4. The greener areas in fertilization zone maps 

represent areas with excellent crop health, red color indicates poor crop health. The number of fertilization 

classes was chosen with the help of agricultural expert’s advisory. The second batch of tests, visible on Figure 

4b, was run in early May of 2024 with the same number of fertilization classes. Both time windows were chosen 

in coordination with agricultural experts just before the application of fertilization. 

 

  

Figure 4. (a) An example of segmentation with 4 

fertilization classes on an image from early March 

2024. 

(b) An example of segmentation with 4 fertilization 

classes on an image from early May 2024. 

In Figure 4a the zones appear to be more compact. Figure 4b displays a different scenario, as zones appear to be 

smaller and much more fragmented. We observed that pixel intensities before segmentation were more 
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homogenous in Figure 4a and less so in Figure 4b. We also observed considerable fragmentation of edges in 

Figure 4b, which is caused by an overlap of pixels from neighboring regions.  

We ran another experiment on a single field for early May of 2024 with 2, 3 and 4 classification zones (Figures 

5a, 5b and 5c). We can clearly see, that with higher number of classification zone classes the fragmentation 

becomes more apparent.  

Figures 4 and 5 highlight the problem of fertilization layers appearing blocky, which is one of the problems of 

the marching squares algorithm. As per advice by farmers and agricultural experts, a better shaped border in 

practice would be with rounder or oval edges.  

 

 

 
 

 

 
 

 

 

Figure 5. (a) Fertilization 

segmentation using 2 

classification classes. 

(b) Fertilization segmentation using 3 

classification classes. The effect of 

fragmentation is noticeable here. 

(c) Fertilization segmentation using 

3 classification classes. The effect of 

fragmentation is evident here. 

 

Results were also tested in practice by agricultural experts and farmers. The attributes of classified zones were 

manually set by agricultural experts in form of needed application of fertilizer and tested by farmers in the fields. 

The GPKG can easily be transferred to modern agricultural equipment and the experiment performed without 

problems. 

4. CONCLUSION 

The described method provides a scalable solution for generation of fertilization zones. Adequate fertilization 

zones can be generated, but one must be careful to avoid fragmentation when choosing the number of 

fertilization zone classes. In the future, we intend to tackle the problem with fragmentation by utilizing 

morphological operators. The application should reduce the number of small, isolated segmented shapes. 

Another goal is to integrate fertilizer mapping to classification zone attributes automatically, without manual 

interventions. Currently, the agricultural experts must review the fertilization zones and manually assign 

fertilization rates, which takes a lot of time and effort. Avoiding this step would increase the efficiency and 

usability of the methodology in practice. 
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Abstract 

This paper presents an optimization study on the 33-bus power distribution 
system using a reconfiguration technique to enhance system performance. The 
optimization process employs two objective functions: minimizing active power 
losses and improving voltage stability through the reduction of the voltage 
stability index. The Artificial Hummingbird Algorithm (AHA), a novel 
metaheuristic approach, is adopted due to its efficiency in handling complex 
optimization problems. The proposed methodology is applied to both single-
objective and multi-objective scenarios to comprehensively evaluate the 
system’s performance. Results demonstrate significant improvements in power 
loss reduction and voltage stability enhancement, underscoring the 
effectiveness of the AHA in optimizing reconfigured power distribution 
networks. 

 
 Keywords 

Reconfiguration, Power Distribution Networks, Metaheuristic Algorithm, Power Loss 
Minimization 

 

1. INTRODUCTION 

Power distribution systems are typically designed in either grid or radial configurations, with specific switching 

points set throughout. Reconfiguring radial power systems plays a key role in enhancing the distribution grid's 

performance. Adjusting switching points appropriately can boost the distribution system's power quality, reduce 

energy losses, and maintain the stability of distribution lines. The power network employs two types of switches: 

sectionalizing switches (S.S.’s), which are generally closed, and tie switches (T.S.’s), which are typically open 

[1]. During reconfiguration, certain switches alter their status based on optimization outcomes. The task of 

determining the best switching positions is complex due to the vast number of potential configurations [2]. Both 

classical (deterministic) and meta-heuristic (stochastic) approaches are frequently used to solve the 

reconfiguration problem in power distribution network (RPPDN) [3],[4]. Because deterministic methods might 

become stuck in local optima and are difficult to distinguish, they frequently fail to identify a global optimal 

solution for highly nonlinear or nonconvex situations. Consequently, meta-heuristic techniques have been 

devised for this investigation. 

The two main configurations of power distribution networks that are examined in the literature are balanced and 

unbalanced. Assuming that the loads and phases are spread equally, balanced networks make analysis easier and 
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are frequently employed for idealized modeling. However, the presence of single-phase and multi-phase 

connections, fluctuations in phase loading, and uneven load distributions often result in imbalanced distribution 

networks in the real world. Since unbalanced systems more closely reflect the operational difficulties and 

asymmetries present in real-world power distribution networks, more sophisticated modeling and analysis 

techniques are needed to evaluate their performance [5],[6]. A comprehensive study and literature review 

focused on balanced power distribution networks (PDNs) is presented in [2], offering detailed insights and 

findings specific to this network type. In contrast, [5],[6] provides an in-depth literature review and extensive 

analysis dedicated to unbalanced PDNs, covering the complexities and unique characteristics associated with 

these systems. Together, these sources serve as valuable references for understanding the distinct challenges and 

methodologies applied to both balanced and unbalanced PDNs in the field. 

In this study, a reconfiguration analysis was performed on a 33-bus power distribution network (PDN) using the 

Artificial Hummingbird Algorithm (AHA). The fitness function was designed to minimize active power loss and 

enhance the voltage stability index (VSI). The remainder of the paper is structured as follows: Section 2 presents 

the 33-bus PDN system along with the constraints; Section 3 discusses the AHA algorithm; Section 4 provides 

the results and discussion; and finally, the conclusion is given. 

2. 33-BUS TEST SYSTEM 

A popular standard test system in the literature, the 33-bus power distribution system is especially preferred for 

research on distribution network optimization and reconfiguration. Power is delivered to designated load centers 

by 33 buses that make up this medium-voltage distribution network, which normally operates at 12.66 kV. This 

system consists of distribution lines connecting load sites and a single power source, usually a main transformer 

station. There is just one power source and one power flow line, as it is typically portrayed in a radial layout or 

tree structure. This topology restricts the alternatives for redundant power flow even though it helps in fault 

current control. The system has 33 nodes and 32 lines, with power flowing through lines connecting each bus. 

Loads are distributed across various nodes; these loads vary depending on whether the distribution system is 

balanced or unbalanced.  Figure 1 shows the 33-bus test system, commonly used as a standard model for 

analyzing distribution network reconfiguration, optimization, and performance under various operating 

conditions. 

 

Figure 1. 33-bus test system [2]. 

2.1. Problem Formalization 

The aim of this study is to minimize active power loss while enhancing the voltage stability index. Equation 1 

presents the formula for minimizing power loss [2]. 

PLoss
min = (∑ r(i,k). (

Pk
2+Qk

2

Vk
2 )  .

Nbr
i,k=1, Sw(i,k))                                                                 (1) 

Equation 1 presents the formula for improvement of voltage stability index [2]. 

VSI =
4|V𝑖|

2|C||D||Sk| cos(φ𝑘+δS).sin⁡(δ𝑖)

|S𝑖|
2.cos2(φ𝑖+δ𝑘)

≤ 1                                                             (2) 

More thorough investigation is required into the voltage stability of systems functioning near the limit values. 

The literature contains a wide variety of voltage stability indices. But the majority of them are predicated on a 

variety of ignorance or presumptions. This study makes use of a newly proposed index that takes into account 

several line properties and is based on line loading [4]. It has been noted that the recommended index 

consistently produces results under all situations and loading scenarios. 
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Voltage fluctuations must remain within specified limits in power systems as shown in Equation 3 [2]. 

Vi,ϕ
min ≤ Vi,ϕ ≤ Vi,ϕ

max                      ∀ϕ ∈  {a, b, c},   ∀i ∈ Buses                                (3) 

The cable in the system should not carry more current than the limit outlined in Equation 4 [2]. 

Ii,ϕ ≤ Ii,ϕ
max    ∀ϕ ∈  {a, b, c},     ∀i ∈ Branches                                                  (4) 

Equation 5 ensures that the total generated power equals the total load and losses in the system [2]. 

∑ Pi,Gen
∅ =

NGen
i=1

∑ Pi,Load
∅ + ∑ Pi,Loss

∅ + ∑Pi,Loss
equipmentNBranch

i=1

NLoad
i=1        ∀ϕ ∈  {a, b, c}                         (5) 

The transformers need to function within the designated voltage and current boundaries for each phase to 

guarantee their optimal performance and prevent any harm, as indicated in Equation 6 [2]. 

Xi,∅
trfmin ≤ Xi,∅,trf ≤ Xi,∅

trfmax    ∀ϕ ∈  {a, b, c}                              (6) 

Equation 7 demonstrates that the amount of power flowing on a line cannot exceed a certain limit in order to 

maintain line security [2]. 

Si,∅,line ≤ Si,∅,line
max                    ∀ϕ ∈  {a, b, c},     ∀i ∈ Lines                                            (7) 

3. ARTIFICIAL HUMMINGBIRD ALGORITHM 

The Artificial Hummingbird Algorithm (AHA) imitates the distinctive foraging and flight actions of 

hummingbirds for optimizing purposes. Hummingbirds are famous for their remarkable ability to quickly find 

food sources by using precise and agile movements to hover, change directions, and efficiently use energy while 

searching for nectar [7]. The AHA replicates these actions through different search patterns, such as exploration 

(wide search for possible solutions) and exploitation (targeted search around promising solutions), to maintain a 

equilibrium between uncovering new areas in the solution space and improving existing high-quality areas [7]. 

The AHA's flexibility allows it to excel in tackling intricate, nonlinear optimization issues across a variety of 

fields like power distribution networks, engineering design, and machine learning, with a focus on enhancing 

system performance and identifying global optima [7]. 

4. CONTENT 

The comparison of active power loss and power flow at each branch before/after optimization is shown in Figure 

2. Upon examining Figure 2, it can be observed that voltage improvements have occurred across all buses, with 

the exception of buses 20, 21, and 22. Specifically, the voltage levels have increased from 0.92 p.u. to 

approximately 0.94 p.u., reflecting an overall enhancement in voltage stability throughout most of the network. 

 

Figure 2. 33-bus power distribution network power loss and power flow results before and after reconfiguration. 
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Figure 3 illustrates the bus voltages before and after the optimization process, which is influenced by the 

reconfiguration performed using the Artificial Hummingbird Algorithm. The comparison clearly highlights the 

effects of the optimization on the voltage levels across the buses, demonstrating the improvements achieved 

through this algorithmic approach. 

 

Figure 3. Bus voltages before and after reconfiguration. 

Upon examining Figure 3, it is evident that there are improvements in the voltage levels across all buses, with 

the exception of buses 20, 21, and 22. Notably, the voltage has increased from 0.92 p.u. to 0.94 p.u., indicating a 

positive enhancement in the overall voltage stability of the network, with most buses benefiting from the 

optimization. 

Figure 4 presents the results of an optimization study conducted on a 33-bus PDN) focusing on the relationship 

between active power loss and the VSI. The graph features a Pareto front that illustrates the trade-off between 

these two objective functions, where each point on the front represents an optimal solution. Notably, four 

significant points are highlighted: the minimum VSI of 0.0024 associated with an active power loss of 235.154 

kW, the minimum active power loss of 0.1548 kW with a VSI of 139, and two intermediate points at 

(0.0774027, 139.895) and (0.15481, 139.457). 

 

Figure 4. Pareto front analysis of active power loss vs. voltage stability index in a 33-bus test system 

A trade-off analysis reveals that the lowest VSI value (0.00238235) corresponds to the highest power loss 

(235.154 kW), while the minimum power loss (170.535 kW) is achieved with a relatively higher VSI value 

(0.0117086). The intermediate points provide balanced solutions that reconcile the competing objectives of 

minimizing power loss while maintaining acceptable voltage stability. Overall, the VSI values range from 0 to 

0.16, indicating that the system is generally in good condition regarding voltage stability. Meanwhile, the power 

losses fluctuate between approximately 139 kW and 235 kW, showcasing a significant optimization range within 

the study. 

The Table 1 presents 30 distinct configurations, each characterized by various tie-switch combinations, 

enhancing the clarity and readability of the data. Among these configurations, one notable observation is that the 

lowest Voltage Stability Index (VSI) value of 0.0024 corresponds to the highest power loss of 235.2043 kW, 

indicating a less favorable balance between these metrics. Conversely, configuration 5 achieves the lowest power 

loss at 139.8948 kW; however, it does not represent an optimal solution regarding VSI, which stands at 0.0774. 

 

 



 

European Journal of Engineering and Natural Sciences 
 

45 EJENS, Volume 9, Issue 1 (2024) 
 

Table 1. Dominated / Non-dominated pareto front results 

No Tie-Switches VSI Active Power 

Losses [Kw] 

 

1 3 7 11 14 34 0.0024 235.2043 

2 3 7 10 14 34 0.0024 235.1539 Minimum VSI  

Configuration 3 7 10 14 16 28 0.0578 150.1566 

4 7 9 14 32 37 0.1548 139.4572 Minimum Active Power  

Loss Configuration 5 7 9 14 28 32 0.0774 139.8948 

6 10 16 28 33 34 0.0537 154.4588  

7 7 10 14 15 28 0.0305 154.9194 

8 7 9 14 16 28 0.0578 150.1112 

9 10 28 32 33 34 0.0762 143.8421 

10 7 11 14 15 28 0.0305 155.1004 

11 9 14 25 33 34 0.0111 178.1375 

12 9 14 28 32 33 0.0748 144.4929 

13 9 15 28 33 34 0.0217 158.8707 

14 3 8 9 14 25 0.0053 195.9564 

15 3 8 10 14 25 0.0027 202.8829 

16 3 6 8 9 14 0.0025 217.3672 

17 10 14 28 32 33 0.0743 146.6760 

18 3 8 9 14 26 0.0074 192.9956 

19 10 14 15 28 33 0.0212 160.4115 

20 8 9 14 28 33 0.0117 170.5351 

21 9 14 28 33 34 0.0155 164.1114 

22 9 16 28 33 34 0.0556 154.0579 

23 9 14 16 28 33 0.0500 154.5985 

24 8 14 16 28 33 0.0575 153.9846 

25 10 14 28 33 34 0.0154 165.1299 

26 8 10 14 28 33 0.0085 178.5942 

27 3 8 10 14 26 0.0044 199.5078 

28 9 14 15 28 33 0.0214 159.2061 

29 8 14 15 28 33 0.0219 158.5957 

30 8 14 28 33 34 0.0157 163.6877 

 

This variability in configurations underscores the practical applications for system operators, who can 

strategically select configurations based on their operational needs. For instance, during periods of high load, 

configurations that minimize power loss may be favored, while during low load periods, those with higher VSI 

values can be selected to enhance voltage stability. This flexibility allows operators to effectively manage the 

trade-off between power losses and voltage stability in the distribution network. 

5. CONCLUSION 

In summary, this research highlights the efficacy of the Artificial Hummingbird Algorithm in optimizing a 33-

bus Power Distribution Network, focusing on the dual objectives of minimizing active power loss and improving 

the Voltage Stability Index. The findings indicate notable enhancements in the system's performance through 

network reconfiguration, showcasing the advantages of optimized network topologies in power systems. The 

Pareto front generated from the multi-objective optimization effectively demonstrates the balance between 

reducing power loss and improving voltage stability, thereby serving as a crucial decision-making tool for 

system operators. 

The variety of solutions provided by this approach enables the selection of optimal configurations tailored to 

specific operational needs. These results advance the field of power system optimization and suggest that 

implementing strategic reconfiguration methods in power distribution networks can yield significant operational 

advantages, such as reduced costs and enhanced reliability. Future studies could investigate the application of 

this methodology in larger networks and its potential integration with other optimization challenges in power 

systems, thereby further improving the efficiency of power distribution networks. 
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Abstract 

This study explores the application of the Runge-Kutta Algorithm (RKO), a 
cutting-edge metaheuristic search technique, for the simultaneous allocation, 
sizing, and power factor optimization of wind turbines in power distribution 
systems. The research also involves the concurrent allocation of three 2 MW 
electric vehicle (EV) charging stations, integrated alongside the wind turbine 
installations. The objective is to minimize power loss while ensuring the efficient 
integration of renewable energy sources and EV charging infrastructure. The 
proposed RKO-based approach is evaluated for its effectiveness in optimizing 
component placement and enhancing overall system performance under 
dynamic load conditions. Simulation results indicate that the RKO algorithm 
offers a robust and efficient method for reducing power loss, making it a 
promising tool for future energy distribution system optimization. 

 
 Keywords 

Dg Allocation and Size, EV Charging Stations, Runge-Kutta Algorithm, Power Distribution 
Network and Active Power Loss Minimization    

 

1. INTRODUCTION 

The integration of renewable energy sources and electric vehicle (EV) charging infrastructure [1], [2], [3] into 

existing power distribution networks is increasingly critical in the transition toward sustainable energy systems. 

Wind turbines and EV charging stations, as prominent distributed generation (DG) assets, provide opportunities 

for improving energy efficiency, reducing carbon emissions, and enhancing the reliability of power systems. 

However, the effective placement and sizing of these DG units within a distribution network are complex tasks, 

requiring careful consideration of power loss minimization [4], voltage stability, and operational constraints. 

Recent advances in optimization techniques have enabled more sophisticated approaches to DG allocation in 

distribution networks. Among these, population-based algorithms have shown promise due to their adaptability 

and efficiency in handling non-linear, multi-objective problems typical of power systems [5], [6]. In this context, 

the 136-Bus Test System is used as a model to evaluate the impact of DG [4] integration on a large-scale power 

distribution network, offering a realistic representation of the challenges faced in modern grid systems [7]. 

mailto:mcikan@cu.edu.tr


 

European Journal of Engineering and Natural Sciences  
 

4822 Cikan 

This study employs the Runge-Kutta Algorithm (RKA) to determine the optimal locations and sizes of wind 

turbines and EV charging stations in the 136-Bus Test System. The objective functions focus on minimizing 

power losses and optimizing the Voltage Stability Index (VSI) to ensure network stability under varying load 

conditions. Additionally, operational constraints related to current limits, voltage levels, and power capacities are 

incorporated to maintain reliable network performance [8]. The results highlight the potential of RKA to enhance 

system efficiency by achieving substantial reductions in power losses and improvements in voltage stability.  

This paper is structured as follows: Section 2 presents the mathematical formulation of the power system, 

including objective functions and constraints. Section 3 describes the methodology and implementation of the 

RKA for DG optimization. Section 4 discusses the placement and sizing results of wind turbines and EV 

charging stations and their effects on system performance. Finally, conclusions and recommendations for future 

research are provided in Section 5. 

2. MATHEMATICAL EXPRESSION OF POWER SYSTEM 

The mathematical modelling of the power system is fundamental for analyzing and optimizing network 

performance. This section presents the mathematical expressions governing the power flow, voltage stability, 

and loss minimization in the system. The power system model incorporates key parameters such as bus voltages, 

line impedances, power injections, and load demands, which collectively determine the system’s operational 

state. 

2.1. Constraint 

This study defines several constraints related to current, power, and system capacity to ensure that the 

optimization process adheres to operational and safety limits. The current constraints prevent network branch 

overloading by maintaining current flow within each branch's permissible maximum. Power constraints are 

applied to regulate the distribution of active and reactive power throughout the network, ensuring that each bus 

and branch operates within designated bounds. These constraints, as shown in Equations (1) to (3), are essential 

for maintaining system stability, reliability, and efficiency. Each constraint is implemented as an inequality, 

effectively limiting the solution space to configurations that meet these technical and safety requirements. 

• Voltage Constraints 

Vmin
φ

≤  Vi
φ

≤ Vmax
φ

        ∀i ∈ n, φ ∈ {A, B, C} (1) 

• Current constraints 

Iij
φ

 ≤  Iij,max
φ

        ∀(i, j) ∈ m, φ ∈ {A, B, C} (2) 

• Power balance constraint 

∑ Pi =

i∈N 

 ∑(Pj + PL,j)

j∈N 

 (3) 

2.2. Objective Function 

The primary objectives of this research are centered around two key objective functions. The first objective is the 

minimization of power losses [9] within the network, expressed by the formula in Equation (4). The second 

objective involves the optimization of the Voltage Stability Index (VSI) [8], as defined in Equation (5). These 

dual objectives are designed to enhance both the efficiency and reliability of the power distribution system. 

PLoss
min = ∑ r(i,k). (

Pk
2 + Qk

2

Vk
2 ) .

Nbr

i,k=1,

Sw(i,k) 
   

(4) 

and, 

VSI =
4 |VS|2 |C||D||SR| cos(ϕR + δS) sin(δS)

|SS |2. cos2 (φS + δR ) 
≤ 1 

   

(5) 
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2.3. Newton-Raphson Power Flow Algorithm 

The Newton-Raphson power flow algorithm is a fast and powerful iterative method widely used to solve power 

flow problems in energy systems. This method iteratively solves voltage magnitudes and phase angles to ensure 

stable operation of the energy system. The algorithm is based on solving power equations. The active (P) and 

reactive (Q) power equations in the system are expressed as follows: 

Pi = Vi ∗ ∑ Vk(Gik ∗ cos(θik) + Bik ∗ sin(θik)) 

n

k=1,

 
   

(6) 

Qi = Vi ∗ ∑ Vk(Gik ∗ sin(θik) − Bik ∗ cos(θik)) 

𝑛

k=1,

 
   

(7) 

In these equations, Pi and Qi represent the active and reactive power for bus i, while Vi indicates the voltage 

magnitude at bus i. The variable θik represents the voltage angle difference between buses i and k. Gik and Bik 

represent the conductance (G) and susceptance (B) values of the transmission line, respectively. These equations 

are solved to meet the load and generation demands in the system. The Newton-Raphson algorithm employs an 

iterative approach to solve power flow equations through linearization. The solution process consists of the 

following key steps: 

2.3.1. Error Calculation  

The mismatch between specified and calculated power values is determined in Eqs. 8 and 9. 

ΔPi = Pi
spec

− Pi
cal (8) 

ΔQi = Qi
spec

− Qi
cal (9) 

where Pi
spec

 and Qi
spec

 represent the specified power values at bus i, while Pi
cal and Qi

cal are the calculated values 

during iteration.  

2.3.2. Jacobian Matrix Formation  

The nonlinear power flow equations are linearized using the Jacobian matrix (J), as shown in Eq. 10. 

[
Δθ
ΔQ

] = J−1. [
ΔP
ΔQ

] (10) 

The Jacobian matrix contains partial derivatives of power equations with respect to voltage magnitudes and 

angles.  

2.3.3. State Variable Update  

The voltage magnitudes and phase angles are updated in each iteration k, as shown in Eqs. 11 and 12. 

θk+1 =  θk + Δθk (11) 

ΔVk+1 = Vk + ΔVk (12) 

2.3.4. Convergence Check  

The iterative process continues until the power mismatches fall below a specified tolerance (ε), as shown in Eq. 

13. 

|ΔP| < ε and |ΔQ| < ε (13) 

This iterative process ensures the systematic convergence of the solution while maintaining numerical stability. 

The method is particularly effective due to its quadratic convergence characteristics near the solution. 
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2.4. 136-Bus Test System 

The 136-Bus Test System [10], [11], representing a complex power distribution network, was employed to 

evaluate the effectiveness of the optimization algorithms. This system presents a network structure reflective of 

real-world scenarios, enabling a rigorous assessment of algorithmic performance. The 136-bus system includes 

156 branches, with 21 left de-energized to maintain a radial configuration suitable for distribution network 

operations, as shown in Figure (1). The network comprises 107 spot loads, all modelled as PQ loads, distributed 

across the buses. The total active and reactive loads for the distribution line are 18.3 MW and 7.9 MVAR, 

respectively. Additionally, the system experiences total active and reactive power losses of 0.32037 MW and 

0.70295 MVAR, respectively, across the distribution line. This test setup provides a robust framework for 

examining optimization solutions in power distribution contexts. 

 

 

Figure 1. 136-Bus Power distribution network [10], [11] 
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3. RUNGE-KUTTA OPTIMIZATION ALGORITHM 

The Runge-Kutta Optimizer (RUN) is a population-based optimization model developed based on the slope 

calculation principles of the fourth-order Runge-Kutta (RK4) method [12]. RUN systematically leverages RK4 

to explore and exploit promising regions within the solution space, providing a robust framework for global 

optimization. The algorithm begins with the random initialization of population members, iteratively updating 

their positions based on a slope-driven mechanism derived from RK4. This approach strategically balances 

exploration and exploitation phases, maximizing solution quality and achieving rapid convergence. To further 

enhance robustness and prevent premature convergence to local optima, an Enhanced Solution Quality (ESQ) 

mechanism is integrated into RUN. Testing revealed that RUN achieved superior performance across a diverse 

range of mathematical benchmark functions and engineering design problems, consistently outperforming 

several state-of-the-art metaheuristic algorithms in both convergence speed and accuracy. RUN’s high 

exploration capability originates from its elevated randomness, which facilitates a comprehensive search of the 

solution space. Meanwhile, its exploitation phase refines solutions around the best candidates, ensuring that 

high-quality solutions are consistently obtained. The mathematical expressions underpinning RUN's design are 

systematically defined from Equation (14) to Equation (20). 

k1 =
1

2Δx

(randno. (xworst − u. xbest)) (14) 

u = round(randno + 1). (1 − randno) (15) 

k2 =
1

2Δx

(randno . (xworst − k1. Δx. randno,1) − (u. xbest + k1. Δx. randno,2)) (16) 

k3 =
1

2Δx

(randno. (xworst −
k2

2
. Δx. randno,1) − (u. xbest +

k2

2
. Δx. randno,2)) (17) 

k4 =
1

2Δx

(randno . (xworst − k3. Δx. randno,1) − (u. xbest + k3. Δx. randno,2)) (18) 

randno <
1

2
, xn+1 = SM. SF + μ. xs + xc exploration phase

otherwise ,   xn+1 = SM. SF + μ. xś + xm exploitation phase
 (19) 

SF = (1 −
randno

2
) . (a. e

−b.randno.(
i

Maxi
)
) (20) 

4. WIND TURBINE AND EV CHARGING STATIONS ALLOCATION AND SIZE 

The allocation and sizing of wind turbines (WT) and electric vehicle (EV) charging stations in the 136-Bus Test 

System were optimized using the Runge-Kutta Algorithm (RKA). This approach aimed to enhance the system's 

efficiency by reducing power losses and improving voltage stability. The optimization process considered both 

active and reactive power limits for the wind turbines and the demand capacity for EV charging stations. The 

constraints for each parameter were determined by considering the network load capacity, Voltage Stability 

Index (VSI) limits, and spatial limitations related to EV charging infrastructure. Lower bounds (lb) and upper 

bounds (ub) were established to guide the optimization process (as detailed in Table 1), defining the minimum 

and maximum values for active and reactive power output, as well as EV charging power requirements, where 

the minimum and maximum values correspond to the first (1) and last (136) busbar numbers, respectively. 

The Table 2 and Table 3 illustrates various scenarios tested during this study, showing the impact of DG 

additions on power loss and voltage stability. In the initial case, without DG, the system experiences an active 

power loss of 320.36 kW and a reactive power loss of 702.95 kVAR, with the minimum voltage recorded at 

0.971 p.u. at bus 85. These baseline values serve as a reference for evaluating the effectiveness of DG 

integration. 

Case 1: This scenario introduces a single wind turbine at bus 106, sized at 2828.4 kW and 1210.0 kVAR, along 

with an EV charging station at bus 1 with a demand of 2000 kW. These additions result in a significant reduction 

in system losses, with active power loss decreasing by 33.5% to 213.03 kW, and reactive power loss decreasing 

by 35.14% to 455.92 kVAR. 
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Table 1 Lower and Upper boundary of Variables 

Variable 
Lower and Upper 

Allocation Limits 

Active Power 

Size (MW) 

Reactive Power 

Size (MVAr) 

Wind Turbine 

1 lb:  0 lb: -10 

136 ub :20 ub: 10 

EV Charging 

Stations 

1 lb : 0 --- 

136 ub: 2 --- 

Case 2: In this configuration, two wind turbines and two EV charging stations are incorporated. The first wind 

turbine remains at bus 106 (2828.4 kW, 1209.8 kVAR), and a second turbine is added at bus 11 with a capacity 

of 2326.7 kW and 930.57 kVAR. Both EV charging stations are set at bus 1 with a demand of 2000 kW each. 

This setup further reduces active and reactive power losses by 45.87% (173.42 kW) and 47.74% (367.36 kVAR), 

respectively, compared to the initial case. 

Table 2 Allocation and Size of DGs 

Panel 

No 

DG 

Type 
Location 

Size of     

DG / EV  

Size of       

DG / EV  
𝐏𝐋𝐨𝐬𝐬

𝐀𝐜𝐭𝐢𝐯𝐞  𝐐𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞 

 (Bus No) (kW) (kVAR) (kW) (kVar) 

Initial w/o DG - - - 320.3642 702.9472 

Case 1 

1st WT 106 2828.4 1210.0 

213.0293 455.9170 

1st EV  1 2000 0 

Case 2 

1st WT 106 2828.4 1209.8 

173.4170 367.3586 

1st EV 1 2000 0 

2nd WT 11 2326.7 930.57 

2nd EV 1 2000 0 

Case 3 

1st WT 11 2326.7 930.57 

142.1032 297.5572 

1st EV 1 2000 0 

2nd WT 29 2061.5 1012.6 

2nd EV 1 2000 0 

3rd WT 106 2828.4 1209.8 

3rd EV 1 2000 0 

Case 3: The most extensive configuration includes three wind turbines and three EV charging stations. The 

turbines are located at buses 11 (2326.7 kW, 930.57 kVAR), 29 (2061.5 kW, 1012.6 kVAR), and 106 (2828.4 

kW, 1209.8 kVAR). The EV charging stations remain at bus 1 with a demand of 2000 kW each. In this scenario, 

the system achieves the highest reduction in losses, with active power loss minimized by 55.64% to 142.10 kW, 

and reactive power loss decreased by 57.67% to 297.56 kVAR. The voltage stability is also improved, 

maintaining a minimum voltage of 0.971 p.u. at bus 85 across all cases. 

 



 

European Journal of Engineering and Natural Sciences 
 

53 EJENS, Volume 9, Issue 1 (2024) 
 

Table 3 Voltage Stability Index, Active and Reactive Power Loss Results for the 136-Bus System 

Panel 

No 

DG Type VSI 
Minimum 

Voltage   
Bus No 

𝐏𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞  

Reduction 

𝐐𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞 

Reduction  

  (p.u.) Vmin (%) (%) 

Initial w/o DG -3.182e-1 0.971 p.u.  bus 85 --- --- 

Case 1 

1st WT 

-2.1156e-2 0.971 p.u.  bus 85 33.50 35.14 

1st EV  

Case 2 

1st WT 

8.6273e-01 0.971 p.u.  bus 85 45.87 47.74 

1st EV 

2nd WT 

2nd EV 

Case 3 

1st WT 

8.6273e-01 0.971 p.u.  bus 85 55.64 57.67 

1st EV 

2nd WT 

2nd EV 

3rd WT 

3rd EV 

The table provides a detailed breakdown of each scenario, including DG type, location (bus number), size of DG 

in kW and kVAR, active and reactive power losses, Voltage Stability Index (VSI), minimum voltage, and the 

bus location of the minimum voltage. Additionally, the percentage reductions in active and reactive power losses 

are shown, illustrating the incremental benefits of each DG configuration. These results emphasize the role of 

optimized DG placement and sizing in enhancing system performance, particularly through reduced losses and 

improved voltage stability. 

5. CONCLUSIONS  

This study presented an optimization framework for the placement and sizing of wind turbines and EV charging 

stations in a complex power distribution network, utilizing the 136-Bus Test System as a representative model. 

The Runge-Kutta Algorithm (RKA) was employed to optimize system performance by minimizing power losses 

and enhancing voltage stability. Through multiple scenarios, the impact of distributed generation (DG) on 

system efficiency and reliability was evaluated, demonstrating significant reductions in active and reactive 

power losses and improvements in voltage stability. The results indicate that strategic allocation and sizing of 

DG sources, specifically wind turbines and EV charging stations, can substantially enhance network 

performance. The optimized configurations led to reductions in power losses by up to 55.64% and 57.67% for 

active and reactive losses, respectively, while maintaining voltage levels within safe operational limits. These 

findings underscore the effectiveness of RKA in addressing complex optimization challenges in power systems, 

offering a robust tool for planners and engineers aiming to integrate renewable energy sources and EV 

infrastructure into existing distribution networks. Future work can expand on this approach by incorporating 

additional renewable energy sources, such as solar PV systems, and evaluating the impacts of varying load 

profiles and seasonal fluctuations. Furthermore, the integration of real-time data and advanced machine learning 
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techniques could further enhance the adaptability and accuracy of optimization solutions, contributing to more 

resilient and sustainable power systems. 
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Abstract 

This study presents a comprehensive approach to the optimal allocation and 
sizing of photovoltaic (PV) systems and capacitor banks in a 33-bus power 
distribution system, focusing on enhancing system performance. 
Simultaneously, the allocation of PV systems, capacitor banks, and electric 
vehicle (EV) charging stations is addressed to optimize system efficiency. The 
primary objectives include minimizing active power losses and improving the 
voltage profile across the network. To solve this complex optimization problem, 
the Slime Mould Algorithm (SMA), a cutting-edge metaheuristic technique, is 
employed as an advanced tool for distributed generation (DG) allocation. SMA's 
robust search capability and adaptability make it well-suited for addressing the 
multi-objective nature of this study, delivering optimized results that balance 
system losses and voltage stability. The proposed method demonstrates 
significant potential for improving the efficiency and stability of modern power 
distribution networks. 

 
 Keywords 

Electrical Vehicle Charging Stations, Slime Mode Algorithm, DG Allocation  

 

1. INTRODUCTION 

The growing incorporation of renewable energy sources into power distribution systems has become crucial for 

improving efficiency and sustainability. Among various renewable technologies, photovoltaic (PV) systems are 

particularly notable for their capability to capture solar energy, which is plentiful and eco-friendly [1],[2]. 

However, merely integrating PV systems into current power distribution systems is inadequate; a thoughtful 

strategy for their placement and sizing is essential to ensure they effectively enhance overall system 

performance. This research concentrates on a 33-bus power distribution system, analyzing the most effective 

locations for PV systems and capacitor banks to reduce active power losses and enhance the voltage profile 

throughout the network. 

In addition to PV systems, the allocation of capacitor banks and electric vehicle (EV) charging stations is also 

critical in modern power distribution [3]. The rise of electric vehicles necessitates the establishment of efficient 

charging infrastructure, which can significantly influence power demand and network stability. By integrating 

these components, the overall efficiency of the power distribution system can be maximized [4]. To tackle this 

multifaceted optimization challenge, this research employs the Slime Mould Algorithm (SMA), a novel 

mailto:ocinar@yildiz.edu.tr
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metaheuristic technique known for its flexibility and effective search capabilities. The SMA's strength lies in its 

ability to navigate complex optimization landscapes, allowing it to find optimal solutions that achieve a balance 

between minimizing losses and enhancing voltage stability. 

Moreover, the need for advanced optimization techniques is underscored by the growing complexity of modern 

power distribution systems, driven by factors such as increased energy consumption and the penetration of 

distributed generation sources. Traditional methods often fall short in addressing these challenges due to their 

inability to efficiently explore the solution space and manage the inherent trade-offs between competing 

objectives [5], [6]. The application of SMA [7] in this study not only addresses the intricacies of optimizing PV 

and capacitor bank allocations but also highlights its potential as a powerful tool for enhancing the stability and 

reliability of power distribution networks. By optimizing the interplay between renewable energy sources, 

energy storage solutions, and infrastructure improvements, this research contributes to a more resilient and 

sustainable energy future. 

The remainder of the paper is organized as follows: Section 2 introduces the 33-bus Power Distribution Network 

(PDN) system and outlines the associated constraints. Section 3 delves into the Slime Mould Algorithm (SMA), 

detailing its methodology. Section 4 presents the results of the study, along with a discussion of their 

implications. Finally, the paper concludes with a summary of the findings and their significance. 

2. 33-BUS TEST SYSTEM 

The 33-bus distribution system depicted in Figure 1 serves as an important reference for analyzing power 

distribution networks. This network consists of one feeder, 33 buses, and 37 branches, along with five tie 

switches (T.S.) and 32 sectionalizing switches (S.S.). The total active power demand within the system is 3.72 

MW, while the reactive power demand is measured at 2.3 MVAR. Under this configuration, the power loss in 

the distribution network is calculated to be 202.6771 kW for active power and 135.14 kVAR for reactive power. 

Additionally, the minimum voltage magnitude in this setup is recorded at 0.9131 p.u., occurring at bus 18. These 

characteristics highlight the essential parameters of the system, providing a foundation for evaluating its 

efficiency and performance in various operational scenarios. 

 

Figure 1. 33-bus test system [5]. 

2.1. Problem formalization 

This study aims to reduce active power loss and improve the voltage stability index. The equation for 

minimizing power loss is provided in Equation 1. [5]. 

 

PLoss
min = (∑ r(i,k). (

Pk
2+Qk

2

Vk
2 )  .

Nbr
i,k=1, Sw(i,k))                                 (1) 

 

Equation 1 provides the formula for enhancing the voltage stability index [5]. 

VSI =
4|V𝑖|

2|C||D||Sk| cos(φ𝑘+δS).sin⁡(δ𝑖)

|S𝑖|
2.cos2(φ𝑖+δ𝑘)

≤ 1                                                             (2) 

A deeper examination is necessary to assess the voltage stability of systems operating close to their limit 

thresholds. The literature presents numerous voltage stability indices; however, most are based on certain 

assumptions or oversights. This study utilizes a newly proposed index that incorporates various line 
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characteristics and is grounded in line loading considerations [2]. It has been observed that the proposed index 

reliably yields results across different conditions and loading scenarios. 

In power systems, voltage fluctuations must be maintained within defined limits, as illustrated in Equation 3. [5]. 

Vi,ϕ
min ≤ Vi,ϕ ≤ Vi,ϕ

max                      ∀ϕ ∈  {a, b, c},   ∀i ∈ Buses                               (3) 

The cable within the system must not carry current exceeding the limit specified in Equation 4 [5]. 

Ii,ϕ ≤ Ii,ϕ
max    ∀ϕ ∈  {a, b, c},     ∀i ∈ Branches                                                  (4) 

Equation 5 guarantees that the sum of generated power matches the combined total of the load and losses within 

the system [5]. 

∑ Pi,Gen
∅ =

NGen
i=1

∑ Pi,Load
∅ + ∑ Pi,Loss

∅ + ∑Pi,Loss
equipmentNBranch

i=1

NLoad
i=1        ∀ϕ ∈  {a, b, c}                         (5) 

As outlined in Equation 6, transformers must operate within specified voltage and current limits for each phase 

to ensure optimal performance and avoid potential damage [5]. 

Xi,∅
trfmin ≤ Xi,∅,trf ≤ Xi,∅

trfmax    ∀ϕ ∈  {a, b, c}                              (6) 

Equation 7 shows that to ensure line security, the power flow on a line must remain below a specified limit [5]. 

Si,∅,line ≤ Si,∅,line
max                    ∀ϕ ∈  {a, b, c},     ∀i ∈ Lines                                            (7) 

 

3. SLIME MOULD ALGORITHM 

The Slime Mould Algorithm is an innovative optimization technique inspired by the foraging behavior of slime 

moulds, particularly Physarum polycephalum [7]. This metaheuristic method is distinguished by its ability to 

explore complex solution spaces effectively while balancing exploration and exploitation. SMA operates through 

a unique mechanism where agents, representing solutions, mimic the nutrient-seeking movement of slime 

moulds as they search for food sources [7]. This adaptive behavior allows the algorithm to converge on optimal 

solutions efficiently by dynamically adjusting to the characteristics of the problem at hand. The algorithm's 

flexibility makes it suitable for tackling a wide range of optimization challenges, from engineering applications 

to energy management, thus demonstrating its potential as a powerful tool in the field of computational 

intelligence [7]. 

4. RESULTS AND DISCUSSION 

Table 1 presents three cases. In Case 1, the system is optimized for 1 PV unit, in Case 2 for 2 PV units, and in 

Case 3 for 3 PV units. In Case 1, the first PV unit is placed at bus 6, and its maximum power output to the grid is 

found to be 2575.32 kW. Under these conditions, the active power loss decreases from 202.68 kW to 103.97 kW. 

The minimum bus voltage is improved from 0.91 to 0.95. This reduction in active power loss corresponds to a 

49% decrease. The analytical analysis of the study, which was conducted using a metaheuristic approach, is 

illustrated in the accompanying figures. As can be seen in the figures, the active power loss is calculated as 

103.97 kW when a 2.575 MW DG unit is placed at bus 6. 

Table 1. Determination of the sizes and locations of PV panels in the 33-bus test system using the SMA algorithm 

Case DG 

Type 

Location 

(Bus 

No) 

Size 

of 

DG 

(kW) 

Total 

Size of 

DG 

(kW) 

Power 

Factor 

𝐜𝐨𝐬(𝚽)⁡ 

𝐏𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞 

(kW) 

𝐐𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞 

(kVar) 

Voltage 

Stability 

Index 

Minimum 

Voltage 

(p.u.) 

Bus 

No 

at 

𝐕𝐦𝐢𝐧 

𝐏𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞  

Reduction 

(%) 

Initial w/o 

PV 

- - - - 202.68 135.14 0.0379 0.9131 18 0.00 

Case 

1 

1-

PV 

6 2575.32 2575.32 1 103.97 74.78 0.1796 0.9511 18 48.7037 

Case 

2 

2-

PV 

13 846.38 2005.05 1 85.91 58.55 0.28484 0.9685 33 57.6123 

30 1158.67 1 

 

Case 

3 

 

 

3-

PV 

14 753.98  

2924.84 

1  

71.46 

 

49.39 

0.25347  

0.9686 

 

33 

 

64.7433 

 

24 1099.44 1 

30 1071.42 1 
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As shown in Table 1, the accuracy of the optimization study performed using the metaheuristic algorithm is 

verified, as similar results are obtained both from the literature and through the analytical approach. When the 

same study is conducted for Case 2 and Case 3, the active power losses are further reduced to 85.91 kW and 

71.46 kW, respectively. 

There are three cases presented in Table 2. In Case 1, the system is optimized by adding 1 capacitor bank, in 

Case 2 by adding 2 capacitor banks, and in Case 3 by adding 3 capacitor banks. In Case 1, the first capacitor 

bank is placed at bus 30, and its maximum reactive power output is found to be 1257.2 kW. Under these 

conditions, the active power loss decreases from 202.68 kW to 143.60 kW. The minimum bus voltage is 

improved from 0.91 to 0.92. This reduction in active power loss corresponds to a decrease of 29.15%. When the 

same study is conducted for Case 2 and Case 3, the active power losses are further reduced to 135.74 kW and 

132.16 kW, respectively. 

Table 2. Determination of the sizes and locations of capacitor tanks in the 33-bus test system using the SMA 

algorithm 

Case DG Type Location 

(Bus 

No) 

Size 

of 

DG (kW) 

𝐏𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞 

(kW) 

𝐐𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞 

(kVar) 

Minimum 

Voltage 

(p.u.) 

Bus 

No 

at 

𝐕𝐦𝐢𝐧 

𝐏𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞  

Reduction 

(%) 

Initial w/o PV - - 202.68 135.14 0.9131 18 0.00 

Case 

1 

1-

Capacitor 

30 1257.2 143.60 96.30 0.9258  18 29.15% 

Case 

2 

2-

Capacitor 

12 468.87 135.74 90.54 0.9362 18 33.03% 

30 1057.8 

 

Case 

3 

 

 

3-

Capacitor 

13 378.69 132.16 88.32 0.9383 18 34.80% 

24 544.21 

30 1036.7 

A multi-objective approach was implemented in this study. To demonstrate the effectiveness of the algorithm, 

three different cases were considered. The peak load value of the electric vehicle (EV) charging stations was set 

to 500 kW. Assuming that the minimum charging power of a vehicle is 50 kW, approximately 10 vehicles can be 

charged simultaneously. In Table 3, the PV, capacitor banks, and EV charging stations were optimally located in 

the 33-bus test system simultaneously. Moreover, the sizes of the PV units and capacitor banks were optimized 

simultaneously. 

Table 3. PV, Capacitor and EV charging stations 

Case DG 

Type 

Location 

(Bus 

No) 

Size of 

DG / 

EV 

(kW) 

𝐏𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞 

(kW) 

𝐐𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞 

(kVar) 

Voltage 

Stability 

Index 

Minimum 

Voltage 

(p.u.) 

Bus 

No 

at 

𝐕𝐦𝐢𝐧 

𝐏𝐋𝐨𝐬𝐬
𝐀𝐜𝐭𝐢𝐯𝐞  

Reduction 

(%) 

Initial w/o 

PV 

- - 202.68 135.14 37.9e-3 0.9131 18 0.00 

Case 

1 

1st 

PV 

6 2538.89 52.688 40.917 6.35e-3 0.962 18 73.92%. 

1st 

Cap 

30 1251.09 

1st 

EV  

2 500.00 

Case 

2 

1st 

PV 

12 1466.29 29.724 20.957 1.42e-3 0.980 25 85.32% 

1st 

Cap 

12 455.14 

1st 

EV 

12 500.00 

2nd 

PV 

30 1095.5 

2nd 

Cap 

30 1040.3 

2nd 

EV 

2 500.00 

Case 1st 24 1143.3 15.504 12.08 5.43e-3 0.992 8 93.34% 
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3 PV  

1st 

Cap 

14 335.9 

1st 

EV 

2 500.00 

2nd 

PV 

30 1065.3 

2nd 

Cap 

3 797.46 

2nd 

EV 

2 500.00 

3rd 

PV 

14 755.97 

3rd 

Cap 

30 994.17 

3rd 

EV 

2 500.00 

It was assumed that the PV units can supply power to the system within the range of 0 to 4 MW, and similarly, 

capacitor banks can provide reactive power within the range of 0 to 4 MVAR. In Case 1, 5 parameters were 

optimized, which are: PV location and size, capacitor bank location and size, and EV location. As a result, the 

PV was placed at bus 6, the capacitor bank at bus 30, and the EV charging station at bus 2. It was observed that 

these locations were consistent with the results obtained for PV and capacitor banks. The size values also 

produced similar results. The EV charging station was optimally located near the feeder bus (bus 1) at bus 2. 

When Cases 2 and 3 were examined, it was found that the optimal location results in the multi-objective study 

were quite similar to those obtained when PV was optimized individually. The number of optimized parameters 

in the multi-objective approach was 5 in Case 1, 10 in Case 2, and 15 in Case 3. Despite the presence of 

renewable energy sources in the system, when considering configurations with minimum power losses, it was 

observed that the EV charging stations were optimally located near the feeder bus. 

5. CONCLUSION 

In conclusion, the optimal allocation and sizing of distributed generation sources such as PV units, capacitor 

banks, and EV charging stations play a crucial role in enhancing the overall performance of distribution 

networks. The results from the multi-objective optimization cases demonstrated that proper placement of these 

components significantly reduces active power losses and improves voltage profiles. Furthermore, the findings 

indicate that EV charging stations are optimally located near the feeder bus to minimize power losses, even when 

integrated with other DG sources like PV and capacitors. The consistency between the obtained results and 

analytical analyses confirms the accuracy and robustness of the proposed approach, making it an effective 

strategy for addressing complex optimization problems in power distribution systems. 
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Abstract 

Stratospheric balloon systems, which have the ability to fly for longer periods of 

time such as months or even a year in 20 km or higher layers of the atmosphere, 
have been an elusive goal to achieve in recent years. It is critical issue to resolve 

the energy matter of stratospheric balloon to supply unmanned vehicles working 

at target altitudes for extended durations. As an ideal alternative, solar power 
units are supplied to the balloons by mounting them on the balloon's envelope 

and classified as solar powered balloons. This method can cause the buoyant gas 

inside the balloon to overheat and pressurize, leading to further gas leakage from 
the balloon's polymeric material. In this investigation, modeling of the mass 

transfer mechanism of a solar-powered zero-pressure balloon has been set up 

and simulated using iterative techniques in Fortran program for the first time in 
literature. The simulation has been run for solar powered balloon flight under 

one of the cities of Turkey’s real atmospheric conditions including solar radiation 

flux and wind velocities. The temperature variation of interior helium and mass 
transfer coefficient and diffusion coefficient with thermal effect have been 

analyzed and compared with the unpowered stratospheric balloon in summer 

season conditions. The maximum temperature, mass transfer coefficient and 
diffusivity of the interior helium for solar powered and unpowered balloon is 

obtained as 350.51 K, 1.74 x 10-2 m/s, 0.83x10-8 m/s2 and 310.49 K, 1.48x10-2 m/s, 

0.78x10-8 m/s2 respectively. These results will be helpful to design the solar 

powered balloon systems to stay at higher altitudes for longer durations. 

 Keywords 
Mass Transfer, Diffusion, Solar Energy, High Altitude, Zero Pressure Balloons 

 

1. INTRODUCTION 

Stratospheric balloons filled with helium or hydrogen as lifting gases can reach to the higher altitudes 20.0 km to 

36.5 km altitude or even higher providing a unique vantage point for civilian applications as a low cost 

alternative telecommunication platform to satellite, a continuous wide area coverage for key areas of interest for 

observation for the military, carrying equipments of several tons to desired altitude of the stratosphere for 

scientific experiments. Accordingly, it has been atractive goal for many years to gain the ability to the balloons 

controlling them for longer durations even years at high altitude. Renewable based power system is required to 

keep the balloon at high altitudes for extended duration. Solar energy which is power unit of photovoltaic (PV) 

array coupled to an energy storage system is the unique power choice for the stratsopheric unmanned platforms. 

Solar energy is converted into electrical energy via PV by photoelectric and photochemical effects during 
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daytime,  and during night time, power to the balloon is supplied to the balloon by the energy storage system 

[1,2]. 

The PV can be positioned separately from the balloon as a load or mounted within the balloon envelope as seen 

in the Fig.1 [3]. When the photovoltaic panel is placed on the balloon’s envelope, the heat transfer from the 

panel to the balloon envelope can cause the superheating and over-pressure of the balloon which affects the 

reliability, and duration of the balloon [4] and superheating effect on mass transfer mechanism should be 

investigated to predict the leakage amount of lift gas through the balloon’s polymeric material before launch. In 

recent years, the energy problem and thermal performance of high-altitude unmanned vehicles has been analyzed 

by some researchers. Yang and Liu [5] introduced renewable power system’s composition for stratospheric 

airships and established solar array’s curved paving model. In addition, they proposed the high accuracy 

calculation method to obtain output power of solar array. Liu et al. [6] proposed a numerical model to simulate 

stratospheric airship’s thermal performance with photovoltaic array and they developed an analysis code based 

on the thermal model and accomplished verification by experimental data. Zang et al. [7] proposed a simplified 

thermal model of a high-altitude hybrid airship with a photovoltaic module array (PVMA), and simulated based 

on computational fluid dynamics(CFD),using a user defined function (UDF) program, to analyze PVMA's 

thermal effects on the hybrid airship. Sun et al. [8] developed first multilayer insulation material (MLI), and they 

carried out  low temperature environment test for verification of the insulation effect of MLI. Sun et al. [9] 

studied the influence of cracks caused by external forces as thermal stress on the output of solar arrays of 

stratospheric airships under different conditions.They proposed crack modeules for simulation method and 

analyzed relationship between output characteristics and the failure extent of cracked modules. Zhu et al. [10] 
suggested energy model and the solar radiation model for high-altitude solar-powered airships to compute their 

energy consumption and production. Dai et al. [11] proposed a new model to measure airship’s thermal 

performance and presented three dimensional distribution and temperature variation of solar powered airship. 

Additionally, they did the description of solar array effects on the thermal performances of a stratospheric 

airship. 

There is no research has been published about mass transfer mechanism of the solar powered balloon in real field 

in literature. Some researchers have neglected the variation of the inner pressure of a lift gas and regarded total 

volume as constant during the flight. In this research paper, solar-powered zero-pressure balloons based on a gas 

compress release system has been studied to analyze the effect of the thermal environment on the mass transfer 

mechanism in real seasonal regions. The real time analysis of mass transfer model of a solar-powered zero-

pressure balloon has been set up and simulated in Fortran via iterative techniques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                              

                                      Figure 1.  A sketch of the solar powered balloon system 
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2. MASS TRANSFER MECHANISM 

In stratospheric balloons, the inner gas leaks out through the balloon material over time. Three steps can be 

determined for inner gas mass transfer mechanism: (1) inner gas transfers through the inner balloon surface by 

convection, (2) inner gas transfers from inner surface of the balloon to the outer surface by diffusion, (3) from 

outer surface of the balloon to the atmosphere by convection. The mass and the number of moles of inner gas are 

obtained by calculating the escape of the gas. The mass transfer mechanism of gas can be shown schematically 

on a balloon film of Δx thickness, as in Fig.2. The inner gas flux equation can be obtained as the following 

equation 1 considering Fig. 2 for small wall thicknesses.  

 

𝑁𝑔 = 𝑘𝑐𝑖(𝐶𝑔𝑖𝑛 − 𝐶𝑖𝑛𝑠) = 𝐷𝑟𝑒
(𝐶𝑖𝑛𝑠−𝐶𝑜𝑠)

∆𝑥
= 𝑘𝑐𝑜(𝐶𝑜𝑠 − 𝐶𝑔𝑜)                                                                                    (1) 

 

where “Ng” denotes the lifting gas flux (kmol/m2. s), “kci” and “kco” denotes the convective mass transfer 

coefficient at the inside and outside of the balloon surface, “Dre” denotes the real effective molecular diffusivity 

(m2/s), “Cins” and “Cos” denotes lifting gas concentration (kmol/m3) at the inside and outside of the balloon wall, 

“Cgin” and “Cgo” denotes the inside and outside concentration of the lifting gas (kmol/m3).  

 

 

 

 

                                

 

 

 

 

 

 

 

 

                            Figure 2. Mass transfer mechanism of lift gas through the balloon wall. 

 

From Eq. (1),  differential leakage amount of the lift gas can be obtained as follows 

 

dtANdn egg =                                                                                                                                                         (2) 

 

where “Ae” is effective mass transfer area, “dt” is time step. Real effective diffusion coefficient, (Dre) is a 

parameter that critically affects the mass transfer rate. By using Chapman Enskog equation, molecular diffusivity 

of a gas can be calculated as follows[12,13] 

 

𝐷 =
1.85𝑋10−7𝑇3/2

𝑃𝜎2Ω
(

1

𝑀𝑔
+

1

𝑀𝑎
)

0.5

                                                                                                                               (3)                                                                                      

 

where “D” is molecular diffusivity (m2/s), “Mg” is molecular weight of lift gas and “Ma” is the molecular weight 

of the air, (kg/kmol) , “P” is pressure (Pa), “T” is temperature (K). Balloon walls contain of pores. Considering 

gas diffusion through these pores, effective diffusivity (De) is calculated by [14] 
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De = (Ɛ/Ʈ) D                                                                                                                                                            (4) 

 

In porous structures, if the mean free path is larger than the pore size, the form of molecular transfer is Knudsen 

flow. In this case, molecules will collide with each other and the walls of the medium. Therefore, there will be a 

transition from molecular diffusion to Knudsen diffusion and Knudsen diffusion will be dominant and be 

calculated by Eq.(5) [15] 

 

𝐷𝑘 =
2

3
𝑟𝑝√

8𝑅𝑢𝑇

𝜋𝑀𝑔
                                                                                                                                                       (5) 

                                                                                                                             

where “Dk” is knudsen diffusivity (m2/s), “rp” is pore radius (m). The effective diffusion coefficient is calculated 

by taking into account the effective Knudsen in Eq.6 and the real diffusion coefficient is calculated by Eq.7 [16]. 

Thus, the effect of Knudsen diffusion is reflected in the mass transfer mechanism. 

 

Dke =(Ɛ/Ʈ) Dk                                                                                                                                                           (6) 

 

In the Eq.(4)  “ɛ” represents porosity of balloon wall material and “Ʈ” represents tortuosity. Real effective 

regarding knudsen diffusion and molecular diffusion can be obtained as following equation.  

 

1

𝐷𝑟𝑒
=

𝐷𝑒+𝐷𝑘𝑒

𝐷𝑒𝐷𝑘𝑒
                                                                                                                                                            (7) 

 

Convective mass transfer coefficients “kci” and “kco” (m/s) are calculated by using dimensionless numbers from  

Eq. 8  

 

𝑘𝑐 =
𝐷

𝐷𝑏
(2 + 0.6𝑅𝑒0.5𝑆𝑐0.33)          1 ≪ 𝑅𝑒 ≪ 48,000   0,6 ≪ 𝑆𝑐 ≪ 2,7                                                           (8) 

  

Where “Db” is balloon diameter (m), “Re” is Reynold Number, “Sc” is schmidt number [17,18]. 

                                                                 

 

3. NUMERICAL METHOD 

The solar-powered zero-pressure balloon-assisted gas compress release system is developed and coded by 

combining some subroutines such as transport phenomena (momentum, mass, and heat transfer) by using Fortran 

Program. The iterative technique as a numerical method is used to solve the system. For the examination of the 

mass transfer performance of solar-powered zero-pressure balloons in real atmospheric conditions, Erzurum the 

city in Turkey has been determined as a flight station. As a summer day 14th day of August have been chosen for 

simulation. The balloon system has managed to reach the desired altitude of 16.785 km for the available wind 

data. To resist the wind drag acting on the solar-powered balloon system, thrust power is supplied to manipulate 

the wind force to establish station keeping. 

In this research, the leading numerical program consists of subroutines to solve the mass transfer model of the 

solar-powered balloon is shown schematically in Fig.3, and design parameters are listed in Table 1. The 

differential equation of temperature changes in the program has been solved by an initial value method named 

the Euler method which calculates T at time step (t+1). 
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                                                       Figure 3. Balloon Main Program Flow Chart 

 

                                    Table 1. The design parameters of the solar powered balloon   

 

 

4.RESULTS AND DISCUSSION 

 

14th day of August balloon flight has been simulated in real environment and mass transfer model has been 

observed to analyze the performance of the balloon’s mass transfer mechanism. Fig.4 depicts the simulation of 

the mass transfer model results during day-night cycle of the solar powered baloon flight at the target altitude. It 

can be seen from the Fig. 4, when temperature of helium increases and reaches to the maximum value at noon 

time, real molecular diffusivity of the helium through the balloon wall (Dre) and mass transfer coefficients of 

helium through the wall (kci) and mass transfer coefficient of helium (kco) through the atmosphere increases and 

reaches maximum values of 16.75x 10-8 m2/s, 1,09x10-2 m/s, 1.8 x 10-2 m/s,respectively as seen in the Table 2. 
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                                       Fig.4. Mass Transfer output of 14th August flight at 16.785 km  

 

As seen from the Fig.5. inner helium weight and concentration decreases till the noon time due to increasing of 

the mass transfer rate as seen in the Fig.4. When inner concentration of the helium decreases, from the storage 

helium is started to pump into the balloon with control manner not to loose the altitude control and keep the 

balloon at the target altitude. Therefore after noon time concentration of helium increases by gas compress 

release cycle unit of the balloom. 

 

 

                             Fig.5. Concentration and weight of helium output of 14th August flight at 16.785 km. 
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To obtain longer flight duration, mass transfer coefficient and diffusivity of helium could be reduced by reducing 

the “ɛ/Ʈ”. In real flight by the help of compress-release cycle of the helium, when the “ɛ/Ʈ” decreased from the 

2.25x 10-4 to 1,125x10-4, the flight time could be increased 95 hours as seen in the Figure 6 and Table 2 and for 

longer duration as 26 days, “ɛ/Ʈ” should be available as 4.9 x 10-5. 

 

                                   Table 2 Mass Transfer output data of August flights at 16.785 km   

 

 

 

                                                               Figure 6. Trajectory of Balloon Flights   

5. Conclusion 

The flight time of solar powered balloon is a strong function of the real effective diffusion coefficient of lifting 

gas, “Dre” and porosity tortusity ratio, “ɛ ∕ Ʈ” of balloon wall material. Compared with the unpowered balloon, 

the temperature variation of internal helium of the solar powered balloon is not notable for diffusivity of lifting 

gas during the day night cycle of the flight but it slightly effects the convective mass transfer coefficients, “kci, 

kco” of the lifting gas. When “ɛ ∕ Ʈ” is % 50 decreased, flight time extended 95 hours. The maximum 

temperature, mass transfer coefficient and diffusivity of the interior helium for solar powered and unpowered 

balloon is obtained as 350.51 K, 1.74 x 10-2 m/s, 0.83x10-8 m/s2 and 310.49 K, 1.48x10-2 m/s, 0.78x10-8 m/s2 

respectively to reach 26 days flight. Up to the present, there is no study of mass transfer performance of solar 

powered zero pressure balloon to observe and control the helium lekage through the balloon wall. In conclusion, 

the outcomes of this research would be beneficial to plan solar energy system to keep the balloon at target 

altitude for months, even years.  Future work involves doing the mass transfer experimentally and validate the 

result with the proposed mathematical mass transfer model. 
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Abstract 

The vehicles driving on the road, road-related impacts affect the chassis. These impacts 
should not be transmitted to the cabin. The That absorbs these impacts between the 
chassis and cabin is the shock absorber. The shock absorber does this damping by 
converting motion energy into heat energy. During this energy conversion, the hydraulic 
flow inside the shock absorber is limited by piston valve. The valve damping force is 
adjustable according to vehicle type for the passive Shock Absorbers and occurs reaction 
forces during driving. However, the damping force must be variable in order to meet 
driving dynamics and driver expectations that change over time. Active shock absorbers 
are used to provide this variability. However, active shock absorbers are more costly and 
more difficult to implement. For this reason, different technologies such as hydraulic 
rebound stopper and hydraulic compression stopper are used in passive shock absorbers 
to ensure the variability of force. In this study, comparative numerical data were obtained 
by applying the hydraulic rebound stopper system to the shock absorbers used in small 
family cars and lower middle-class cars. In road conditions where the reaction force of the 
valve against the hydraulic fluid is not sufficient, the hydraulic rebound stopper is 
activated by creating extra force. With this extra force, disturbing vibrations to the vehicle 
and the driver are dampened, increasing driving safety and comfort.  

 

 Keywords 
Shock absorber, Hydraulic Rebound stopper, Hydraulic flow, Piston Valve 

 

1. INTRODUCTION 

Shock absorbers used in passenger cars are hydro-mechanical parts that overcome road-related vibrations that 

occur during driving without breaking the wheel's contact with the road, with hydraulic reaction force, this 

increasing driving safety and comfort. Basically, it has an oil-filled cylinder group and a piston that can move 

vertically. 

 

Figure 1. Shock absorber components 

mailto:scalli@maysanmando.com


 

European Journal of Engineering and Natural Sciences  
 

7022 Calli 

This piston rod moves up and down, compressing or releasing the oil in the shock absorber with the help of 

valves, providing damping. There are two types of valves working inside the shock absorber. These valves adjust 

the flow rates of the oil that will create the compression or rebound forces of the oil inside the shock absorber. 

Firstly, the piston starts its upward movement when the vehicle falls into a pothole. While this upward 

movement occurs, the washers in the piston valve make it difficult for the oil to passover. The oil is forced to 

pass through the washers, creating a rebound force. The rebound force may vary depending on the number of 

washers and the type of piston. The oil creates a rebound force as it is forced to pass through the valves for 

rebound. This makes the rebound force adjustable according to the weight of the vehicle and driving comfort. It 

dampens the force that will come to the vehicle with the rebound force before it reaches the driver. Driving 

safety and driver comfort increase with the damping of this force.  

When the vehicle hits the bump, the piston starts moving in the opposite direction. It tries to compress the oil in 

the shock absorber with the help of valves by moving downwards in a variable direction according to the height 

of the bump. When the movement starts, the oil starts to create a compression force by passing through the 

washers. This force can be adjusted with the help of washers or the variability of the valves. As the compression 

force is formed, the piston rod starts to move down further. The force continues to increase to the lowest point of 

the shock absorber. The force creates a damping force in the vehicle in proportion to the compression of the oil. 

With the damping, the force that will come to the vehicle while passing through the bump is eliminated. In 

addition, the driver's control of the vehicle remains constant and driving comfort is increased.  

When we explain the working principle of the shock absorber, there are force graphs where we measure the 

performance of the shock absorber, where we match the verbal expressions with scientific data. The reaction 

forces that form the curves in these force graphs are the reaction forces given by the valves to the measuring 

device. Performance graphs vary according to speeds and incoming forces, and the shock absorber completes the 

force data in the curve by completing an up-down movement. 

 

Figure 2. Shock absorber Damping Forces Chart 

1.1 HYDRAULIC REBOUND STOPPER  

Hydraulic Rebound Stopper is a hydraulic stop that dampens when the vehicle enters a pothole and is an add-on 

function for conventional shock absorbers. The hydraulic rebound stopper creates an additional damping force 

while working inside the shock absorber. It produces this additional force by compressing the oil with a different 

piston assembly and the compressive force of the spring used in the shock absorber. In this way, the high 

rebound stop forces that occur when the cars enter potholes are reduced in a controlled manner, this reducing the 

vibrations and noises coming to the driver. The graphic created by the hydraulic rebound stopper is defined as 

follows. 
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Figure 3. Hydraulic Rebound Stopper Diagram 

 

2. MATERIALS AND METHODS 

The most important titles for the HRS system are the amount of force and damping, HRS movement length, HRS 

starting point, adjustable force, sealing to create damping within the system and the fact that these features are 

easily adjustable or suitable for variability. A testing machine can obtain these parameters by measuring the 

shock absorber reaction force. Prototype production is important for this situation. Prototype production was 

produced with test springs and injection molded parts and tests and trials were carried out. After trying many 

designs, these trials were brought to dimensions suitable for placement in the shock absorber and tested. 

Adjustable shock absorbers made in the form of prototypes also provided fast testing opportunities. 

2.1. HRS System Design of Parts  

The most important factors affecting shock absorber designs are that the shock absorber performs its damping 

function as a suspension element well and provides durability and damping throughout the life of the vehicle. 

Other factors are its suitability for vehicle assembly, its adaptation to the flow and dynamism of the vehicle 

while working with the suspension in the vehicle, and its damping by providing the driver with road control 

without losing contact with the road during damping. While designing and developing this hydraulic rebound 

stopper system, a design was created to fit the inner tube inside the shock absorber. All parts in the system were 

designed in accordance with these limits and placed inside the shock absorber without hindering operation. The 

HRS system consists of a rebound spring, orifice piston, o-ring and hydraulic rebound bumper. Figure 4 shows 

the parts of the hydraulic rebound stopper system. 

 

Figure 4. Parts Of Hydraulic Rebound Stopper  
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2.1.1 Rebound Spring 

The most important factors in the design of the rebound stopper spring are the weight of the vehicle it is used in, 

the damping required while driving on the road, and the additional damping force it creates compared to a 

normal shock absorber. In addition, the height of the spring determines where the rebound stopper force will 

come into play. The number of spring coefficient determines how much force will increase or decrease in the 

vehicle. This number of spring coefficient and the height of the spring also determine the shock absorber 

damping force measurement graph. For this reason, the most optimum design was selected and an adjustable 

spring design was obtained according to the vehicle type. 

 

Figure 5. Rebound Stopper Spring 

2.1.2 Orifice Piston 

The first priority in orifice piston design is to provide suitable dimensions that can be mounted inside the inner 

tube. Then, it provides this extra force by compressing the oil by providing sealing in order to create an 

additional hydraulic force inside the shock absorber. It increases the damping force by not allowing the oil to 

pass with the o-ring mounted on it. This damping force can be adjusted with the variable grooves on it. The most 

suitable groove size is determined according to the vehicle and a universally usable design is created and applied 

to the shock absorber. 

 

Figure 6. Orifice Piston 

2.1.3 O-Ring  

The o-ring must have dimensions that can be mounted on the orifice piston and that will seal inside the inner 

tube. Therefore, when selecting the material, rubber material was preferred instead of a hard plastic. Then, the 

dimensions were determined so that the oil in the shock absorber would not leak under the orifice piston and this 

dimension was adjusted so that it could be mounted on the orifice piston. 

  

Figure 7. O-ring 

2.1.4 Hydraulic Rebound Bumper 

The most important criterion in the design of the hydraulic rebound buffer is to minimize the force coming from 

the hydraulic rebound stopper system while it is working and to minimize the sound that will reach the driver 

without breaking during operation by withstanding high heat in every operation. Therefore, the selected material 

is of great importance. Here, a material that can provide long-term durability, is heat-resistant and reduces noise 

according to the vehicle is selected. The part under the orifice piston is designed in accordance with the inner 

tube and piston rod dimensions and made operational within the system. 



 

European Journal of Engineering and Natural Sciences 
 

73 EJENS, Volume 9, Issue 1 (2024) 
 

 

Figure 8. Hydraulic Rebound Bumper 

3. RESULTS AND DISCUSSION 

After the designs were made, the hydraulic rebound stopper system was mounted inside the adjustable shock 

absorber located in Maysan Mando R&D Center for testing. The shock absorber, which was mounted and 

connected to the test device, required certain speeds to be entered in the test device for measurement. These 

speeds are as in Figure 9. 

 

Figure 9. Measurement Value Of HRS  

The measurement to be made on the Test Device measures the damping that occurs according to the speed 

difference at the lower and upper points of the shock absorber. The soft or hard shock absorber is measured by 

the forces obtained from here. Since the hydraulic rebound stopper system is adjustable according to the vehicle, 

it can be adapted to every vehicle. The force measurement values of the shock absorber without hydraulic 

rebound stopper are in Figure 10.  

 

Figure 10. Damping Force Chart Without HRS 

As seen in Figure 10, no additional damping force is obtained in the shock absorber without hrs. The graph of 

the measurement made with the test device also provides this. Shock absorbers in this form can transfer 

disturbing impacts to the chassis in very hard-entered holes. 

 

Figure 11. Damping Force Chart With HRS Setup 1 
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Figure 12. Damping Force Chart With HRS Setup 2 

 

 

Figure 13. Damping Force Chart With HRS Setup 3 

However, when we mount the hydraulic rebound stopper system we developed into the adjustable shock 

absorber, the effect of this technology on the shock absorber is revealed as a result of measurements. When we 

assembled the shock absorber with hydraulic rebound stopper to the test device, the force graph given by the test 

device is given in Figure 11. The additional damping force that appears in this graph occurs when the shock 

absorber starts to close. The graph, which normally does not create an additional force, creates an additional 

damping force at variable speeds when it starts to work with the addition of the hydraulic rebound stopper 

system. It works regardless of the operating speed of the shock absorber with this additional damping force. The 

height at which hydraulic rebound stopper is activated from the moment the vehicle starts to fall into the pithole. 

In addition, as seen in Figure-12-13, it has been observed that the adjustable hydraulic rebound stopper system 

can be obtained with variable forces in different tests. 

4. CONCLUSIONS 

In this study, the shock absorber can produce additional damping force during operation with the developed 

hydraulic rebound stopper. With these improvements, the newly developed system works and the benefits it 

provides to the vehicle have been determined in this study. According to the results obtained from the test 

device, the maximum rebound force that can be obtained without a hydraulic rebound stopper in the shock 

absorber is approximately 2500 N, while after the hydraulic rebound stopper is added, the maximum rebound 

force can be obtained from the same sample shock absorber up to approximately 10000 N. However, another 

advantage of the system is that this maximum force can be adjusted. The maximum force can be limited between 

3000 N and 10000 N. In the 1st setup, the hrs channel height is 0.2mm and the maximum force received is 

3000N. In the 2nd setup, the hrs channel height is 0.6mm and the maximum force received is 6000N. In the 3rd 

setup, the hrs channel height is 1mm and the maximum force received is 10000N.This allows the system to 

exhibit optimum performance in different vehicles. The newly designed hydraulic rebound stopper system was 

mounted on the vehicle with the results in the test device and this vehicle was tested dynamically on the roads. 

When the physical effects on the vehicle were examined after the test, a more comfortable and rigid ride was 
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obtained. The shock absorber, which works together with the hydraulic rebound stopper system that is activated 

when the vehicle enters a pothole, reduces the vibrations coming from the potholes that the vehicle enters at high 

or low speeds, together with comfort, and creates a more dynamic ride. The parts used in the hydraulic recoil 

stopper have reduced the sounds transmitted from the shock absorber to the chassis.  

The forces that emerge with the additional damping prove that this system can also be used in new types of 

electric vehicles. Since the secondary damping force will be sufficient for heavier vehicles, it has made it 

possible to integrate it into vehicles with increased weight together with the battery. 
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Abstract 

The deployment of 5G technology in urban environments is recognised as a 
significant opportunity to revolutionise wireless communication across various 
sectors. This paper investigates strategies for optimising energy efficiency 
within urban 5G networks, emphasising the utilisation of beamforming 
technology and advanced antenna configurations. The impact of system 
parameters such as transmitter power levels, carrier frequencies, antenna 
heights, and construction materials on energy consumption and signal 
propagation is explored through comprehensive numerical results and 
scenariobased simulations. The findings reveal substantial signal attenuation 
and path loss variations across different frequencies, antenna heights, and 
materials. Moreover, they demonstrate the critical role of beamforming in 
enhancing signal propagation and reducing energy consumption through 
directed transmissions. The adoption of beamforming techniques not only 
minimises interference but also enables higher data rates, thereby improving 
network efficiency. The research identifies optimal deployment strategies, 
including selecting appropriate antenna parameters and integrating 
beamforming technologies. These strategies lead to significant improvements 
in energy efficiency within 5G networks operating in urban environments, 
offering practical solutions for network design and deployment efforts. This 
research paves the way for the seamless integration of 5G technology into 
urban infrastructures. This research significantly contributes to the growing 
knowledge of optimising 5G wireless communication systems in urban settings. 
By prioritising energy efficiency and leveraging advanced technologies such as 
beamforming, stakeholders in the field are empowered to harness the 
transformative potential of 5G. This research helps meet the evolving 
communication needs of urban populations while minimising environmental 
impact, a crucial consideration in today's world. 
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1. INTRODUCTION 

The evolution of wireless communication technologies has continually reshaped the global connectivity landscape, 

enabling ubiquitous access to information and services across diverse sectors. Among these advancements, 

fifthgeneration (5G) wireless technology stands out for its promise of unprecedented speed, reliability, and 
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capacity. With the potential to revolutionize various aspects of daily life, from healthcare to entertainment and 

industrial production, 5G represents a pivotal milestone in telecommunications infrastructure. The deployment of 

5G networks is supported by efforts from regulatory bodies and international organizations, such as the Federal 

Communications Commission (FCC) spectrum auctions [1] and determinations made by the World Radio 

Communications Conference 2019 (WRC19) [2]. 

Operating across a spectrum ranging from below 1 GHz to millimeter wave (mmWave) frequencies, 5G technology 

offers diverse possibilities, each with its tradeoffs between signal coverage and data capacity. Leveraging 

multipleinput, multipleoutput (MIMO) antenna technology, 5G user equipment can handle the complexities of 

mmWave frequencies, facilitating efficient data transmission and reception. Additionally, 5G deployment requires 

a shift towards smaller microcells, complementing traditional macro cell towers to provide seamless ultrahighspeed 

network coverage. Central to the efficacy of 5G deployment is beamforming technology, which enables targeted 

and efficient signal transmission by directing energy towards specific directions, thus minimizing interference and 

maximizing network performance. 

However, deploying 5G networks in urban environments presents unique challenges. Densely populated urban 

landscapes pose obstacles such as high signal reflection and absorption, limited space for antenna installations, 

and complex propagation dynamics influenced by the surrounding environment. Understanding the interplay 

between system parameters such as transmitter power levels, carrier frequencies, antenna heights, and materials is 

crucial for optimizing energy efficiency and ensuring seamless 5G deployment in urban areas. 

This paper aims to elucidate the dynamics of 5G deployment in urban environments, with a focus on optimizing 

energy consumption. Through numerical simulations and insights from existing research in wireless 

communication systems and urban network optimization, we seek to identify optimal deployment strategies and 

antenna configurations for energyefficient 5G networks. In subsequent sections, we delve into our analysis 

methodology, present our findings, and discuss the implications of our research. By offering actionable insights 

for network engineers, policymakers, and stakeholders, this study contributes to the advancement of sustainable, 

highperformance communication systems in urban environments, ushering in a new era of connectivity and 

innovation. 

1.1. Motivation 

Urban environments demand efficient 5G deployment strategies to handle dense populations and complex 

infrastructures. Understanding the interaction of various system parameters is essential for optimizing energy 

consumption and network performance. This research aims to bridge the gap between theoretical 5G concepts and 

practical urban implementation, addressing the growing need for highspeed, energyefficient communication 

systems. 

1.2. Our Main Contributions 

Our study offers a comparative analysis of different 5G deployment scenarios to identify configurations that 

enhance energy efficiency and signal propagation. We also explore strategies to reduce energy consumption 

through advanced techniques like beamforming and optimized antenna designs. Additionally, we provide practical 

insights for network engineers, policymakers, and telecommunications firms, helping them implement effective 

and sustainable 5G solutions in urban settings. This research contributes to the development of smarter, more 

connected cities while aiming to minimize environmental impacts. 

2. RELATED WORK 

In the field of wireless communication optimization in urban environments, various studies have been carried out 

to solve the challenges posed by complex propagation environments such as signal attenuation due to buildings, 

reflections, and diffraction.  

The purpose of the study in [3] is to assess the accuracy of estimating radio coverage in 5G networks during the 

early deployment phase, which is crucial for effective network planning and optimization. The research examines 

the suitability of various path loss models and a new beamforming antenna model across different scenarios, 

including outdoor and indoor environments. The purpose of the proposed optimization algorithm in [4] is to address 

the challenge of energy consumption efficiency in the context of 5G mobile cellular networks. By maximizing 

energy efficiency through dynamic power allocation, the algorithm aims to enhance the performance of both indoor 

and outdoor users under various network conditions. The purpose of the survey in [5] is to examine the evolving 

landscape of energyefficient wireless communications, emphasizing its growing significance in the context of 

modern communication networks. It aims to provide a comprehensive overview of the field, including seminal and 

recent contributions, while also discussing the emerging challenges that researchers and practitioners need to 

address. The research in [6] proposes a methodology for designing green policies to manage the network 
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effectively, selecting operating points that balance energy efficiency and network performance. The research in 

[7] aims to optimize energy efficiency and coverage.  

Through the lens of mean field game theory, the study focuses on maximizing the weighted energy efficiency of 

the BSs as a primary performance metric. The paper in [8] aims to reduce system power consumption and improve 

EE performance. Ultimately, the goal is to contribute to the advancement of energyefficient 5G IoT systems 

through integrated optimization strategies. The paper in [9] surveys recent research efforts focusing on enhancing 

the energy efficiency of both radio access and core networks in wireless communication systems. It explores 

various optimization avenues, including game theory and machine learning techniques, while also discussing 

challenges and open issues in the field.  

These studies provide valuable insights and methodologies for optimizing wireless communication systems in 

urban environments. They address various aspects such as antenna deployment, power control, frequency 

selection, interference management, and energy efficiency, contributing to the advancement of urban wireless 

networks. Wireless communication systems are susceptible to signal attenuation caused by reflection and 

diffraction, particularly in environments with obstacles and varying material properties. Numerous studies have 

investigated the impact of these phenomena on communication performance and proposed various optimization 

techniques to mitigate their effects. 

3. SYSTEM MODEL AND PROBLEM DEFINITION 

The system model involves wireless communications in urban environments using isotropic antennas operating at 

various carrier frequencies. The system model comprises transmitter characteristics such as power levels (5W, 

10W, 20W) and antenna height (10m, 2m, 8m), receiver characteristics including antenna heights (1m, 2m, 4m, 

8m), frequency bands (2.5 GHz, 3.5 GHz, 3.7 GHz, 4.2 GHz, 5.5 GHz, 24 GHz, 28 GHz, 36 GHz, 37 GHz, 39 

GHz, 47 GHz), and factors affecting propagation like reflection, diffraction, beam steering, and various obstacles 

such as concrete, metal, glass, wood, and brick, with the problem definition focused on assessing received signal 

strength at different receiver antenna heights while considering the impact of transmitter power, antenna height, 

frequency, obstacles, and beam steering effects. 

3.1 Objective 

The objective is to minimize signal attenuation, which refers to the reduction in signal strength as it propagates 

through a medium or encounters obstacles. Signal attenuation can occur due to various factors such as path loss, 

reflection, diffraction, and absorption. Minimizing signal attenuation is crucial for maintaining reliable 

communication links and maximizing coverage in wireless communication systems. 

3.2 Problem Definition: (Mathematical Definition) 

The problem aims to minimize signal attenuation in a communication system. Given specific parameters such as 

transmitter power, antenna heights, frequency band, reflection, diffraction, distance between antennas, building 

material, and path loss, the goal is to calculate the received power using the Friis Transmission Formula. 

Additionally, considering zero antenna gains for both transmitter and receiver antennas simplifies the calculation. 

Lfs = 20 log_10⁡〖(( 4πdf )/c)〗                                               (2) 

Where: 

 d = 111 m (Distance between transmitter and receiver antennas) 

 f = 24 GHz 

 c =3〖 x 10〗^8 m/s (Speed of light) 

Lfs = 20 log_10⁡〖((4π x 111 x 24 x 〖10〗^9)/(3 x 〖10〗^8 ))〗 

Lfs ≈ 20 log_10⁡〖(2960)〗 

Lfs ≈ 20 x 3.471 

Lfs ≈ 69.42 

Applied and calculated Lfs as Eq. 2. 

Lother  = 2 dB 

Pr = 37 dBm + Gt + Gr – 69.42 dB – 2 dB 
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When an isotropic antenna is used, antenna gains are given as 0 dBi for both transmitting and receiving antennas. 

Pr = 37 dBm – 69.42 dB – 2 dB 

Pr = 34.42 dBm 

The result is the received power expressed in dBm, which indicates the effectiveness of the communication link in 

terms of signal strength. 

4. MATERIALS AND METHODS 

In this study, we utilized an OpenStreetMap (.osm) file of Beyazıt Square in Istanbul to extract building 

information, which was visualized using Site Viewer. Small Cell Transmitter and Receiver were positioned at 

specified coordinates, equipped with isotropic antennas, and operated across various carrier frequencies. The 

impact of transmitter antenna height variations on signal reception was investigated by altering receiver antenna 

heights. Path losses for signal transmission and reception were computed using the ray tracing propagation model, 

considering interactions with building materials such as concrete, brick, wood, glass, metal, and perfect electrical 

conductors. The .osm file corresponding to Beyazıt Square in Istanbul was obtained from OpenStreetMap [10]. 

The building information extracted from the OpenStreetMap file was transferred to Site Viewer for visualization 

as shown in Fig. 1. 

 

Figure 1. OpenStreetMap (.osm) file corresponding to Beyazıt Square in Istanbul 

4.1. Configuration 

The Small Cell Transmitter is equipped with isotropic antennas. It operates across various carrier frequencies: 2.5 

GHz, 3.5 GHz, 3.7 GHz, 4.2 GHz, 5.5 GHz, 24 GHz, 28 GHz, 36 GHz, 37 GHz, 39 GHz, and 47 GHz. Transmitter 

power levels of 5 W, 10 W, and 20 W are considered. Different transmitter antenna heights are evaluated for their 

impact on signal propagation. Small Cell Transmitter is located at a latitude 41.00920 and Longitude 28.96668 is 

given by Table 1.  

The Small Cell Receiver is located at Latitude 41.008871 and Longitude 28.967746. Receiver antenna heights are 

varied to observe their effects on signal reception.  

Ray tracing propagation model using the shooting and bouncing rays (SBR) method is employed. The SBR 

propagation model uses ray tracing analysis to compute propagation paths and their corresponding path losses. 

Path losses are calculated considering freespace loss, reflection, diffraction, and antenna polarization loss. 

Buildings in the area are characterized by surface materials, including concrete, brick, wood, glass, metal, and 

perfect electrical conductor. The influence of these materials on signal propagation is taken into account. 

The Small Cell Receiver is located at Latitude 41.008871 and Longitude 28.967746. Receiver antenna heights are 

varied to observe their effects on signal reception.  

Ray tracing propagation model using the shooting and bouncing rays (SBR) method is employed. The SBR 

propagation model uses ray tracing analysis to compute propagation paths and their corresponding path losses. 

Path losses are calculated considering freespace loss, reflection, diffraction, and antenna polarization loss. 
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Buildings in the area are characterized by surface materials, including concrete, brick, wood, glass, metal, and 

perfect electrical conductor. The influence of these materials on signal propagation is taken into account. 

Table 1.  Sample Output for Small Cell Transmitter 

Key Value 

Name Small Cell Trransmitter 

Coordinate System geographic 

Latitude 41.0092 

Longitude 28.9667 

Antenna isotropic 

Antenna Angle 0 

Antenna Height 10 

System Loss 0 

Transmitter Frequency 4.70E+10 

Transmitter Power 10 

Beam steering and the Phased Array System Toolbox™ along with MATLAB R2023b Academic use are employed 

for optimizing a nonlineofsight link. The optimization process aims to enhance signal quality and reliability under 

various environmental conditions and constraints. 

The Received signal strength method in the MATLAB R2023b application was used for the calculation. This 

method returns the signal strength at receiver site RX due to transmitter site TX with the Propagation Model 

argument. 

A coverage map is generated for a maximum range of 250 meters from the base station. Received power for ground 

locations within the coverage area is depicted on the map as shown in Fig. 2. The coverage map shows received 

power for a receiver at each ground location, but the received power is not computed for building tops or sides. 

Signal strengths between 120 and 5. 

 

Figure 2. A coverage map that includes maximum number of reflections to 0. The building and terrain material types to model perfect 

electrical conductors (Latitude 41.00920; Longitude 28.96668) 
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A Transmitter Site was created using an isotropic antenna at 41.00920 Latitude and 28.96668 Longitude, 

Transmitter Power 5 W, Transmitter antenna height 10 m and Carrier Frequency 24 GHz.  

The  ray tracing propagation model was prepared using the sbr method, entering the maximum number of 

reflections, and also entering "perfectreflector" as Buildings Material and Terrain Material. 

A Receiver Site with an antenna height of 1 m was created, similar to the Transmitter Site, at 41.008871 Latitude 

and 28.967746 Longitude.Later, the model was updated to Maximum Number of Reflections 1, Buildings Material 

and Terrain Material are "concrete". Later, the model was updated to Maximum Number of Reflections 1, 

Buildings Material and Terrain Material are "concrete" and Received power using concrete materials was 

calculated as 72.0665 dBm. By adding weather impairments to the propagation model and recalculating the 

received power and including weather loss, it was calculated as 72.7397 dBm. 

The remarkable result here is that applying maximum number of reflections to 1 and maximum number of 

diffractions to 0. Define a custom antenna from Report [11], create an 8by8 uniform rectangular array and Use 

Beam Steering to Enhance Received Power. Received power with beam steering was calculated as 51.2664 dBm. 

5. NUMERICAL RESULTS 

In this section, numerical findings obtained according to 5G network deployment scenarios in urban environments 

are presented. Numerical results are organized according to different system parameters and their effects on energy 

efficiency.  

The following study is given as an example and concrete is used as terrain material. The transmitter uses the default 

isotropic antenna and operates at a carrier frequency of 2.5 GHz with a power level of 5 W and antenna height 10 

m. Some results are given as examples when the receiver antenna height is 1m and One Reflection is used, using 

various materials are given by Table 2. The resulting Received power is given in dBm. 

Table 2. The results obtained using various materials are given in Received power dBm. 

Material Value 

Perfect Reflector 44.3644 

Brick 54.0574 

Wood 56.7979 

Glass 51.7739 

Metal 44.3662 

Concrete 52.3975 

 

Additionally, when concrete was used as the material, 52.3991 dBm Received Power was obtained by including 

Weather loss. In addition, 51.1294 dBm Received Power was obtained in the case of Two Reflections and   52.4327 

dBm in the case of Two Reflections and One Diffraction.  when beam steering was applied, a Received Power of 

30.9259 dBm was obtained in the case of One Reflection, 29.6805 dBm in the case of Two Reflections and 38.1374 

dBm in the case of Two Reflections and One Diffraction. Finally, when concrete was used as the material, 52.5507 

dBm Received Power was obtained by including Weather loss. In addition, 49.2416 dBm Received Power was 

obtained in the case of Two Reflections and   47.7694 dBm in the case of Two Reflections and One Diffraction. 

When beam steering was applied, a Received Power of 31.0514 dBm was obtained in the case of One Reflection, 

28.2445 dBm in the case of Two Reflections and 34.4212 dBm in the case of Two Reflections and One Diffraction. 

The remarkable result here is that after applying beam steering, there is a difference of approximately 3.7 dBm in 

the case of Two Reflections and One Diffraction. 

In Table 3, we see that concrete has the lowest receiver power levels when used as a reflector. This shows that 

concrete can effectively manage signal reflections and propagation. In general, at higher frequencies (e.g. 24 GHz 

and above), receiver power levels are lower. This indicates that higher frequencies have greater barrier penetration 

and propagation loss. If the receiver antenna is high (4m), receiver power levels are generally low. This indicates 
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that higher antenna heights can improve transmission. Even at higher frequencies, receiver power levels are 

generally lower, but for frequencies of 24 GHz and above the difference is less pronounced. 

Receiver power levels are generally lower when there is no Beam Steering effect. Generally, receiver power levels 

are lower at higher frequencies, indicating that higher frequencies have more propagation loss.  

When there is a Beam Steering effect, receiver power levels generally increase. This ensures that the signal is 

directed more effectively into a targeted direction. Even at higher frequencies, receiver power levels generally 

increase due to the Beam Steering effect, but this increase will depend on the effectiveness of the Beam Steering 

and the characteristics of the medium used. 

Beam steering refers to the ability to control the signal direction of antenna arrays. This parameter has significant 

effects on the received power. Beam steering provides the ability to control the signal propagation direction of 

antennas. This allows the signal to focus in a certain direction or avoid a certain direction. Directional antennas 

can enable the receiver to receive a stronger signal from a particular source. In this case, the received power 

increases. Additionally, beam steering can reduce interference and other signal distortions by targeting the signal 

in a specific direction, which can have a positive effect on the received power. Beam steering can reduce multipath 

effects by focusing the signal in a specific direction. This allows the receiver to receive a clearer signal and can 

increase the received power. 

Table 3. Default isotropic antenna, and operates at a carrier frequency at any with a Transmitter power level of 5 W and antenna height 10 
m. Receiver antenna height 1 m. Results in dBm (-) 

      Frequencies 

Include  

Beam 

steering 

Reflection 

and 

Diffraction 

Building 
Materials 

2.5 
GHz 

3.5 
GHz 

3.7 
GHz 

4.2 
GHz 

5.5 
GHz 

24 
GHz 

28 
GHz 

36 
GHz 

37 
GHz 

39 
GHz 

47 
GHz 

No 
One 

Reflection 

Perfect 

Reflector 
44.36 47.28 47.76 48.87 51.21 64.00 65.34 67.53 67.76 68.22 69.84 

No 
One 

Reflection 
Brick 54.05 57.00 57.48 58.59 60.94 73.74 75.08 77.27 77.50 77.96 79.58 

No 
One 

Reflection 
Wood 56.79 59.71 60.20 61.30 63.64 76.43 77.77 79.95 80.19 80.64 82.26 

No 
One 

Reflection 
Glass 51.77 54.69 55.17 56.27 58.62 71.41 72.75 74.93 75.17 75.63 77.25 

No 
One 

Reflection 
Metal 44.36 47.28 47.77 48.87 51.21 64.01 65.35 67.53 67.77 68.23 69.85 

No 
One 

Reflection 
Concrete 52.39 55.32 55.80 56.91 59.25 72.06 73.40 75.59 75.82 76.28 77.90 

No 
Two 

Reflections 
Concrete 51.12 52.40 56.46 55.59 55.83 79.12 70.88 75.77 74.29 74.13 76.35 

No 

Two 
Reflections 

and One 

Diffraction 

Concrete 52.43 50.62 55.69 57.06 56.98 79.07 71.08 73.65 73.99 75.15 76.11 

Yes 
One 
Reflection 

Concrete 30.92 33.85 34.33 35.44 37.79 51.26 52.78 55.32 55.61 56.15 58.09 

Yes 
Two 

Reflections 
Concrete 29.68 30.96 35.00 34.15 34.39 57.53 49.45 54.32 52.85 52.69 54.92 

Yes 

Two 
Reflections 

and One 

Diffraction 

Concrete 38.13 37.25 40.09 43.45 42.04 64.75 57.43 59.55 60.03 61.32 62.78 

 

Reflection and diffraction represent various media interactions during the propagation of electromagnetic waves. 

Both have significant effects on received power. Reflection is the reflection of the signal back when it encounters 

an obstacle. This allows the signal to reflect over the obstacle and reach the receiver. Reflection can increase the 

received power because the signal can reach the receiver via additional paths. This is especially important for 

buyers who are outside the direct line. However, reflection can sometimes cause multipath interference, which can 

cause interference and signal degradation problems at the receiver. Diffraction is the propagation of the signal 
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around the edges of obstacles. The signal refracted from the edge of the obstacle can reach the receiver. Diffraction 

often has an enhancing effect on the received power because it allows the signal to propagate around obstacles.  

Lower frequencies generally have longer wavelengths, allowing them to penetrate obstacles better. This can cause 

the received power to increase because the signal can pass through obstacles more easily. Higher frequencies 

generally have shorter wavelengths and tend to interact with obstacles. This may reduce the received power 

because the signal may be further strained by obstacles. Increasing frequency generally results in increased 

propagation loss. That is, at higher frequencies, the signal may attenuate faster over distance. This may cause the 

received power to decrease. The effect of frequency is also related to the multipath effect. Higher frequencies 

generally experience more multipath effects, which can cause the received power to fluctuate. Lower frequencies 

can provide a more stable received power. Comparing the effect of Beam Steering on Received Power under 

current conditions reveals significant differences. 

Shifting focus to the impact of Frequency bands on Received Power under similar conditions, with a Transmitter 

Power Level of 20W, Transmitter Antenna Height of 10m, Receiver Antenna Height of 1m, and concrete as the 

building material, it's evident that the 2.5 GHz frequency band yields higher received power (-46.3769 dBm) 

compared to the 28 GHz frequency band (-67.3858 dBm). This disparity can be attributed to the former's superior 

penetration through obstacles like concrete buildings and its lower susceptibility to attenuation. Furthermore, the 

lower frequency band is less affected by differences in antenna height between the transmitter and receiver. 

Consequently, the Frequency Band effect is approximately 21 dBm. 

In conclusion, these numerical results offer valuable insights into the intricate dynamics of system parameters and 

energy savings in urban 5G deployments. Such insights are crucial for informing strategic decision-making 

processes and facilitating the development of efficient, sustainable communication systems tailored for the smart 

cities of the future. 

6. DISCUSSION 

Several academic studies have delved into optimizing wireless communication systems in urban environments, 

focusing on parameters such as transmitter power levels, carrier frequencies, antenna heights, and material 

properties.  

Our study builds upon these researchs by incorporating additional factors such as carrier frequencies, material 

properties, and beam steering techniques to offer a comprehensive analysis of 5G network optimization. We 

propose optimization strategies to mitigate the adverse effects of material-induced attenuation. Our study aligns 

with these researchs by exploring the effectiveness of beam steering in reducing signal loss due to reflection and 

diffraction.  

However, we provide a more comprehensive analysis by integrating beam steering with other optimization 

parameters such as antenna heights, frequencies, and material properties. While our study shares similar objectives 

in optimizing antenna heights, we expand upon these researchs by considering additional factors such as transmitter 

power levels, carrier frequencies, and material properties. By incorporating these variables, we provide a more 

holistic approach to network optimization in urban environments. 

7. CONCLUSION  

The study conducted in this paper sheds light on several critical aspects of 5G network deployment in urban 

environments.  

Firstly, increasing transmitter power levels generally enhances signal strength and coverage, albeit at the cost of 

increased energy consumption.  

Secondly, carrier frequencies significantly influence signal propagation characteristics, with higher frequencies 

offering higher data rates but being more susceptible to attenuation, particularly in urban settings with obstacles 

and interference.  

Moreover, optimal antenna heights play a crucial role in signal propagation and coverage, especially in densely 

populated areas with tall buildings. Additionally, the choice of materials impacts signal attenuation, with materials 

like concrete exhibiting higher attenuation compared to others.  

Energy-efficient communication strategies, such as beamforming and ray tracing, show promise in reducing energy 

consumption by optimizing signal transmission. As the receiver antenna height increases from 1m to 4m, the 

attenuation generally decreases across all frequencies and scenarios. This suggests that higher receiver antenna 

heights result in stronger received signals due to reduced obstruction.  
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Higher antenna heights may reduce the attenuation caused by obstacles such as buildings or terrain features, 

particularly in scenarios involving reflections and diffractions. Higher frequencies generally experience higher 

attenuation compared to lower frequencies. As the frequency increases, the attenuation tends to increase as well. 

This trend is observed for both antenna heights and is consistent with the behaviour of electromagnetic waves, 

where higher frequencies are more susceptible to absorption, scattering, and diffraction.  

At each antenna height, higher frequencies (e.g., 24 GHz, 28 GHz, etc.) generally exhibit higher attenuation 

compared to lower frequencies (e.g., 2.5 GHz, 3.5 GHz, etc.). This demonstrates the frequency-dependent nature 

of signal attenuation in the given environment. The relative differences in attenuation between frequencies remain 

relatively consistent across antenna heights, indicating that the material properties of concrete have a consistent 

impact on signal attenuation across the frequency spectrum.  

Materials like concrete and brick typically cause more attenuation compared to wood or glass. This analysis can 

provide insights into the suitability of materials for constructing structures in wireless communication 

environments. The number of reflections and diffractions also affects the attenuation values at different 

frequencies. Generally, more reflections and diffractions lead to higher attenuation, especially at higher frequencies 

where signals are more prone to scattering and absorption. 

The comparison of deployment scenarios underscores the importance of considering multiple factors, including 

transmitter power levels, carrier frequencies, antenna heights, and materials, in designing and optimizing 5G 

networks in urban environments.  

The findings of this study offer valuable insights that can inform strategic decision-making processes for network 

planning, deployment, and optimization, ultimately contributing to the development of sustainable and resilient 

communication systems for smart cities of the future.  

Engineers can use this analysis to optimize antenna heights, select appropriate frequencies, select appropriate 

materials for infrastructure, and apply beam steering techniques to minimize losses and improve communications 

system performance. Through iterative analysis and optimization, engineers can fine-tune various parameters to 

achieve the desired balance between signal strength, coverage, and efficiency while minimizing losses. 
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