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WELCOME TO ICOEST 2025

On behalf of the organizing committee, we are pleased to announce that the 11th
International Conference on Environmental Science and Technology (ICOEST-
2025) 1s held in Sarajevo, Bosmia and Herzegovina on October 22-26, 2025.
ICOLES'T provides an 1deal academic platform for researchers to present the latest
research findings and describe emerging technologies, and directions i
Environmental Science and Technology. The conference seeks to contribute to
presenting novel research results in all aspects of Environmental Science and
Technology. The conference aims to bring together leading academic scientists,
researchers and research scholars to exchange and share their experiences and
research results about all aspects of Environmental Science and Technology. It
also provides the premier mterdisciplinary forum for scientists, engineers, and
practitioners to present their latest research results, ideas, developments, and
applications i al lareas of Environmental Science and Technology. The
conference will bring together leading academic scientists, researchers and
scholars in the domain of mterest from around the world. ICOEST 1s the
oncomung event of the successful conference series focusing on Environmental
Science and Technology. The scientific program focuses on current advances in
th eresearch, production and use of Environmental Engineering and Sciences with
particular focus on therr role in mantaining academic level in Science and
Technology and elevating the science level such as: Water and waste water
treatment, sludge handling and management, Solid waste and management,
Surface water quality monitoring, Noise pollution and control, Air pollution and
control, Ecology and ecosystem management, Environmental data analysis and
modeling, Environmental education, Environmental planning, management and
policies for cities and regions, Green energy and sustainability, Water resources
and river basin management. The conference'’s goals are to provide a scientific
forum for all international prestige scholars around the world and enable the
interactive exchange of state-of-the-art knowledge. The conference will focus on
evidence-based benefits proven in environmental science and engineering

experiments.

Best regards,
Prof Dr.Ozer CINAR



11™ INTERNATIONAL CONFERENCE ON
ENVIRONMENTAL SCIENCE AND
TECHNOLOGY

————— SARAJEVO ee— October 22-26 2025 | Sarajevo

Content Country Page

POSITIVE EFFECTS OF DEVELOPMENTS IN THE IT
SECTOR ON THE COMMERCIAL RELATIONS AND

ENVIRONMENTAL ACTIVITIES OF MARITIME Tarkiye i
BUSINESSES
LIFE CYCLE CARBON FOOTPRINT OF A 1 MW PV Bosnia and 5
PLANT IN BOSNIA AND HERZEGOVINA Herzegovina
PHYSIOLOGICAL AND BIOCHEMICAL RESPONSES OF .

Romania 3

RAPHANUS SATIVUS PLANTS TO ABIOTIC STRESS

IMPACT OF ABIOTIC STRESS ON BIOACTIVE
COMPOUNDS AND ANTIOXIDANT CAPACITY IN Romania/Moldova 4
GALIUM AND HELICHRYSUM

FULL-TEXT ARTICLES

QUANTIFYING BLACK CARBON EMISSIONS USING
NON-INSTRUMENTAL METHODS: A FRAMEWORK
APPLIED TO COAST GUARD FLEET IN THE
PHILIPPINES

BIO-HEAT TRANSFER IN CANCER TREATMENT USING
RADIOTHERAPY AND HYPERTHERMIA: “A GENERAL
MATHEMATICAL SOLUTION OF PENNES' BIO-HEAT
EQUATION USING MONTE CARLO SIMULATION"
OPTIMIZING ENERGY CONSUMPTION IN PLASTIC
RECYCLING: A VARIABLE SENSITIVE APPROACH
USING MONTE CARLO SIMULATION AND HEAT MAP
ANALYSIS

South Korea 7

Tiirkiye 15

Tiirkiye 25




11™ INTERNATIONAL CONFERENCE ON
ENVIRONMENTAL SCIENCE AND
TECHNOLOGY

s SARAJEVO me— October 22-26 2025 | Sarajevo

Positive Effects of Developments in the IT Sector on
the Commercial Relations And Environmental
Activities of Maritime Businesses

Tayfun Acarer'”

'PIRI REIS UNIVERSITY

*tacarer@hotmail.com
Abstract:

The IT sector, where the impact of technological advancements is most pronounced, has been experiencing
rapid and aggressive changes in recent years. This sector, which acts as a driving force for other sectors, is
developing at a dizzying pace alongside technological advancements, and all sectors are significantly impacted
by these developments.

The significant increase in speed and decreasing latency, particularly in internet and broadband data
communication in recent years, has significantly positively impacted businesses' commercial relationships,
access to information, and communication. As a result, the emergence of numerous digital evaluation elements
today has led to significant changes in businesses' decision-making processes and business models.

The maritime sector is currently one of the areas where the impact of IT is most pronounced. Business
conditions, competition, and applicable regulations dictate that businesses in this sector closely monitor
technological developments in the IT sector and utilize these advancements to the fullest extent.

Today, shipping companies can easily communicate with ships using various maritime communication systems.
This allows for easy monitoring of ship activities, meeting needs, monitoring malfunctions, and ensuring timely
transfers of seafarers. Furthermore, these developments allow maritime businesses to electronically track the
entire process, from cargo transfer to the ship, insurance, and handling at the port to delivery to the recipient.
This significantly reduces delays in ship voyages, cargo spoilage, and potential penalties. With advancements in
container technology and communication systems, tracking containers across countries can now only be
achieved through smart systems and artificial intelligence.

One of the most significant reflections of the IT sector today is the "Blockchain" platform. Cryptocurrencies are
considered the most important output of Blockchain. Cryptocurrencies are currently heavily used in both
payment systems and cash flows by institutions. As a result, the use of cryptocurrencies is increasingly
widespread in the maritime sector, where international relations are among the most intense and complex.
Today, most navigation and machinery systems on ships are operated remotely. Furthermore, sensors placed at
various points throughout the ship allow for remote monitoring of system status and intervention when
necessary. This capability has led to the emergence of land-based units within maritime operations that
undertake the task of monitoring ships and troubleshooting specific malfunctions remotely.

Consequently, it is no longer a choice but a necessity for businesses in the maritime sector, one of the sectors
most affected by technological advancements in information technology, to closely monitor these developments
and reshape their operations accordingly. This is because it is virtually impossible for companies in this sector to
continue operating without taking advantage of these advancements.

Keywords: Commercial Activities Of Maritime Businesses, Information Technology Sector, Maritime
Communication, Broadband Data
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Life Cycle Carbon Footprint of a 1 Mw Pv Plant in
Bosnia And Herzegovina

Nurin Zecevic'”, Lejla Pajt', Azrudin Husika'

"University Of Sarajevo

*zecevicn@mef.unsa.ba
Abstract:

Photovoltaic (PV) power plants are a key sustainable energy technology, but their environmental impact varies
significantly across life cycle stages. This paper evaluates the carbon footprint of a 1 MW PV plant in Bosnia
and Herzegovina (BiH) over a 25-year lifespan using Life Cycle Assessment (LCA) methodology (ISO
14040/14044). The analysis covers emissions from material production, installation, operation, and recycling.
Results indicate that over the expected 25-year lifespan, the PV plant generates a total energy output of 31,036
MWh, accounting for a 1% annual power degradation rate due to efficiency losses. The highest emissions occur
during material production (70—80% of total), while the operational phase offsets 20,173.5 tCOzeq compared to
BiH’s grid emissions (0.65 tCO/MWh). The total CO: emission balance is highly dependent on the grid
emission factor, which was assumed constant in this study. This factor is expected to decline due to the
projected reduction in coal-based electricity generation. The net lifecycle emissions amount to -20,358.35
tCO2¢q, demonstrating PV’s climate mitigation potential. The recycling phase assumes full material
substitution, eliminating the need for new raw materials. However, the recycling process for all PV modules
requires energy, estimated at 5,661 kWh, with a portion assumed to be supplied by renewables. Key
recommendations include localizing PV component manufacturing to reduce transport emissions, optimizing
logistics, developing recycling infrastructure, and increasing the share of renewable energy in manufacturing to
further reduce emissions. This research provides a framework for sustainable PV systems in BiH, highlighting
policy and technological pathways to enhance environmental performance. Future research should investigate
advanced materials, recycling innovations, hybrid systems to maximize land-use efficiency, and region-specific
energy payback periods to support BiH’s energy transition.

Keywords: Photovoltaic Systems, Carbon Footprint, Life Cycle Assessment, Renewable Energy, Bosnia And
Herzegovina
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Physiological And Biochemical Responses of
Raphanus Sativus Plants to Abiotic Stress

Flavia Bortes'", Lucian Copolovici', Cristian Moisa', Andreea Lupitu', Dana Copolovici'

TAurel Vlaicu University of Arad

*flaviabortes@yahoo.com
Abstract:

Elevated temperatures and aridity adversely affect plant growth by inducing leaf curling, dehydration, the
buildup of toxins and reactive oxygen species, and significant physiological disruption, ultimately leading to
diminished yields. Enhancing thermotolerance and resilience in plants is crucial for guaranteeing food security.
This can be achieved by breeding and agronomic approaches that leverage the inherent defenses of plants,
including osmotic adjustment, heat-shock proteins, and antioxidant systems.

This study investigated the interactive effects of drought and acute heat stress on photosynthetic performance,
pigment composition, and biochemical characteristics in plants of the Brassicaceae family, focusing on the
genus Raphanus sativus L. var. "Johanna" and "Helga". To resolve order effects, a sequential stress model was
used: (i) drought—heat (D—H) and (ii) heat—drought (H—D). In D—H, irrigation was interrupted for 3 days
to induce a slight soil water deficit, after which the plants were subjected to a 5-minute heat pulse at 30, 40, 50,
or 60 °C. In H—D, the same heat treatment preceded the 3-day drought period.

Photosynthetic parameters (net CO: uptake (A) and stomatal conductance to water vapor (g,w)) were measured
in control and stressed plants using an gas exchange system. Photosynthetic pigments (chlorophyll a,
chlorophyll b, and zeaxanthin) were quantified by UHPLC-DAD (ultra-high-performance liquid
chromatography with diode array detection). Regarding the total phenols, the total concentration of flavonoids
present in the plants decreases drastically after a short period of heat stress.

Keywords: Drought Stress, Plant Photosynthesis, Heat Stress.
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Impact of Abiotic Stress on Bioactive Compounds
And Antioxidant Capacity in Galium And
Helichrysum

Flavia Bortes'", Lucian Copolovici', Cristian Moisa', Andreea Lupitu', Dana
Copolovici', Maria Cojocaru-Toma?*,Angelica Ohindovschi’,Mihaela Nartea®

!Aurel Vlaicu University of Arad
Nicolae Testemitanu State University of Medicine And Pharmacy of the Republic of
Moldova

*flaviabortes@yahoo.com
Abstract:

Plants from the Galium and Helichrysum genera are appreciated for their pharmacological qualities and
traditional therapeutic use. Under abiotic stress, they induce the formation of bioactive chemicals (polyphenols
and flavonoids), which protect cells and help plants defend themselves.

This study seeks to understand how abiotic circumstances such as drought and ozone affect the biochemical
properties of medicinal plants.

Mature leaves of each Galium and Helichrysum species were collected from the marker batch and treated with
two different abiotic stresses. The total flavonoid and polyphenol content was determined using a
spectrophotometric technique. The antioxidant activity of each extract was evaluated simultaneously using
DPPH, ABTS, FRAP, and CUPRAC.

Moderate abiotic stress enhanced phenolic and flavonoid accumulations: total polyphenols increased by 30—60%
compared to the control, particularly in water-stressed conditions, whereas severe stress decreased
concentrations, indicating overcoming adaptive potential. Antioxidant capacity (measured using CUPRAC,
DPPH, FRAP, and ABTS techniques) rose by 35-50%, with extracts from dehydrated plants attaining their peak
values. Polyphenol concentrations were associated strongly with antioxidant capacity, while increases in
flavonoid concentrations accounted for an additional 10-15% increase in antioxidant activity.

Moderate abiotic stress, such as drought and ozone fumigation, stimulates polyphenol and flavonoid synthesis in
the Galium and Helichrysum genera, thereby increasing antioxidant activity. Severe stress reduces these levels
beyond the plants' ability to adapt.

This work was supported by a grant from the Romanian National Authority for Scientific Research, CNCS —
UEFISCDI, project number PN-IV-P8-8.3-ROMD-2023-0022.

Keywords: Total Phenolic Compounds, Flavonoids, Abiotic Stress
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Quantifying Black Carbon Emissions Using Non-
Instrumental Methods: A Framework Applied to
Coast Guard Fleet in the Philippines

Janine Tubera Guevarra®*3, Kim Kyoungrean®**

Abstract

Black carbon (BC) emissions originating from the maritime sector pose serious risks to both the global climate and human
health. A short-lived climate pollutant that contributes to the melting of Arctic ice, influences weather patterns, and is
associated with cardiopulmonary diseases. Despite its impact, several domestic fleets and those operated by the Philippine
Coast Guard (PCG) lack real-time onboard monitoring capability for BC emission measurement. This disparity stresses
the need to use alternative non-instrumental methods for accurate emission tracking, eventually leading to the
development of effective mitigation strategies.

We develop a systematic framework for estimating BC emissions, using existing data and acknowledged guidelines,
identifying the key high-emission activities, particularly berthing, which account for a large share of total emissions. We
find that berthing contributes 70% of the sampled emissions, significantly more than the underway phase (27%) and the
docking and undocking phases (3%). The total sampled emissions are 0.1707 metric tons, with 0.1203 metric tons from
berthing alone. This research exhibits that non-instrumental approaches can reliably produce BC emission profiles in
data-scarce settings, with the emphasis on the importance of prioritizing port-related emissions for effective policy
implementation. The framework, based on EEA Guidelines coupled with ship details and activity profiling, offers a solid
and repeatable method for establishing baseline emission inventories, assisting informed policy decisions, and sustainable
maritime practices. This novel application of non-instrumental techniques to a real-world fleet without advanced
monitoring shows its potential for broader use, offering a practical route reducing global BC emissions.

Keywords: black carbon, berthing emissions, framework, mitigation strategy, non-instrumental

1. INTRODUCTION
1.1. Black Carbon in Maritime: A Hidden Threat from Climate to Public Health

Maritime shipping is the key to support the global economy and trade, as it is the most cost-effective and energy-efficient
means of transporting cargo over long distances. It contributes to economic resilience, most especially for island nations and
countries where land-based transportation infrastructure is limited. Nevertheless, despite its critical importance, the sectors’
environmental footprint has become a growing concern, particularly emissions like black carbon. Black Carbon (BC), one of
the significant short-lived climate pollutants (SLCPs) and a component of fine particulate matter (PM 2.5), has been drawing
global attention due to its warming effect in the atmosphere, which exceeds the impact of carbon dioxide (COz) [1], a known
greenhouse gas. Emitted from the incomplete combustion of fossil fuels, biomass, and biofuels, BC absorb solar radiation,
thereby contributing to atmospheric warming. It is later deposited on ice and snow, where it reduces albedo, thereby
accelerating the melting process [2].

The maritime sector, a substantial contributor to anthropogenic BC emissions, accounts for more than 20% of carbon dioxide
equivalent emissions over a 20-year timeframe, making it a significant climate-warming pollutant [3]. These emissions are
particularly concerning because they are released directly into coastal and port areas, where they can severely degrade air
quality and pose significant risks to public health and coastal marine resources.

Exposure to fine particulate matter, which includes BC, is associated with numerous serious health risks, including
respiratory and cardiovascular diseases, premature death, and interferes with fetal development [4,5]. From a climate
perspective, accelerated melting resulting from albedo reduction influences global climate patterns and hydrology [6],
creating a positive feedback loop that further exacerbates global warming. Ecologically, when BC enters the marine

! Korea University of Science and Technology (UST), Korea (Republic of)

2 Marine Environment Research Department, Korea Institute of Ocean Science and Technology (KIOST), Korea
(Republic of), kyoungrean@kiost.ac.kr

3 Philippine Coast Guard, Philippines (Republic of), ladyjaja2301@kiost.ac.kr

* Corresponding Author
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ecosystem via dry deposition or river run-off, it has the potential to affect nutrient biogeochemical cycles, potentially
impacting primary producers and broader food web functions [7, 8].

Although reducing BC emissions is widely recognized as necessary, the maritime sector confronts significant difficulties in
tracking and controlling these pollutants. This difficulty arises as BC emissions are highly dependent and influenced by
engine type and age, fuel quality, and operational modes [9]. Consequently, it makes the direct measurement and precise
inventory compilation challenging, most especially for the older ships or vessels operating in areas with less strict
environmental regulations. Many local fleets, particularly in developing countries, often lack the advanced sensors and real-
time monitoring systems that the larger international shipping companies usually have. This technological disparity results in
a substantial data gaps that hinder accurate emissions accounting and formulation of targeted mitigation strategies.

In the absence of onboard measurement capabilities, policymakers and researchers have to rely on estimated inventories,
which are often limited by data availability and methodological consistency. As a result, the environmental impact of these
fleets may be underreported, delaying much-needed regulatory attention and emissions reduction interventions [10].

1.2. Problem Statement

The absence of advanced onboard BC monitoring systems in various vessels, including military and law enforcement fleets
such as those from the Philippine Coast Guard (PCG), presents a considerable challenge in managing emissions effectively.
Without real-time data, the ability to start precise baseline emission inventories, identify high-emitting vessels or operational
practices, and assess the effectiveness of ongoing mitigation strategies is limited. Conventional methods of emission
estimation mostly rely on broad assumptions or require extensive instrumental measurements, which may not be practical
and cost-effective for all maritime operators.

1.3. Policy Implications

This study has a significant implication for science and policy in maritime environmental protection. It demonstrates non-
instrumental methods can effectively estimate black carbon (BC) emissions, providing an important tool for regions that lack
the advanced monitoring capabilities. It democratizes emission assessment, allowing more stakeholders to contribute in
reducing maritime pollution. The framework offers a model for establishing BC emission inventories, which will aid policy
decisions, target setting, and progress tracking. Identifying berthing as the key BC source highlights strategies such as shore
power and cleaner fuels, especially in improving air quality in the coastal communities. Additionally, the research supports
using non-instrumental methods in scientific discourse on SLCPs, encouraging further investigation into BC emissions and
refined models. Ultimately, it promotes sustainable maritime practices, environmental health, and climate change mitigation.

1.4. Research Objectives

1. Identify Non-Instrumental Methods: To explore and validate methodologies that utilize readily available data, such as ship
profiles, fuel consumption, and emission factors, to estimate BC emissions from ships without direct instrumental
measurements.

2. Establish Framework for PCG vessels’ emission measurement: To develop a comprehensive measurement model for BC
emissions based on established guidelines, specifically the European Environment Agency (EEA) Guidelines, integrated
with detailed ship activity profiling.

3. Determine High-Emission Activities for focus-driven mitigation: To analyze the contribution of different operational
phases—underway, docking, undocking, and berthing—to total BC emissions, thereby identifying activities that warrant
prioritized mitigation efforts.

2. MATERIALS AND METHODS
2.1. Technical Overview of the Capital Vessels from the Coast Guard Fleet in the Philippines

The Philippine Coast Guard (PCG) is “established as an armed and uniformed service attached to the Department of
Transportation” with provisions for attachment to the Department of National Defense during wartime [11]. It is vested with
five functions: maritime safety, marine environmental protection, maritime security, maritime law enforcement, and search
and rescue. It has twenty-seven (27) capital vessels, primarily used for implementing its five mandated functions. Multi-Role
Response Vessel (MRRYV), a 97-meter vessel used for patrolling within the Philippines’ exclusive economic zone (EEZ),
towing operations, maritime law enforcement, environmental protection, and humanitarian assistance and disaster response.
Offshore Patrol Vessel (OPV), an 83-meter vessel used for extended offshore patrols in rough seas, pollution response,
maritime domain awareness, multi-agency coordination, and environmental missions. Multi-Role Response Vessel (MRRV),
a 44-meter vessel used for localized maritime law enforcement and security, search and rescue, environmental missions,
logistical support, and aid in fisheries, immigration, and transnational crime enforcement. The Search and Rescue Vessel
(SARV) is a 56-meter and 36-meter-sized vessel used for rapid response during search and rescue operations, coastal patrol
and surveillance, and coastal environmental protection.
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Although stipulated in the International Convention for the Prevention of Pollution from Ships, 1973 as modified by the
Protocol of 1978 (MARPOL 73/78), Article 3 states, “shall not apply to any warship, naval auxiliary or other ship owned or
operated by a State and used, for the time being, only on government non-commercial service, [12].” There is still a need to
track and monitor its vessel emissions as it also explicitly states in Article 3 that “each Party shall ensure by the adoption of
appropriate measures not impairing the operations or operational capabilities of such ships owned or operated by it, that such
ships act in a manner consistent, so far as is reasonable and practicable, with the present Convention” [12]. As such, being
the mandated organization to implement maritime environmental rules and regulations, it is necessary to track and monitor
the PCG vessels’ emissions to comply with Article 3 of the MARPOL 73/78 Convention.
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Figure 1. Overview of the PCG Vessels’ Technical Specifications for Each Type (right)
Overview of the PCG Vessels' Operational Base Map in 2023 (left)

In this study, we utilized 12 of the 27 PCG's capital vessels, as they are the most frequently used and the largest, with the
most recent complete data required for this study, while others have either incomplete data or are on dry dock. Vessels’
technical specifications and location during the data collection are shown in Fig. 1.

2.2. Data Collection

This study conducted a comprehensive and detailed review of ship black carbon emissions, combining published literature
and government records with estimation methods and reference to relevant environmental standards. We systematically
search various journal databases such as ScienceDirect and Scopus for peer-reviewed articles and studies, and analyze
reports from government and non-government organizations specializing in maritime environmental issues to ensure a broad,
up-to-date understanding.

Moreover, we obtained the specific data of the vessels from the Philippine Coast Guard (PCG) official records, which
include detailed ship specifications such as engine types, fuel consumption rates, and operational logs. These logs contain
critical and most important data, as they reveal the ships’ operational phases, including time spent underway, docking and
undocking, and berthing, which is relatively crucial for implementing activity-based emission estimation methods.

2.3. Study Design

The study followed a structured approach to ensure systematic progression from the initial stages of problem identification to
the final interpretation of results. A sequential context was adopted to guide each phase of the study, as shown in Fig. 2.
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Figure 2. Methodological Flowchart: From Problem Definition to Key Findings

2.4. Non-Instrumental Methods

In the absence of direct instrumental measurements, black carbon emissions were estimated using the Tier III “Ship
Movement Methodology” approach, consistent with established emission inventory guidelines of the European
Environmental Agency [13]. This approach requires detailed ship movement data and technical information of the ship, such
as engine size and technology, power installed or fuel use, and the duration of hours in different activities to quantify BC
emissions. The formula used is:

B ijm = Z(ch,m,p <EE i m,p]

? ()
Where:
Errip = emission over a complete trip (tonnes)
FC = fuel consumption (tonnes)
EF = emission factor (kg/tonne)
i = pollutant
m = fuel type
] = engine type
P = different phase of the trip (underway, docking/undocking, berthing)

2.5. Numerical Calculations

Since the data provided by the PCG only includes the total fuel consumption for the entire voyage duration, we assume
docking and undocking durations of one hour (30 minutes each). This assumption aligns with their PCG Citizens Charter
when responding to emergencies [14]. Additionally, we use a 15% load on the engine based on their set fuel consumption
table. Similarly, for berthing, we consider a 100% load when using the auxiliary engine for the ship's power, according to its
set fuel consumption table. Given the assumed values for berthing, we then calculated the fuel consumed in the auxiliary
engine while underway and at berth using the data collected on the underway duration.

With the complete required data for calculation based on the EEA Tier III “Ship Movement Methodology,” we were able to
compute the black carbon emissions of the selected PCG Vessels.
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2.6. Development of the Framework to Calculate Emissions from Vessels in the Philippines

VESSEL
PROFILING
Complete Fuel Consumption
of Vessel per Operational
Activity
Use Tier I1I
Method
Use Tier 111

‘ Apply EEA Emission Factor Method

Guidelines

Apply Fuel
Consumption
Equations

v

Repeat to all vessels in order to
establish a black carbon
emission inventory

BC emission per operational TOTAL BC emission

v

activity of a vessel of a vessel for entire voyage

Figure 3. Preliminary Framework: Vessel-Level Emission Calculation Utilizing Non-Instrumental Methods

Based on the principles outlined in the EEA Emission Inventory Guidebook (2019) — Updated December 2021, integrated
with detailed vessel profiling and activity-based analysis, a framework for estimating emissions from PCG vessels was
developed, see Fig. 3. It can be visualized as a systematic process:

I.

Vessel Profiling: The initial step of the framework involves gathering required data on each vessel, including its
engine type, power output, specific fuel consumption (SFC), and fuel types used. This information is essential to
apply the technology-specific emission factors in Tier III calculations.

Operational Activity (Fuel Consumption): Data on the operational activities of the vessels shall be collected from
the vessels' activity logs and or automatic identification system (AIS). This includes the duration and fuel
consumption during the three operational phases: underway (open sea transit), docking and undocking (navigating
in confined waters, approaching/departing ports), and berthing (at berth, auxiliary engines running). In such cases
where direct fuel consumption data for specific operational phases were unavailable, fuel consumption modeling
equations shall be used to calculate these values.

Emission Factor Application: Emission factors for black carbon were primarily sourced from the EEA Emission
Inventory Guidebook (2019) — updated 2021. These factors, which quantify the amount of pollutant emitted per
unit of fuel consumed or activity performed, were applied according to the chosen tier of analysis. The framework
allows for the application of Tier I (Default Approach), Tier II (Technology-Specific Approach), or Tier III (Ship
Movement Methodology) based on the availability and granularity of data in possession.

Total BC Emissions per Operational Phase: By combining the fuel consumption data for each operational phase
with the appropriate emission factors, the total black carbon emissions for each phase were calculated. This step
was crucial for determining which operational activities contributed most significantly to the overall BC emissions.

Baseline Measurement: By integrating the results from the three operational phases—underway,
docking/undocking, and berthing—the total black carbon (BC) emissions for each vessel were calculated. This
comprehensive approach allowed for the establishment of a baseline measurement, providing a foundational
reference point for assessing emission levels, tracking trends over time, and informing future mitigation strategies
tailored to vessel behavior and port operations.

This systematic framework guaranteed a vigorous and transparent methodology to estimate not only black carbon emissions
from PCG vessels but also other SLCPs, offering a reliable baseline for future mitigation efforts and policy development.
The integration of literature review, government records, and established emission guidelines allowed for a comprehensive
assessment even in the absence of direct instrumental measurements.

2.7. Statistical Analysis

Descriptive statistical analysis was employed to summarize and interpret the black carbon (BC) emissions data across the
three operational phases of sampled vessels. Measures including percentages, totals, and distribution patterns were used to
identify which phase contributed most significantly to overall emissions. The use of descriptive statistics effectively captured
the emission behavior of vessels and provided a clear picture of where mitigation efforts should be prioritized.

11
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3. RESULTS
3.1. Overview of Year 2023 PCG Vessels’ Black Carbon Emission Results

Our analysis of black carbon (BC) emissions from the sampled Philippine Coast Guard (PCG) vessels in 2023 revealed a
total emission of 0.1797 metric tons. This figure provides a foundational baseline for understanding the BC contribution
from the observed fleet. A detailed breakdown of emissions per vessel indicated significant variability in its contributions.
Specifically, Vessel Once (Eleven) exhibited the highest BC emissions at 0.0292 metric tons, likely due to its significantly
larger size of 97 meters, allowing for greater engine power and fuel use, also suggesting potential differences in operational
profiles, engine efficiency, or fuel consumption practices that may warrant further study. In contrast, other vessels
contributed lower but still considerable emission levels. Therefore, it implies that vessel size, in combination with
operational patterns and engine specifications, plays a critical role in determining BC emissions. Given that the individual
emissions may appear modest, the cumulative impact from such vessels, especially when considered fleet-wide and over
time, underscores the importance of targeted emission reduction strategies.

Table 1. The amount of PCG vessels’ black carbon emissions in 2023

Underway Docking/Undocking Berthing TOTAL TOTAL

Vessel Name
(kg) (kg) (kg) (kg) (ton)
Doce (Twelve) 9.379 0.6169 18.32 28.32 0.0283
Once (Eleven) 9.880 0.1707 19.16 29.21 0.0292
Diez (Ten) 4.190 0.1607 19.04 23.39 0.0234
Nueve (Nine) 2.616 0.5370 7.511 10.66 0.0106
Ocho (Eight) 2234 0.6006 5.908 8.743 0.0087
Siete (Seven) 4.697 0.4627 6.919 12.08 0.0121
Seis (Six) 1.935 0.3470 7.714 10.00 0.0100
Cinco (Five) 1.020 0.1157 5.958 7.094 0.0071
Cuatro (Four) 4.903 0.5783 6.875 12.35 0.0123
Tres (Three) 1.333 0.2313 7.567 9.042 0.0090
Dos (Two) 1.271 0.1349 7.532 8.876 0.0089
Uno (One) 2.572 0.7133 7.829 11.11 0.0111

3.2 Emission Concentrations by Operational Activities

One of the most substantial findings of this study is the disproportionate contribution of different operational activities to the
total black carbon emissions. The analysis demonstrated that berthing (vessels at berth with auxiliary engines running)
accounted for the largest share of BC emissions, contributing approximately 70% of the total sampled emissions or 0.1203
metric tons of BC.

Whereas, the underway phase (open sea transit) contributed 27% of the emissions, and the docking/undocking phase was
responsible for about 3%.

This distribution emphasizes the indispensable insight that the majority of BC emissions occur when vessels are stationary or
operating at low speeds within or near port areas. This finding is particularly relevant for air quality and warming potential
within coastal cities and port communities, as these emissions are released in close proximity to human populations. The
representation as shown in Table 2 illustrates the dominance of berthing emissions, providing compelling evidence for focus-
driven mitigation efforts that target reducing emissions during port stays.

Table 2. Distribution of Black Carbon Emissions by Operational Phase of Vessels

Underway Docking/Undocking Berthing TOTAL TOTAL
(kg) (kg) (kg) (kg) (ton)
46.03 4.669 120.3 170.9 0.1707

3.3 Key Findings and Observations

Based on the quantitative results and qualitative observations, several key findings emerged:
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1. Port Areas as Emission Hotspots: Berthing activities appeared as the dominant trace of BC emissions, thus
emphasizing that critical emission hotspots are in port areas. Prolonged running of vessels’ auxiliary engines while
berthed leads to concentrated pollution, intensifying health risks to port workers, users, and nearby communities.

2. Health and Climate Risks: High concentrations of BC emissions in ports pose severe health threats, such as
cardiopulmonary diseases, regional warming impact, and coastal environmental degradation. These findings
accentuate the urgent need for mitigation schemes in high-exposure zones.

3. Methodological Validation and Limitations: The study validates the practicality of non-instrumental methods to
estimate BC emissions in instances where direct monitoring is unavailable. However, though the approach based
on EEA guidelines and vessel activity profiling is practical and efficient for baseline inventories, it has limitations
due to reliance on data reported and a lack of real-time validation. Still, it offers a valuable, accessible tool for
policy development and initial assessments.

These results show a clear outline of the black carbon emission footprint within the sampled PCG fleet, emphasizing the
contribution of berthing activities and underscoring the need for targeted interventions to achieve sustainable mitigation. The
findings laid the groundwork for the subsequent discussion on implications and policy recommendations.

4. DISCUSSIONS

The outcome, indicating that berthing activities account for the majority proportion of the total black carbon emissions from
PCG vessels, conveys significant implications for environmental policy and operational practices. This disparity contribution
outlines that the most impactful mitigation efforts should be directed towards vessels while they are berthed in ports.
Berthing explicitly involves ships running auxiliary engines to power onboard systems, lighting, and crew needs, often for
extended periods. Unlike underway or docking/undocking, which occur over wider geographical areas, berthing emissions
are concentrated in confined port environments, directly influencing the air quality of adjacent urban areas, the health of port
workers and residents, as well as nutrient cycles in the coastal marine ecosystem.

This emission concentration generates localized pollution hotspots, worsening cardiopulmonary health issues for
communities near ports. The environmental impact extends beyond human health, contributing to regional haze and
localized warming effects. Therefore, addressing berthing emissions is not only an environmental necessity but also a public
health priority.

5. CONCLUSIONS

This study stresses the potential of non-instrumental methods to estimate black carbon (BC) emissions from ships, most
especially when onboard monitoring systems are unavailable. Utilizing the Philippine Coast Guard fleet as a model, it
established a reliable framework aligned with EEA guidelines. Berthing activities contribute the highest share of BC
emissions, thus underscoring the need for targeted portside policies like electrification and cleaner fuels. The research
provides a practical, replicable approach for developing countries, offering both a baseline inventory and a scalable method
to support global efforts towards sustainable maritime operations.
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Bio-Heat Transfer In Cancer Treatment Using
Radiotherapy And Hyperthermia: “A General
Mathematical Solution Of Pennes' Bio-Heat
Equation Using Monte Carlo Simulation"

Tuka Fattal 3", Recep Yumrutas *

Abstract

This study presents a focused investigation of bio-heat transfer during radiotherapy enhanced by hyperthermia, aiming to
optimize cancer treatment outcomes by maximizing tumor destruction while minimizing toxicity to surrounding healthy
tissues. A thorough understanding of thermal dynamics during therapy enables clinicians to enhance treatment efficacy,
predict biological responses based on dose parameters, and reduce adverse effects. Specifically, this work examines the
synergistic combination of hyperthermia and X-ray radiotherapy. During the relaxation intervals between hyperthermia
pulses—when the biological system responds to elevated temperatures (43 °C, 45°C, 47°C)—a radiation dose is
administered. The underlying hypothesis is that heating tumor tissue increases its radiosensitivity, potentially reducing
treatment time and improving therapeutic outcomes. A review of current literature supports this synergistic effect, showing
that elevated temperatures intensify cellular damage. The Arrhenius damage model was employed to quantify this
relationship, translating temperature and exposure duration into a single thermal damage parameter () representing
irreversible tissue injury. A general mathematical framework for simulating this process was developed using Monte Carlo
photon transport to generate spatially distributed heat sources, and Pennes’ bio-heat equation was solved to model heat
transfer within layered biological tissue.

Keywords: Bio-heat transfer, Cancer treatment, Hyperthermia, radiotherapy, Pennes’ bio-heat equation, Monte Carlo
Simulation.

1. INTRODUCTION

Radiation therapy is one of the most common cancer treatment methods[1], Radiotherapy started to be used by the
20tcenturay after Mari Cori discovered radiation where ionizing irradiation started to be used to shrink tumor size.
Radiotherapy can be applied alone or in corporation with other therapy methods such as chemotherapy, or surgery [2], [3].
The needed exact dose of the radiotherapy is the main concern and the foremost goal of radiotherapy, as it should be strong
enough to eliminate the tumor and not cause much harm of the aligned tissues or organ and this is the main dilemma.
Radiotherapy center must be in any cancer curing plans of any government for simple reasons as the radiotherapy help in the
early detection of the diseases [4]. During cancer treatment process we have to consider the volume of the coagulation zone
the area that would not be able to recover after exposing to radiation including the tumor cells [5], predicting the size of this
area is crucial as we want to minimize the negative impact of radiation on the normal tissues and allow it to recover after
finalizing the treatment. On the other hand, a good treatment plan aims to ensure the full destruction of the tumor in an
irreversible way, minimizing radiation therapy known side effects allows to safe the surrounding healthy tissues such as
adjacent organs, nerves, and blood vessels and destroying the tumor entirely is the main objective of a good treatment plan
[5], [6]. Hyperthermia considered as one of the used types to treat cancer. Using hyperthermia as a treatment method started
in the 19™century W.B. Coley succeed decreasing his patient tumor size [7]. Where cancer cells are exposed to high
temperature (up to 44-45 C) approximately for one hour [8]. Based on clinical experiments and researches high temperature
the heat used to localize and by concentrated heating sources, cancer cells can be destroyed. Working mechanism is
destroying the proteins and the structure within cancer cells, its lead to shrink tumor’s volume with minimum side effects to
normal tissues. Hyperthermia/HT significantly affects the microenvironment, immune responses, vascularization, and
oxygen supply of tumors. Clinical trials showed that using hyperthermia was not toxic to normal cells while inducing
toxicity in cancerous cells [9]. The combination between Radiotherapy and Hyperthermia methods started specifically in
1970s where thermos-radiotherapy (TRT) has been demonstarted to enhance cancer treatment outcomes, when its compared

3 Corresponding author: Gaziantep University, Department of Mechanical Engineering-Energy Division, 27410
Sahinbey/Gaziantep, Turkiye. drtukafattal78 @gmail.com
4 Gaziantep University, yumurtas@gantep.edu.tr
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to Radiotherapy alone, without increasing serious undesirable side effects, at least for several advanced cancers, such as
breast, cervical, esophageal, lung, head and neck.

2. MATERIALS AND METHODS

In this study, we explored a hybrid treatment strategy that combines laser-induced hyperthermia with X-ray radiotherapy to
enhance cancer cell destruction while protecting surrounding healthy tissue. A synthetic 3D lung-tumor model was
developed to simulate this approach, using advanced computational tools to mimic realistic treatment conditions. We began
by applying a laser-based external heat source to raise the tumor temperature in controlled phases—specifically to 43 °C,

45 °C, and 47 °C. For each temperature phase, we calculated the 3D distribution of energy deposition within the tissue using
Monte Carlo photon transport simulations (MCXLAB) [10]. These results were used to define a spatially varying heat source
term, which was then incorporated into the Pennes’ bio-heat transfer equation to predict how the tumor temperature evolves
over time. To assess the biological impact of heating, we used the Arrhenius thermal damage model to estimate the extent of
irreversible damage caused to cancer cells. After each heating phase, we simulated the application of X-ray radiation during
the relaxation period, modeling the X-ray dose distribution using Monte Carlo methods and estimating its biological
effectiveness using the Linear-Quadratic (LQ) model [11]. for cell survival. Finally, we compared all three heating phases—
43 °C, 45 °C, and 47 °C—Dbased on thermal damage levels and radiotherapy outcomes. This allowed us to evaluate which
temperature best balances effective tumor damage with minimal harm to healthy tissue, helping inform future treatment
planning for hyperthermia-assisted radiotherapy. To model heat transfer during tumor hyperthermia, a simplified spherical
control volume was constructed, consisting of a central tumor region surrounded by concentric layers of healthy lung tissue.
The geometry assumes radial symmetry and allows the temperature distribution to be described in spherical coordinates.
Blood perfusion was considered throughout the domain, and a convective heat loss boundary condition was applied at the
outer surface to simulate thermal exchange with surrounding tissue or air. At the tumor center (r = 0), a symmetry condition
was applied to ensure physical realism. This configuration provided a tractable yet physiologically relevant basis for solving
Pennes’ bio-heat equation under different thermal treatment scenarios. The figure illustrates the spherical control volume
used to numerically solve Pennes’ bio-heat equation for thermal modeling during hyperthermia treatment. The domain
consists of a central spherical tumor surrounded by concentric healthy lung tissue.

healthy tissug

- cnvection at r=R

cancer / [W/(m?C)

tissue blood perfdsion
(1/s)

| symmetry at r=0

Figure 1 Spherical Tumor-Embedded Control Volume for Bio-Heat Transfer Analysis

This idealized geometry allows the use of spherical coordinates (r, 0, ¢), which are well-suited for capturing the radial
symmetry of heat diffusion and laser energy deposition. The tumor lies at the center (r = 0), where a symmetry boundary
condition ensures no heat flux. At the outer radius (r=R), convective heat loss to surrounding tissues is modeled using a heat
transfer boundary condition. Internal heat generation includes metabolic heat, blood perfusion effects, and an external laser
source modeled from the Monte Carlo photon transport simulations. This control volume provides the physical basis for
applying the time-dependent form of Pennes’ equation [12]and predicting temperature rise and thermal damage throughout
the tumor and adjacent tissue under different heating conditions (43 °C, 45°C, and 47 °C phases). Before initiating
hyperthermia, we developed a radially symmetric control volume that accurately mimics the anatomical layout of a solid
tumor within surrounding healthy tissue. This voxel-based phantom, shown in the figure, provides an idealized yet realistic
foundation for simulating bioheat transfer. The spherical symmetry of the model allows the Pennes’ bio-heat equation to be
applied in spherical coordinates, reducing numerical artifacts at boundaries and ensuring that heat gradients propagate
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smoothly from the tumor core outward [13]. Additionally, the modular design of the phantom enables easy assignment of
labels to represent distinct tissue layers (e.g., tumor, fat, muscle, skin), which becomes critical in later stages of layered
thermal and radiative modeling. Based on the governing equation (Equation 1), and using the initial and boundary
conditions, the Pennes’ bio-heat transfer equation in spherical coordinates was solved numerically via an explicit finite
difference method.

Spherical Phantom: Tumor (Label 2) at Center

20 9
v 0

Figure 2 Voxelized 3D Spherical Phantom with Central Tumor (Label 2) and Surrounding Healthy Tissue (Label 1).

c == —|r
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his method discretizes the equation in both time and space to simulate the transient temperature distribution within tissue
subjected to laser heating and perfusion. The finite difference scheme was applied as follows:

aT(r' t) = 19 ( ZKT(r' t)> + prb wb(Ta - T(T‘, t)) + Qmet + Qlaser(r) (1)

e  Time derivative (forward difference):
a_T - Tin+1_Tin (2)
ac At

e  Spatial derivative in spherical form (central difference):

ii( 2 GT) 1 [r12+0.5(Ti111 — T —rfos(T" — L)

(3)

12—
r2dr or r? Ar?

Substituting these approximations into the original Pennes’ equation, which includes heat conduction, perfusion, metabolic
heat generation, and laser-induced heat input, yields the following update equation for temperature at each voxel and time
step.

2 2
At i(ri+o.5(Ti1+l-1_Tin)_Ti_o_5(Tin—Tﬁl)
pe lr? Ar?

M =T+ ) +ppp@p(Ta = T/") + Qmee + Quaseri|  (4)

This scheme was implemented in MATLAB, where each voxel’s temperature was iteratively updated over time until the
desired preheating condition (43 °C, 45 °C, or 47 °C) was reached. The laser source was modeled as a Gaussian radial
function, contributing to the Quaser(r) term, and representing spatially focused energy input. Meanwhile, metabolic heat
generation Qmet Was treated as a constant physiological parameter. The finite difference implementation enabled the tracking
of spatial and temporal temperature dynamics critical to predicting thermal damage and guiding subsequent radiotherapy
simulation.

3. RESULTS AND DISCUSSION:

3.1. First phase: Heating Tumor Tissue to 43°C
In the first hyperthermia phase, the central tumor region was heated to 43 °C using an external laser heat source. To model
the light propagation within tissue, we employed MCXLAB, which simulated photon transport in the anatomically layered
3D phantom. The resulting fluence distribution was converted into a spatially resolved heat source term, Qiaser(r), and
incorporated into the time-dependent form of the Pennes’ bio-heat transfer equation in spherical coordinates, as shown in
equation 1. The simulation confirmed that the tumor core successfully reached 43 °C after approximately 900 seconds (15
minutes) of continuous laser exposure. Figure 3 shows a 3D overlay of the heated tumor region, highlighting the region that
achieved the target temperature.
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3D Overlay: Heated Tumor Region at 43°C
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Figure 3 3D Overlay: Heated Tumor Region at 43°C

Estimating Thermal Damage: To evaluate the biological impact of heating the tumor to 43 °C, the Arrhenius thermal
damage model was employed. This model is widely accepted for quantifying irreversible molecular injury caused by
temperature elevation in biological tissues. It estimates the damage index, Q(t), which reflects the logarithmic ratio of
healthy to surviving molecules over time, and is sensitive to both temperature and exposure duration. The model uses the
following integral expression:

RT(7)

_ t Eq
Q) = fo Acexp (- L) dr (5)

Where:
e O(t): Accumulated thermal damage index (unitless)
e A: Frequency factor (s™'), representing molecular reaction rate
e  Ea.: Activation energy (J/mol), specific to tissue type
e R: Universal gas constant (8.314 J/mol-K)

e T(t): Absolute temperature (in Kelvin) as a function of time
Q: Dimensionless damage index (€2 > 1 means irreversible damage)

A 3.1x10%% S

Ea 6.28%10° J/mol

R 8.314 J/mol. K

T 43+273.15=316.15K

Using the temperature-time profiles obtained from solving the Pennes’ bio-heat equation, the Arrhenius thermal damage
integral was numerically evaluated across the tumor and surrounding tissues. The results, shown in Figure 5, indicate that
thermal damage values reached Q = 0.005 in the tumor center, reflecting sub-lethal injury, consistent with the goal of
sensitizing cancer cells to subsequent radiotherapy without inducing irreversible ablation. Peripheral layers exhibited even
lower damage values, further confirming the spatial selectivity of laser-based hyperthermia.

Thermal Damage Accumulation at 43°C Over 900 Seconds
0.005
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Time (s)

Figure 4 Thermal Damage Accumulation At 43 °C over 900 seconds.
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X-ray Application During Relaxation (Post-Heating Phase 1): After elevating the tumor temperature to 43 °C via external
laser-based hyperthermia, a targeted radiotherapy step was implemented. Specifically, a 6 MeV collimated X-ray beam was
applied during the 5-minute (300 s) thermal relaxation period. This timing was strategically chosen to exploit the
radiosensitizer state of tumor cells post-hyperthermia, thereby maximizing therapeutic efficacy while sparing surrounding
healthy tissues. Monte Carlo simulations using MCXLAB were conducted to model photon transport and calculate the 3D
spatial dose deposition. As visualized in Figure 6, the dose was concentrated at the tumor core with a Gaussian falloff,
ensuring precision in tumor targeting while minimizing peripheral exposure.

.i

,|‘ )
Figure 5 3D Spatial Distribution of X-ray Dose, following Laser-Induced Hyperthermia at 43 °C.

Combined Damage Assessment (Thermal + X-ray): To evaluate the cumulative effect of sequential hyperthermia and
radiotherapy, we calculated the effective damage (ED) — representing the predicted fraction of cell death based on the
combined thermal and radiative stresses. This model accounts for both the Arrhenius-based thermal injury and the dose-
response to X-rays, highlighting their synergistic potential. Figure 7 shows the 3D volume rendering of the resulting cell
death fraction, where each voxel represents the probability of irreversible damage. The central tumor region exhibits the
highest values (ED = 0.9), confirming that the combined treatment significantly enhances lethality compared to hyperthermia
alone. As damage decreases toward the periphery, it also validates the selective targeting of the tumor core while sparing
surrounding tissues. This volumetric result reinforces the core hypothesis of this study — that moderate hyperthermia (43°C)
can sensitize tumor cells to radiation, leading to improved treatment efficacy without increasing radiation dose or thermal
exposure beyond safe thresholds.

3D Volume of Combined Thermal + X-ray Damage at 45°C

Cell Death Fraction

0.4

Figure 6 Visualization of Effective Cell Death Distribution After Combined Hyperthermia (43 °C) and X-ray Therapy.

A survival analysis conducted and its clearly demonstrates the selective lethality of the combined treatment approach. The
tumor, heated to 43 °C and then exposed to 5 Gy X-rays, shows a dramatic drop in survival — only 6% of cells remain
viable. In contrast, healthy tissue, which received a much lower dose (1.6 Gy) due to spatial attenuation, retained 71%
survival, highlighting that normal structures were largely preserved. This result strongly supports the idea that moderate
hyperthermia sensitizes tumor cells to radiotherapy, enhancing therapeutic efficacy without increasing the physical radiation
dose — a key advantage in clinical settings where minimizing healthy tissue damage is crucial. As figure 8 demonstrates the
survival analysis for both of tumor and health cells
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Estimated Cell Survival after X-ray Exposure (43 °C Preheating Phase)

Tumor (5 Gy)

Healthy Tissue (1.6 Gy
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Figure7 Cell Survival Comparison Following 43 °C Hyperthermia and Radiotherapy (First Treatment Phase).

Second phase: Heating Tumor Tissue to 45°C: To ensure a comprehensive comparison and evaluate the impact of higher
thermal exposure on treatment outcomes, all simulation steps conducted in the first heating phase (at 43 °C) were
systematically repeated for a second phase, this time targeting a tumor temperature of 45 °C.

43

Temperature (°C)

w
o

Figure 8 3D Cutaway View: Heat Distribution in Tumor and Tissues at 45 °C

Estimating Thermal Damage: During the second heating phase, the tumor was reheated from 37 °C to 45 °C using laser-
based hyperthermia. Thermal damage estimation via the Arrhenius mode. At this temperature, the Arrhenius thermal damage
index reached approximately Q = 0.03, which is about three times the damage observed at 43 °C (Q = 0.005).
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Thermal Damage Accumulation at 45°C Over 1200 Seconds
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Figure 9 Thermal Damage Accumulation At 45°C over 1200 seconds

X-ray Application During Relaxation (Post-Heating Phase 2): Following the elevation of tumor temperature to 45 °C
using laser-based hyperthermia, a 6 MeV collimated X-ray beam was applied during the thermal relaxation phase — the
short window in which the tumor remains in a sensitized state before cooling back to the physiological baseline (37 °C). This
period was strategically selected to maximize radiosensitization, a known biological effect where heated tumor cells become
more vulnerable to radiation-induced damage.

Normalized Dose

Figure 10 Central 2D Slice of X-ray Dose Distribution After 45 °C Hyperthermia (Normalized View)

Estimated Cell Survival after X-ray Exposure (45°C Preheating Phase)

Cell Survival Fraction

4.5%

Tumor (Preheated, 5 Gy) Healthy Tissue (1.6 Gy)

Figure 11 Cell Survival Comparison Following 45 °C Hyperthermia and Radiotherapy (Second Treatment Phase).
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Third Heating Phase: Elevating Tumor Temperature to 47 °C

To explore the impact of further increasing thermal exposure on treatment efficacy, we introduced a third hyperthermia
phase in which the tumor was heated to 47 °C. Prior to initiating this phase. Same steps applied and the following results
excluded.

0.0200 Thermal Damage Accumulation at 47°C Over Time

0.0175F
0.0150
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0.0100F

0.0075

Thermal Damage Q

0.0050

0.0025

0.0000

0 200 300 600 800 1000 1200 1400
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Figure 12 Thermal Damage Accumulation At 47°C over 1500 seconds.

Estimated Cell Survival after X-ray Exposure (47°C Preheating Phase)
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Figure 13 Cell Survival Comparison Following 47 °C Hyperthermia and Radiotherapy (Third Treatment Phase).
Estimated Cell Survival after X-ray Exposure at Different Preheating Phases
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Figure 14 Comparative Analysis of Cell Survival After Radiotherapy at 43 °C, 45 °C, and 47 °C Preheating Phases.
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4. CONCLUSIONS

This study presented a comprehensive computational framework to investigate the combined effects of laser-induced

hyperthermia and X-ray radiotherapy on a synthetic lung tumor model embedded within healthy tissue. By simulating three

progressive hyperthermia phases—targeting 43 °C, 45 °C, and 47 °C—we explored how incremental increases in thermal
preconditioning influence tumor radiosensitivity and therapeutic outcomes. The modeling pipeline integrated multiple
biophysical and radiobiological approaches, including Pennes’ bio-heat transfer equation for temperature evolution, Monte

Carlo simulations for photon transport and dose deposition, and the Arrhenius and Linear-Quadratic (LQ) models for

assessing thermal and radiation-induced cellular damage, respectively.

Each phase began with laser-induced heating of the tumor to a specific target temperature. The spatial and temporal

characteristics of heat propagation were resolved numerically under spherical symmetry assumptions, and temperature fields

were visualized using both 3D volume renderings and 2D cross-sectional slices. These visualizations not only confirmed
successful temperature elevation but also verified that thermal gradients remained well-confined to the tumor region,
preserving the integrity of adjacent healthy tissue. After reaching the designated hyperthermic state, a 5 Gy dose of 6 MeV

X-ray radiation was delivered during the thermal relaxation window to harness the radiosensitizing benefits of elevated

temperature.

The outcomes of each heating phase revealed clear, consistent trends in both thermal damage accumulation and radiation-

induced cell kill:

e  Phase 1 (43 °C): The tumor was heated over ~900 seconds. The resulting thermal damage was modest (2 = 0.005), yet
sufficient to enhance the biological impact of radiotherapy. Following X-ray exposure, the tumor exhibited a substantial
reduction in viability, with an estimated survival fraction of only 6%. Healthy tissue, on the other hand, maintained a
high survival rate of 71%, indicating selective cytotoxicity. This phase served as a baseline, demonstrating that even
mild hyperthermia can significantly boost radiation effectiveness.

e Phase 2 (45°C): With increased heating duration (~1200 seconds) and higher target temperature, the tumor
experienced greater thermal stress (2 = 0.010). Heat was more tightly focused, as confirmed by sharper gradients in the
spatial distribution. When followed by the same radiotherapy protocol, tumor survival dropped further to 4.5%, while
healthy tissue remained largely unaffected (72% survival). This intermediate phase illustrated the enhanced synergistic
effect that emerges when hyperthermia intensity is elevated.

e  Phase 3 (47 °C): In the final and most aggressive phase, the tumor was heated to 47 °C over approximately 1500
seconds. The thermal damage response became distinctly nonlinear (Q > 0.02), reflecting a sharp acceleration in tissue
injury due to the exponential sensitivity of the Arrhenius model. This resulted in the highest degree of tumor
cytotoxicity across all phases, with only 1.5% of tumor cells surviving. Remarkably, healthy tissue was still preserved
with a 73% survival rate. This outcome demonstrates that small, controlled increases in thermal exposure can
dramatically amplify therapeutic gains without compromising safety.

Across all three phases, survival data—visualized through comparative bar charts—highlighted a compelling temperature-

dependent relationship. Tumor cell survival dropped from 6% at 43 °C to 1.5% at 47 °C, while healthy tissue survival

remained consistently high. These findings strongly suggest that moderate increases in preheating temperature can
significantly improve the therapeutic ratio in radiotherapy: maximizing tumor destruction while minimizing collateral
damage to healthy tissue.

From a clinical perspective, this study provides strong theoretical support for incorporating hyperthermia into radiotherapy

protocols. The staged simulation approach offers a reproducible and adaptable framework for predicting how variations in

temperature and timing can affect treatment efficacy. Moreover, the use of voxel-based phantoms and spatially-resolved
dose maps adds a layer of anatomical realism that enhances the translational relevance of the results.

While the computational findings are promising, they also highlight the need for experimental validation. Future work

should prioritize in vivo studies—potentially using small animal models—to confirm the biological effects predicted by this

simulation. Additionally, incorporating patient-specific geometries and perfusion data could improve personalization in
clinical settings.

In conclusion, this work demonstrates the powerful synergy between hyperthermia and radiotherapy. Through careful

thermal control and precise dose delivery, it is possible to selectively sensitize tumor tissue to radiation, achieving greater

therapeutic effectiveness while safeguarding healthy structures. These results lay the groundwork for future research aimed
at developing optimized, personalized, and more effective cancer treatment protocols using combined thermal and radiative
modalities.
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Optimizing Energy Consumption in Plastic Recycling:
A Variable Sensitive Approach Using Monte Carlo
Simulation and Heat Map Analysis

Birnur Bozdogan', Adem Atmaca’

Abstract

This study presents a data-driven simulation framework to optimize Specific Energy Consumption (SEC) in plastic recycling
processes for PET, HDPE, LDPE, and PP. Using Monte Carlo Simulation and Heat Map Analysis, the methodology was validated
at a recycling facility located in Gaziantep, Tiirkiye. The framework accurately estimates SEC across critical recycling stages,
supported by high statistical confidence through extensive validation measures. Heat maps reveal substantial SEC sensitivity to
environmental conditions, particularly temperature and humidity, identifying extrusion as the most energy-intensive stage. The
proposed approach enables significant energy savings through adaptive operational strategies, promoting sustainable practices
and aligning with Tiirkiye’s circular economy goals and net-zero ambitions.

Simulation results indicated that PET's SEC reached 630 kWh/ton, with extrusion alone accounting for 500 kWh/ton. At high
ambient temperatures (35 °C), SEC increased by up to 15%, while colder conditions (-5 °C) allowed reductions of up to 12%,
confirming the model’s environmental sensitivity and optimization potential. Monte Carlo simulations with 10,000 iterations
produced results with only 0-7% relative error compared to real factory data (R> = 0.998), validating the predictive accuracy of
the framework. The findings suggest that scheduling energy-intensive operations during cooler periods and using adaptive cooling
control systems could result in 15-20% energy savings, while simultaneously reducing CO: emissions by 0.06—0.09 kg per kg of
recycled plastic.

Keywords: Energy efficiency; Energy optimization; Heat map analysis; Monte Carlo simulation; Plastic recycling;
Specific energy consumption

1.INTRODUCTION

Plastic waste remains one of the most persistent global environmental challenges, with substantial disparities in recycling rates and
energy efficiency across countries. In Tiirkiye, annual plastic consumption has approached 9 million tons, driven by rapid
urbanization and industrial growth. Yet, the national plastic recycling rate lags behind at approximately 12%, contrasting sharply
with countries such as Germany (42%) and Switzerland (45%) (Wang et al., 2020; Zhang et al., 2019).

Compounding this issue is the high energy demand observed in Tiirkiye’s recycling infrastructure particularly for polyethylene
terephthalate (PET) where Specific Energy Consumption (SEC) values can reach 630 kWh/ton, far exceeding the European
benchmark of 350 kWh/ton. These figures underscore the urgent need for data-driven strategies to improve both energy efficiency
and environmental performance in the country’s recycling sector.

Plastic recycling technologies vary widely in terms of material recovery efficiency and energy requirements. Mechanical recycling,
the most widely used method, involves shredding, washing, drying, and extrusion. Although cost-effective, it is highly energy-
intensive especially during the extrusion phase. Alternative techniques such as chemical, thermal, or biological recycling offer
environmental benefits, yet remain limited due to technical, economic, or scalability barriers (Hopewell et al., 2009; Ragaert et al.,
2017; Astrup et al., 2009; Tokiwa et al., 2009).

Countries with successful recycling models emphasize the synergy between advanced technology and effective regulatory
frameworks. Germany, for example, combines its “Green Dot” producer responsibility system with automated sorting technologies,
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while Switzerland couples high recycling rates with energy recovery to minimize landfill dependency (Singh et al., 2021; Ahmed et
al., 2022). These cases illustrate how aligning innovation, policy, and sustainability goals can drive systemic efficiency.

In contrast, Tiirkiye’s recycling infrastructure is challenged by the absence of real-time energy monitoring systems, a lack of material-
specific SEC benchmarks, and minimal use of computational modeling to guide process optimization. Moreover, core principles of
the circular economy—such as resource efficiency, energy conservation, and waste minimization are not yet fully embedded in
industrial practices. Overcoming these barriers is essential for aligning Tiirkiye’s recycling sector with its 2053 Net-Zero
commitment and EU-aligned waste management directives.

To address these gaps, this study proposes a simulation-based framework combining Monte Carlo Simulation and Heat Map Analysis
to model and optimize SEC across mechanical recycling processes for four key polymers: PET, HDPE, LDPE, and PP. While prior
studies have applied simulation tools to energy modeling, most have neglected dynamic environmental variables or focused narrowly
on PET. This research contributes a novel, data-enriched approach by integrating real-world environmental conditions such as
ambient temperature and relative humidity into predictive modeling, enabling process-specific insights into energy performance.

We hypothesize that incorporating environmental parameters into SEC simulations will enhance predictive accuracy and facilitate
the identification of energy-intensive process stages. Furthermore, Heat Map Analysis adds a visual diagnostic layer to reveal
operational inefficiencies under various climatic conditions. By applying this integrated framework to a functional recycling facility
in Gaziantep, Tiirkiye, the study aims to propose actionable strategies for energy efficiency, climate resilience, and circular economy
advancement.

2. LITERATURE REVIEW

Plastic recycling has attracted increasing attention due to the dual imperative of reducing waste and improving energy efficiency.
While previous studies have explored process improvements and environmental benefits, there remains a notable gap in stage-
specific energy modeling, especially under dynamic environmental conditions.

Research by Li et al. (2018) and Kumar et al. (2020) emphasizes that process control such as adjusting extrusion temperature or
adopting infrared heating can reduce energy use by 5-20%. Comparative analyses also reveal that countries with advanced
infrastructure, like Germany and Switzerland, maintain SEC levels around 350 kWh/ton through automation and energy recovery,
whereas Tiirkiye’s SEC can reach 630 kWh/ton (Wang et al., 2020; Schweitzer et al., 2021).

In Tiirkiye, inefficient equipment, outdated extrusion systems, and the lack of real-time monitoring continue to hinder energy
performance (Demir et al., 2020). Recent literature (Bashir et al., 2023; Nguyen et al., 2023) underscores the value of Monte Carlo
simulation and Heat Map Analysis for capturing environmental variability and enhancing energy prediction models, yet such
methods remain underutilized in practical settings.

This study addresses that gap by applying a simulation-based approach to four major polymers (PET, HDPE, LDPE, PP), using real
factory data from Gaziantep. It contributes to the field by:

o Identifying stage-specific energy hotspots,
e  Quantifying SEC under varying conditions,
e  Proposing actionable strategies for 15-20% energy savings.

Thus, the proposed framework not only advances energy modeling in recycling but also supports data-driven transitions toward
sustainable, circular operations especially in emerging economies like Tiirkiye.

3.METHODOLOGY

This study investigates Specific Energy Consumption (SEC) across different plastic recycling stages for PET, HDPE, LDPE, and
PP. The research was conducted in a recycling facility selected for its high daily processing capacity (~15 tons) and relevance in
national waste infrastructure. The site provided a practical setting for evaluating energy consumption patterns and testing
optimization strategies.

A simulation-based comparative framework was adopted, integrating operational data with Monte Carlo—based uncertainty modeling
and environmental sensitivity analysis, implemented using MATLAB. The framework combines quantitative and qualitative
methods for a comprehensive assessment of energy dynamics in mechanical recycling.
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The methodology consists of five main layers:

e  Empirical Data Acquisition

e  Deterministic SEC Characterization

e  Stochastic Modeling via Monte Carlo Simulation

e  Environmental Sensitivity Mapping through Heat Maps
e  Model Validation and Deviation Analysis

Plastic scrap
rogrind Matersl

Figure 1. Plastic Recyling Flow Diagram

3.1. Empirical Data Acquisition and Facility Characterization

Operational data were collected over a a 12-month period, including SEC (kWh/ton), ambient temperature (°C), and relative humidity
(%). The data were categorized by polymer type and recycling stage to enable process-level analysis. These inputs formed the
foundation for both deterministic calculations and probabilistic simulations.

3.2. Deterministic Modeling of Baseline SEC

Stage-wise SEC values were first established using deterministic calculations under standard operational settings. For each polymer
p and process stage s , SEC was computed as:

__Eps
SECp,s = 32 [kWhjon] (1)

where:
3 SEC_{p,s} : Specific Energy Consumption (kWh/ton)
e E p,s = Measured energy consumption for polymer p at stage s (kilowatt-hours, kWh)

e M p,s= Mass throughout (tons) polymer p at stages s (tons)

Mass throughput refers to the quantity of material processed at each recycling stage. Minor material losses during operations
(estimated at less than 3%) were considered negligible and were therefore not corrected in the SEC calculations.
The total deterministic SEC for each polymer type was determined by summing the stage-specific SEC values across all recycling
phases:

SECp total =Y, SECp,s 2)

where:

e n=4, corresponding to the four primary stages: sorting, shredding, washing, and extrusion.
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The SEC values calculated in this manner provide a baseline against which stochastic simulation results were compared. Energy
consumption and throughput measurements were synchronized with stage-specific process data to ensure the accuracy and
consistency of SEC estimations.

All calculated SEC values are expressed in units of kilowatt-hours per ton of recycled material, ensuring standardization for
comparative analysis across different polymer types and operating conditions.

3.3. Simulation-Based Modeling of SEC Variability

To investigate the influence of environmental fluctuations and operational variability on SEC, two distinct simulation methods
were employed: Monte Carlo simulation and heat map-based sensitivity analysis. Both methods were implemented using MATLAB
to ensure precision, reproducibility, and effective visualization.

Monte Carlo Simulation

e RH~U@B0,70) 1 relative humidity (%),

e (C~U(0.1, 0.5):contamination level of feedstock,

e  Text~IV(250,10: extrusion temperature (mean = 250°C; SD = 10°C),

e &N (0,0) residual process noise.

Simulations were run for 10,000 iterations per polymer, yielding probability distributions of SEC values under diverse
environmental scenarios. This stochastic modeling approach enabled the quantification of uncertainty, estimation of confidence
intervals, and identification of deviation bands relative to baseline SEC values.

Heat Map Analysis

Heat map simulations were conducted to visualize the environmental sensitivity of SEC. SEC values were ~computed across a
matrix of ambient temperature (from —5°C to +35°C) and relative humidity (from 20% to 80%), and plotted as two-dimensional

contour maps. These maps revealed environmental thresholds beyond which energy consumption increased nonlinearly, particularly
during extrusion. The visual format facilitated intuitive identification of operational windows for energy-efficient recycling.

3.4. Model Validation and Assessment

To evaluate the predictive accuracy of the simulation framework, simulated Specific Energy Consumption (SEC) values were
compared against real-world measurements obtained from the recycling facility. Three statistical error metrics were employed: Mean
Absolute Error (MAE), Root Mean Square Error (RMSE), and Relative Deviation (5):

e  Mean Absolute Error (MAE):

MAE quantifies the average magnitude of absolute differences between simulated and observed SEC values:

MAE= %zg;l +|SEC sim® —SECos| €

Where:

MAE : Mean Absolute Error

SECsim' : Simulated SEC value (kWh/ton)
SECobs: Observed SEC value (kWh/ton)
N : Number of observations

e Root Square Error (RMSE):

RMSE measures the square root of the mean of the squared differences, placing greater emphasis on larger errors:

RMSE = \g Y (SECsn® —SECon) 4)
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RMSE : Root Mean Square Error
SECsim': Simulated SEC value (kWh/ton)
SECobs: Observed SEC value (kWh/ton)
N : Number of observations

e Relative Deviation Error ():

The relative deviation expresses the percentage difference between the mean simulated SEC and the observed SEC:

__ 4|SECmin,mean—SECobs|
SECobs

o

Where:

d : Relative deviation (%)
SEChmin,mean } : Mean simulated SEC
SECobs : Mean observed SEC

x 100 5)

A 95% confidence interval was constructed, and percentile-based outlier analysis was performed to ensure the statistical validity
and internal consistency of the simulation results.

The final validation indicated that simulation outcomes deviated by only 0—7% across all evaluated materials (PET, HDPE,
LDPE, and PP). This deviation falls well within the generally accepted threshold of 10% for high predictive accuracy in industrial
energy modeling, confirming the strong performance and reliability of the developed simulation framework.

Simulated results were benchmarked against measured factory data to evaluate model fidelity. Statistical performance was
quantified using:

e  Mean Absolute Error (MAE),
e  Root Mean Squared Error (RMSE),
e  Coefficient of Determination (R?).

The Monte Carlo simulations exhibited strong alignment with real-world data, with deviations ranging between 0% and 7%.
The final model achieved an R? 0f 0.998, MAE of 4.2 kWh/ton, and RMSE of 5.0 kWh/ton, validating the accuracy of the simulation
framework.

While environmental parameters were comprehensively incorporated, factors such as equipment age, maintenance cycles, and
operator variability were excluded due to data limitations. These elements may influence SEC and should be considered in future
research to further enhance model completeness.

This dual simulation methodology offers a effective and scalable framework for understanding energy consumption dynamics
in plastic recycling. The findings enable data-driven process improvements and the development of adaptive operational strategies
with the potential to achieve 15-20% energy savings. The extrusion process, identified as the most energy-intensive and
environmentally sensitive stage, emerges as the primary target for optimization in energy management initiatives.

4.RESULTS AND DISCUSSION

The results of the Specific Energy Consumption (SEC) analysis using the Monte Carlo simulation model, developed with
MATLAB and based on real data from a local plastic recycling facility, are presented in this section. The model's accuracy was
validated by comparing the simulated SEC values with actual factory measurements.
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4.1 Analysis of Real Specific Energy Consumption (SEC) Values from Factory Measurements
Table 1. Analysis of Real Specific Energy Consumption

Stage PET HDPE LDPE PP
(kWh/ton)

Sorting 30 25 20 20
Shredding 50 45 35 35
Washing 50 50 40 45
Extrusion 500 300 215 220

Total 630 420 310 320

The following table summarizes the energy consumption per ton of plastic at each stage of the recycling process. These values were
derived from real operational data collected through energy meters installed at key recycling stages The energy values are measured
in kilowatt-hours (kWh) per ton of plastic processed and provide a clear picture of the energy demands for PET, HDPE, LDPE, and
PP across the different stages: sorting,shredding, washing, extrusion.

The data reveals that the extrusion stage is the most energy intensive phase across all plastic types, particularly for PET, where
extrusion alone accounts for 500 kWh/ton, representing approximately 80% of its total SEC. Similarly, HDPE's total SEC of 420
kWh/ton is heavily influenced by the extrusion phase (300 kWh/ton) and shredding processes. In contrast, LDPE and PP exhibit
relatively lower SEC values, with energy demand more evenly distributed across recycling stages. These findings underscore the
critical role of the extrusion stage in driving total energy consumption, emphasizing the need for targeted optimization strategies to
improve energy efficiency in recycling processes.

4.2 Monte Carlo Simulation Results

The Monte Carlo simulation results provided valuable insights into the variability of Specific Energy Consumption (SEC) in plastic
recycling processes under fluctuating environmental conditions. By simulating 10,000 iterations, the model effectively captured the
influence of seasonal temperature variations, contamination levels, and process uncertainties on energy consumption. The simulation
outcomes were compared with real factory data to assess model accuracy and reliability.

For PET, the Monte Carlo simulation yielded SEC values predominantly ranging between 610—-650 kWh/ton, closely aligning with
the factory-measured value of 630 kWh/ton. This demonstrates the model’s accuracy in predicting real-world energy consumption
patterns. The observed variation is attributed to the increased cooling demand during higher ambient temperatures, consistent
with factory observations, where cooling systems (e.g., chillers) are more active in summer conditions (~35°C).

Similarly, for HDPE, simulated SEC values were found to fluctuate between 410—430 kWh/ton. This range reflects the impact of
variations in shredding and extrusion energy demand under different contamination scenarios.
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For LDPE displayed a narrow and symmetric SEC distribution centered around 310 kWh/ton, with low variance (+8). The histogram
confirms that LDPE is comparatively stable in its energy performance, potentially due to lower processing temperatures or less
energy-intensive mechanical characteristics during extrusion.

For PP, the histogram centered at 320 kWh/ton revealed moderate spread with a slight tail toward higher SEC values. The standard
deviation was +9. Results suggest that PP may be more affected by combined high-temperature and humidity conditions, pointing
to a need for tighter environmental controls during operation.

The simulation outcomes confirmed that ambient temperature fluctuations significantly influence SEC values. For example,
simulations conducted for extreme winter conditions (-5°C) predicted SEC reductions of 5-10% while simulations for peak summer
conditions (35°C) indicated SEC increases of 10-15% due to elevating cooling system demand. The results are in line with findings
from Astrup et al. (2018) and Hopewell et al. (2009), which emphasize the significant impact of ambient temperature on industrial
energy efficiency. These findings highlight the importance of dynamic energy management strategies, such as adjusting process
schedules and optimizing cooling system operations, to mitigate the adverse effects of seasonal variations on energy consumption.

Overall, the Monte Carlo simulation effectively modeled real-world energy consumption patterns, demonstrating its reliability as a
predictive tool for assessing SEC in plastic recycling processes. The results reinforce the extrusion stage as the dominant contributor
to total SEC and emphasize the potential for energy savings through improved thermal management strategies and targeted process
optimization.

Histogram of Simulated SEC for PET Histogram of Simulated SEC for LDPE
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Figure 2. Monte Carlo Simulation Results: Histogram of Simulated Plastic

The comparative histogram analysis highlights the varying degrees of environmental sensitivity among different polymer types. PET
and PP demonstrated greater dispersion in SEC under simulated uncertainty, whereas LDPE showed the most consistent energy
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performance. The results reinforce the critical role of temperature and humidity control, especially in the extrusion stage, to minimize
operational energy deviations and improve predictability.

These findings not only validate the accuracy of the Monte Carlo simulation outputs but also provide operational insight into targeted
energy efficiency measures for each polymer type.

4.3. Heat Map-Based Sensitivity Analysis

To complement the histogram based evaluation, heat map visualizations were employed to explore the two-dimensional sensitivity
of SEC to environmental parameters specifically ambient temperature and relative humidity. Each heat map was constructed using
matrix outputs from the simulation model, with SEC values computed for temperature values ranging from —5°C to +35°C and
relative humidity levels between 20% and 80%.

Heat Map of SEC for HDPE
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Figure 3. Heat map of SEC for HDPE polymer
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Figure 4. Heat map of SEC for LDPE polymer
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Heat Map of SEC for PET
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Figure 5. Heat map of SEC for PET polymer
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Figure 6. Heat map of SEC for PP polymer

The heat map for PET shows a sharp increase in SEC under elevated ambient temperatures (=30 °C) and high relative humidity
(=70%). The top-right region of the matrix highlights the combined effect of these conditions, with extrusion emerging as the most

affected stage due to its thermal sensitivity. PET demonstrates the highest environmental responsiveness among all polymers
analyzed.

HDPE displays a more gradual SEC increase. Although less steep than PET, a noticeable gradient appears beyond 25 °C and 60%
RH, indicating moderate sensitivity. While HDPE is more thermally stable, ambient control measures such as ventilation or
dehumidification remain beneficial, particularly during extrusion and washing.

LDPE exhibits a consistently flat SEC profile across all environmental conditions, showing minimal fluctuation even under extremes.
This indicates high resilience to temperature and humidity, making LDPE suitable for facilities with limited environmental control.

Polypropylene shows a moderate SEC rise under combined high temperature and humidity, especially in the upper-right zone of the
heat map. Although less sensitive than PET, PP still benefits from adaptive process strategies, such as localized cooling or scheduled
operations, to optimize energy efficiency.
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This comparative analysis reveals that environmental sensitivity in plastic recycling is both polymer-specific and process-dependent.
PET and PP are more reactive under hot and humid conditions, while LDPE remains the most stable. These observations align with
histogram results and emphasize the importance of tailored environmental management strategies.

The heat maps not only support academic insights but also offer actionable guidance for industry, enabling proactive control of
environmental variables to minimize energy waste and ensure process stability.

4.4. Heat Map-Based Sensitivity Analysis

Carbon Emissions Implication of Energy Efficiency in Plastic Recycling

Specific Energy Consumption (SEC) not only reflects the operational energy demand of plastic recycling processes but also serves
as a critical indicator of their associated greenhouse gas (GHG) emissions. In countries such as Tiirkiye, where electricity generation
is still predominantly reliant on fossil fuels, SEC has a near-linear relationship with CO: emissions. To quantitatively assess this
environmental impact, a carbon intensity coefficient derived from the International Energy Agency (IEA, 2023) was applied:

Emission Factor=0.426 kg CO2/kWh 6)

Where:

CO2: Carbon emissions (kg CO/ton)

Given this emission factor, the estimated carbon footprint for each polymer was calculated by multiplying its average SEC by the
emission coefficient:

CO: Emissions=SECx0.426 @)

Where:

SEC:Specific Energy Consumption (kWh/ton)

The average SEC values were obtained from Monte Carlo simulations and validated against empirical measurements. The resulting
emission estimates are summarized in Table 2.

Table 2. Resulting of CO: Emmisons

Polymer Average CO: Emissions Calculation
SEC (kg/ton)
(kWh/ton)
PET 630 268.38 630 x 0.426 =
268.38
HDPE 420 178.92 420 x 0.426 =
178.92
310 x 0.426 =
LDPE 310 132.06 132.06
136.32 320 x 0.426 =
PP 320 136.32
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These results confirm that PET possesses the highest carbon intensity per ton of recycled material due to its comparatively higher
energy demands. Conversely, LDPE and PP exhibit lower CO: emissions, aligning with their more stable and efficient energy
consumption profiles.

This analysis demonstrates that reductions in SEC yield direct and quantifiable benefits in terms of carbon emissions. For example,
a 10% reduction in SEC for PET from 630 to 567 kWh/ton would reduce emissions from 268.38 to 241.54 kg CO-/ton. Such
improvements contribute directly to broader decarbonization efforts, including:

e  Tiirkiye’s 2053 Net-Zero Emissions Commitment
e  The EU Green Deal
e  Carbon Border Adjustment Mechanism (CBAM) compliance

Therefore, enhancing energy efficiency is not only a matter of reducing operational costs but also a vital component of achieving
long-term climate goals. When combined with heat map diagnostics and Monte Carlo modeling, this CO: analysis provides a multi-
dimensional sustainability assessment framework that is both quantitative and actionable.

5. CONCLUSION

This study presents a data driven, simulation based framework to evaluate and optimize Specific Energy Consumption (SEC) in
plastic recycling processes under dynamic environmental conditions. By integrating empirical factory data with advanced
computational techniquesnamely Monte Carlo Simulation and Heat Map Analysis this research provides a comprehensive
understanding of how ambient temperature and relative humidity affect energy demand across key recycling stages.

Among the evaluated process steps, extrusion was identified as the most energy intensive and environmentally sensitive operation,
particularly for PET, which exhibited SEC values up to 630 kWh/ton. The Monte Carlo simulation, implemented in MATLAB with
10,000 iterations, effectively captured stochastic variations in energy use, achieving high predictive accuracy with deviation margins
limited to 0—7% when benchmarked against real-world measurements. Heat Map Analysis visually reinforced the environmental
dependencies of SEC, showing that elevated temperatures (+35°C) increase energy demand by 10—15%, while colder ambient
conditions (—5°C) can yield savings of 5-10%. High relative humidity levels (70-80%) contributed to an additional 2—-3% increase
in SEC, highlighting the importance of both thermal and moisture control.

Operational strategies such as shifting energy-intensive operations to cooler periods, improving chiller system performance, and
integrating real-time automation can collectively deliver up to 15-20% energy savings. These findings offer recycling facility
managers not only technical recommendations but also a scalable roadmap for sustainable energy management.

From a methodological standpoint, this study introduces a novel simulation architecture that accounts for environmental dynamics
an area often overlooked in conventional industrial energy modeling. By incorporating temperature and humidity into predictive
algorithms, and by visualizing energy hotspots through heat maps, this research bridges the gap between theoretical modeling and
practical application. The ability to localize process inefficiencies enables targeted retrofitting and control interventions, particularly
in extrusion systems where environmental sensitivity is most pronounced.

What distinguishes this work from prior studies is its context sensitive simulation approach, tailored to the operational realities of
plastic recycling in Tiirkiye a country navigating infrastructural limitations and ambitious climate targets. Unlike traditional static
models, the proposed framework reflects dynamic process environment interactions, enhancing both its diagnostic power and policy
relevance.

Moreover, the implications of SEC optimization extend beyond technical energy efficiency. As demonstrated through emission
factor analysis, reductions in SEC translate directly into lifecycle carbon emission savings, with PET yielding up to 268 kg CO- per
ton. These reductions support alignment with Tiirkiye’s 2053 Net-Zero Emissions Strategy and the European Union’s Circular
Economy Action Plan. Lower SEC thresholds also enhance the economic viability of previously non-recyclable, low-grade plastic
streams thereby expanding the boundary of material circularity.

In this regard, SEC optimization emerges as a dual impact lever: advancing both environmental sustainability and operational
resilience in the plastic recycling sector. By repositioning energy management as a strategic enabler of circularity and
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decarbonization, this study lays the groundwork for the next generation of smart, adaptive, and climate-aligned recycling
infrastructures.

Future research should explore the integration of real-time IoT-based sensor networks with adaptive control systems to enable
autonomous energy optimization. Additionally, extending this methodology to cover multi-plant networks, additional polymer types,
and seasonal variations will improve generalizability. Economic feasibility studies including lifecycle cost benefit analyses are also
essential to inform investment strategies. Ultimately, the development of digital twin models that integrate energy, emissions, and
material flow metrics will be key to driving smart, sustainable transformation in the circular economy landscape.
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