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Abstract: The increasing demand for environmentally friendly manufacturing processes has led to the need for 

optimizing the use of cutting fluids in turning and milling processes. Cutting fluids are commonly 

used in cutting processes to reduce tool wear and improve cutting performance. However, cutting 

fluids have a negative impact on environment and human health. This paper proposes a conceptual 

model of аn information system based on digital twin of the production process. This system will 
enable monitoring of the manufacturing process and provide a decision support system for helping 

industrial engineers manage its parameters. The model is represented by using SADT (Structured 

Analysis and Design Technique), and it is presented by using one of the most common problems of 

optimizing cutting fluid usage in cutting processes on CNC machines from an ecological perspective. 

The proposed model considers various cutting process parameters (cutting speed, feed rate, depth of 

cut) and cutting environment factors (cutting process temperature) to determine the optimal cutting 

fluid flow rate. To optimize the usage of cutting fluid, the smart information system acquires, 

processes, and stores data from cutting process temperature and cutting fluid flow sensors to establish 

the correlation between process parameters and sensor data, which is then used to develop a model. 

The proposed model can be integrated with existing CNC machines to reduce environmental impact 

while maintaining high productivity. This paper provides a promising approach for optimizing cutting 

fluid usage in CNC machining processes while promoting ecological sustainability. 

Keywords: Cutting fluid optimization; Digital twin; SADT (Structured Analysis and Design Technique); 

Ecological sustainability; Sensors system 

 

I. INTRODUCTION 

Manufacturing industries have been a significant 

contributor to environmental degradation. The 

increasing demand for sustainable and eco-friendly 

manufacturing processes has become a crucial issue 

in recent years [1]. Machining processes such as 

turning and milling are widely used in the 

manufacturing industry. Cutting fluid (CF) is a type 

of coolant and lubricant designed specifically for 

metalworking and machining processes [2].  

One of the significant challenges in machining 

processes is the optimization of CF usage. The 

cutting process heavily relies on CFs as crucial 

components. CFs are commonly used in turning and 

milling processes to reduce tool wear and improve 

cutting performance. During the cutting processes, 

CFs are vital in ensuring optimal cutting 

performance, prolonging tool life, preventing 

workpiece damage, enhancing surface quality, and 

boosting productivity [3]. However, the CFs usage 

has adverse effects on the environment, including 

water pollution, air pollution and the generation of 

hazardous waste.  

CFs are one of the main causes of environmental 

pollution during the machining [4]. Therefore, the 

increasing demand for eco-friendly production 

methods due to environmental concerns has led to a 

growing interest in developing alternative methods 

for reducing the CFs usage while maintaining or 
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improving machining performance. Also, CFs usage, 

in addition to a significant impact on the 

environment due to their composition and disposal, 

also leads to potential health risks and economic 

costs [5]. CF usage accounts for a substantial portion 

of production costs, averaging up to 17%, with only 

6% attributed to the price of the fluid, and the 

remaining 94% to CF usage costs [6, 7].  

The ultimate goal of eliminating CFs is often 

unattainable due to the stringent requirements of 

machining operations, making dry machining 

conditions not always a viable alternative [8]. Due to 

the adverse effects of CFs, it is essential to minimize 

their usage in cases where dry machining is not 

feasible. Minimizing CFs usage contributes to 

reducing environmental pollution, potential health 

risks to operators, and economic costs. To reduce the 

CFs usage and meet the aforementioned objectives, 

it is imperative to optimize the cutting process while 

ensuring that desired productivity and the final 

product quality are not compromised. This implies 

that the optimal usage of CFs is essentially the 

minimum amount required to satisfy the necessary 

surface quality and main machine time [9].  

During machining operations, workpiece materials 

undergo plastic deformation that results in 

significant thermal stresses on both the cutting tools 

and workpieces [10]. To reduce the thermal stress 

that occurs, CFs are used. This means that the CFs 

usage is closely related to the heat generated in the 

cutting zone [11]. Therefore, when optimizing CF 

usage during cutting processes, it is essential to 

consider the heat generated, which necessitates the 

use of a temperature measuring sensor. To optimize 

the CFs usage, data from CF flow sensor and cutting 

process parameters are essential, in addition to 

temperature sensor data. Once all necessary data is 

gathered, filtered, and analysed, it leads to the 

correlation between the data that is used for 

developing an optimization model.  

The integration of digital technologies into 

manufacturing processes has revolutionized the way 

production systems are managed and optimized. One 

promising approach is the utilization of digital twins. 

The escalating digitization of various aspects of 

daily life has resulted in increased opportunities for 

data acquisition, storage, transfer, and analysis, 

which has in turn fostered high expectations for the 

"Digital Twins" concept [12]. 

This paper introduces a conceptual model of an 

information system based on digital twin (DT) of 

manufacturing processes, specifically cutting. The 

information system is represented by using 

Structured Analysis and Design Technique (SADT). 

SADT is a comprehensive systems engineering and 

software engineering methodology employed for 

describing systems as a hierarchical arrangement of 

functions. The hierarchical structure enables the 

decomposition of the system into smaller parts and 

thus increases the detail of the system analysis. 

SADT is a graphical notation that is primarily 

intended to assist individuals in effectively 

describing and comprehending complex systems 

[13]. As the cutting process itself is very complex, 

SADT represents a good method for creating a 

conceptual model of an information system based on 

digital twin (DT) of cutting processes. 

This paper presents a conceptual system that 

builds upon the authors' extensive experience in 

production engineering and workflow management. 

The conceptual model developed in this study serves 

as a crucial initial step in introducing a DT. The 

authors aim to transfer their knowledge and expertise 

into a novel workflow that enhances manufacturing 

processes by harnessing the power of real-time 

sensor(s) data. Central to this conceptual system is 

an information system model proposal that facilitates 

data acquisition and management. In the initial stage, 

expert knowledge will be leveraged to establish an 

expert system based on the user-expert experience in 

the manufacturing process. The main goal is to 

develop and propose a conceptual model of the 

intelligent information system that will enable 

different solutions to improve the manufacturing 

processes in clean manufacturing, process and 

product quality. The conceptual model of the 

information system is general, but to enable a better 

understanding of its possible applications, the focus 

will be on optimizing the usage of CFs in cutting 

processes on CNC machines, considering ecological 

sustainability. 

II. DIGITAL TWINS 

Digital Twins (DTs) are becoming increasingly 

more important in research and industry as they offer 

significant benefits in the transition from traditional 

manufacturing to Smart Factories in line with 

Industry 4.0. DTs represent a multidisciplinary 

technology that harnesses the power of models, data, 

machines, and computers to deliver efficient, real-

time, and intelligent services across various domains 

of smart manufacturing [14]. DTs have been widely 

adopted in the manufacturing industry to improve 

production efficiency and reduce costs. In recent 

years, DTs have been extended to environmental 

management, with applications in energy 

management and carbon footprint reduction. 

When discussing DTs, it's important to consider 

their different integration levels: Digital Model 

(DM), Digital Shadow (DS), and full-fledged Digital 

Twin (DT) [15]. These levels represent varying 

degrees of data integration between the physical and 

virtual counterparts. The DM serves as a 

foundational virtual representation with geometric 

and static data. DS act as intermediaries, 

incorporating static and dynamic data for monitoring 

and analysis but lacking real-time control. Finally, 
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the DT is a dynamic virtual replica closely mirroring 

the physical system in real-time, integrating various 

data sources and enabling real-time monitoring, 

control, and interaction. 

Various definitions of DTs have been proposed by 

the scientific community with the goal of providing 

a consistent and comprehensive understanding of 

their diverse applications [16]. The absence of a 

universally accepted definition of DTs stems from 

their wide applicability across diverse industries, the 

rapidly evolving nature of the field, varying 

perspectives from different disciplines and 

communities, and the flexibility in implementation 

using different technologies and platforms. Overall, 

DT is a virtual model that replicates the physical 

characteristics and behaviour of a real-world object 

or system. They serve as an interface connecting the 

physical and information worlds [14].  

The DT acquires and analyses data from its 

physical counterpart or other sources, using models 

and real-time and historical sensor data to assess the 

current state and predict future behaviour. By 

processing data, the DT generates recommendations, 

including optimization suggestions, which can be 

shared with users or integrated back into the physical 

system. The DT improves its own models by 

incorporating current data through a control loop, 

ensuring continuous refinement and adaptation to 

environmental changes for optimized results. DTs 

offer direct support to decision-making processes by 

providing specific recommendations or even acting 

autonomously [12]. The paper presents a conceptual 

model of a smart information system that utilizes a 

DT for decision-making. 

III. SADT METHOD 

SADT method is a diagramming technique that 

provides a graphical notation used in systems 

engineering for graphical modelling, description, 

and analysis of the structure of complex systems, 

their functions, and processes [13]. SADT, which 

can be applied to various systems comprising 

different components, enables analysis of their 

interrelated relationships. It offers a systematic 

approach to optimize machining processes by 

examining functions and activities involved. Widely 

used in software engineering and computer-aided 

manufacturing systems, SADT diagrams visually 

represent the system, aiding stakeholders in 

comprehending its behaviour and structure [13, 17-

20]. 

In SADT, boxes and arrows are used as graphical 

symbols for constructing diagrams. Boxes represent 

processes, functions, actions, entities, or activities 

and contain brief descriptions. In SADT graphical 

notation, each box in the diagram is labelled in the 

lower right corner.  

Arrows, in SADT graphical notation, have specific 

meanings: 

 Inputs enter from the left, representing necessary 

data or consumables;  

 Outputs exit to the right, indicating resulting data 

or products;  

 Controls enter from the top, representing 

commands or conditions influencing the activity;  

 Mechanisms enter from the bottom, signifying 

the means, components, or tools used to perform 

the activity and allocate activities. 

SADT hierarchically represents complex systems, 

ensuring consistency and offering detailed 

information at each level. Breaking down systems 

allows analysts to identify issues and areas for 

improvement. Hierarchical SADT diagrams provide 

benefits such as clear representation, understanding 

of component interactions, and a framework for 

analysis, design, and testing. 

IV. RESULTS AND ANALYSIS 

The smart information system is a complex system 

representing a manufacturing environment 

workflow. The main components, which are the 

focus of this research, are data processing and 

decision support system. For data processing, DT is 

used to represent manufacturing processes and 

acquire real-time data using IoT, which is Industry 

4.0 approach. The Decision Support system is an 

intelligent part of the information system focused on 

making decisions that will help industrial engineers 

resolve complex issues in the manufacturing 

environment. In the initial stage (concept), the 

decision support system will enable applying an 

expert system formed by using specialist knowledge, 

and an optimization model for finding the optimum 

of a defined process (CF in this case). Furthermore, 

machine learning will be applied to predict various 

solutions when enough sensor data is acquired in 

future work.  

For this research, the information system will be 

demonstrated by applying SADT conceptual model 

of the cutting process on a CNC machine to optimize 

CF usage is hierarchical and consists of several 

levels of detail. This conceptual smart information 

system model is based on the authors' extensive 

experience in production engineering and workflow 

management. The highest level of the hierarchy 

depicts the system's overarching objective, which is 

further decomposed into constituent processes and 

sub-processes. 

At the first level, the context diagram shows the 

overall smart information system that uses a DT of a 

process for decision-making. Overall SADT diagram 

of smart information system and its main inputs, 

outputs, resources/mechanisms and control elements 

is shown in Fig. 1.  
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Figure 1. Smart information system A0 - context 

diagram  

The system relies on essential data obtained 

through the use of resources, while considering 

established standards, rules, limitations and 

knowledge. In this stage, authors propose a 

conceptual information system model that utilizes 

real-time sensor data for data acquisition, serving as 

an initial step in introducing a DT. The following is 

a description of the element of the Smart information 

system for optimizing CF usage in CNC cutting 

process according to SADT specification. 

Main inputs:  

 Optimization (I1) and/or User Defined problem 

(I2) represents the main objective of the system, 

which is to optimize or to solve the cutting 

process. In this case, the focus will be on 

optimizing the usage of CFs, while ensuring that 

the quality of the final product and productivity 

are not compromised. 

 Sensors data (I3) refers to the data obtained from 

the temperature and CF flow sensors, which 

provide information about the cutting process. 

 Parameters data (I4) represents the cutting 

process parameters data, such as cutting speed, 

feed rate, and depth of cut, which are necessary 

for optimizing the cutting process. 

Main resources/mechanism:  

 Cutting process environment (M1) includes the 

cutting tool, workpiece, CNC machine and 

operator. 

 Sensor system (M2) includes a CF flow sensor 

and an industrial temperature measurement 

sensor which gather data from the cutting 

process. 

 Control Unit (M3) provides the necessary data on 

cutting process parameters such as cutting speed, 

feed rate and depth of cut. 

 Minicomputer (M4) is a small computing device 

such as Raspberry Pi, Banana Pi, Arduino, or 

others that can be used to process data locally. 

 Edge/Gateway/Cloud (M5) includes Edge, 

Gateway, and Cloud, and is used to store and 

analyse data. 

 AI methods (M6) include proven techniques like 

Artificial Neural Network (ANN), Genetic 

Algorithm (GA), and others that have proven 

successful in similar optimization problems [21]. 

Main controls:  

 CFs knowledge (C1) involves knowledge about 

the properties and characteristics of CFs and their 

effects on the cutting process.  

 Sensors knowledge (C2) involves knowledge 

about the working principles of sensors used in 

the system. 

 Rules and limitations of optimization (C3) 

involve rules and limitations that need to be 

considered during the optimization process, such 

as surface quality and main machine time 

requirements. 

 Cutting process standards (C4) involve adhering 

to ISO standards and recommendations, such as 

temperature interval control, which provide 

guidance for optimization decisions. 

 AI knowledge (C5) involves knowledge about 

applying AI methods to optimize the cutting 

process. 

Main output:  

 Optimization (O1) and/or User Defined Model 

(O2) in this case includes the optimized CF 

usage and ensures that the cutting process is 

sustainable, reducing the CF usage while 

maintaining the required processing quality and 

productivity. The model provides 

recommendations on the optimal cutting process 

parameters that will achieve the desired 

objective: minimizing CF usage without 

compromising production quality and 

productivity. The model should allow taking 

into account different criteria and different 

boundary conditions. 

The decomposition process starts with the highest 

level of the SADT diagram, which is the context 

diagram, and progresses down through successive 

levels of detail. At the second level, the context 

diagram is decomposed into major processes with 

accompanying inputs, outputs, mechanisms, and 

control elements, with each process represented by a 

box, as shown in Fig. 2. Each process in SADT has 

its own label in the lower right corner of the box. The 

main processes represented in this first hierarchical 

decomposition step of the SADT diagram are Data 

processing (A1) and Decision support system (A2). 

The process A1 - Data processing in the SADT 

diagram involves several steps to prepare and 

process the data obtained from the cutting process. 

During this process, the system acquires necessary 

data from sensors and control unit. This data is then 

processed and stored for later use. The purpose of 

this process is to ensure that the system has access to 

relevant and accurate data for optimization or 
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solving user defined problems. The processed and 

stored data represent the output of this process.  

The process A2 - Decision support system is 

another main process in the SADT diagram that 

involves several steps for preparing and analysing 

the data that have been previously processed and 

stored locally. The output of the A1 process 

(processed and stored data) represents the input to 

this process. As part of this process, the system 

classifies and stores data on the cloud. Defined 

correlation between analysed data is used for 

developing optimization and/or user defined model. 

The model will be built to satisfy different objective 

functions and different boundary conditions. The 

decision support system serves to define optimal 

process parameters depending on and in accordance 

with optimization criteria and boundary conditions. 

Initially, this decision support system (expert 

system) based on expert knowledge will define a set 

of rules for analysing data and making preliminary 

decisions. Therefore, the expert system initially 

serves for process control and control of the 

optimization function to define the minimum value 

of CF usage. The knowledge required for this system 

will be acquired from specialists in academia and 

industrial engineering. In this process, depending on 

the case, optimization can be performed using 

optimization methods, or prediction can be applied 

using machine learning methods, or both. As more 

data is acquired, suitable AI methods will be applied. 

Finally, at the third level, each process in the 

second level is decomposed further into sub- 

processes. The decomposition of the A1 process is 

shown on a separate SADT diagram in Fig. 3. The 

process A1 includes three sub-processes: Planning 

and preparation (A11), Data acquisition and 

processing (A12) and Data storage (A13). Each sub-

process in SADT diagram is represented by a box 

with associated inputs, outputs, mechanisms and 

control elements (ICOM box). 

The sub-process A11 - Planning and preparation 

involves defining the objectives, identifying the 

requirements, and planning the resources needed for 

data processing. During the planning and preparation 

sub-process, the system determines the data 

collection requirements and identifies the necessary 

sensors and equipment to be used as data sources. 

The aim of this sub-process is to ensure that data 

processing is properly planned and prepared before 

it begins, and that all necessary resources, including 

hardware and software tools, are available to execute 

the process efficiently and effectively. The output of 

this sub-process is a planned and prepared system for 

collecting the necessary data.  

The sub-process A12 - Data acquisition and 

processing involves obtaining data from two sources 

and processing it to extract meaningful information. 

In order to eliminate superfluous data artefacts that 

are not pertinent to the analysis, such as noise, short 

circuits, and downtime, the data must undergo pre-

processing. The system removes any errors or 

inconsistencies in the data during this sub-process. 

The control unit serves as the data source, providing 

information regarding the cutting process parameters 

such as cutting speed, feed rate, and depth of cut. The 

second data source is the sensor system, which 

includes an industrial temperature measurement 

sensor and a CF flow sensor. The system converts 

the raw data into a structured format suitable for 

storage and further analysis. The sub-process 

includes data validation, filtering, cleaning, and 

transformation. The goal is to ensure the collected 

data is accurate, reliable, and usable for subsequent 

analysis. The output of this sub-process is the 

acquired and processed data, which can be used for 

further analysis.  

The sub-process A13 - Data storage involves 

securely and efficiently storing the processed data. 

The output of the A12 sub-process (acquired and 

processed data) serves as the input for this sub-

Figure 2. Main processes of Smart information system – A0 
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process. The sub-process involves storing the 

acquired and processed data locally on external hard 

drive. The system ensures that the stored data is 

organized. This sub-process uses suitable storage 

techniques and data structures to store data in a 

structured file format, which can be easily accessed. 

The sub-process includes a strategy for backup and 

recovery in case of data loss. The primary purpose of 

this sub-process is to ensure that the processed data 

is both accessible and secure. The output of this sub-

process is the locally stored data.  

The decomposition of the A2 process is shown on 

SADT diagram in Fig. 4. The process A2 includes 

three sub-processes: Preparation of data for analysis 

(A21), Data analysis (A22) and Smart model 

development and application (A23). Each sub-

process in SADT diagram is represented by an 

ICOM box. 

The sub-process A21 - Preparation of data for 

analysis involves preparing the data for subsequent 

analysis on a cloud-based platform. The output from 

the main process A1, or more specifically from the 

sub-process A13 (stored data), represents the input 

to this sub-process. This sub-process involves 

receiving data and storing it in the cloud. The sub-

process includes cleaning, transforming, and 

formatting the data to ensure that it is compatible 

with the cloud platform. Data transfer to the cloud is 

performed according to protocols and at specific 

intervals, unless there are any obstacles. If the 

connection to the cloud is interrupted for any reason, 

the data is still locally saved within the preceding 

A13 sub-process. Once the connection is restored, 

the data is transferred to the cloud. On the cloud, the 

data is classified, stored, and properly prepared in a 

suitable organized structure to be analysed. The 

purpose of this sub-process is to provide logically 

organized data on the cloud for further analysis. The 

output from this sub-process is prepared data for 

analysis. 

 The sub-process A22 - Data analysis involves 

analysing the prepared data. The purpose of this sub-

process is to identify trends, anomalies, patterns, 

correlations, and insights within the data. The sub-

process includes exploratory data analysis. The 

output of the A21 sub-process (prepared data) 

represents the input to this sub-process. This sub-

process involves using various data analysis 

techniques to draw meaningful conclusions from the 

data. The use of various data analysis techniques 

allows to analyse large datasets in different ways and 

thereby identify complex correlations between 

process parameters. The primary objective of this 

sub-process is to obtain useful insights that can help 

optimize and solve problems in the cutting process 

environment. The output of this sub-process is a 

defined correlation between data. 

The sub-process A23 - Smart model development 

and application involve the use of an expert system, 

optimization methods and AI methods, depending on 

the case and the amount of acquired data. This sub-

process generates optimization recommendations or 

problem solutions that can be directed towards the 

user or integrated back into the physical system for 

real-time optimization and management. The goal is 

to define optimal cutting process parameters 

depending on various criteria and boundary 

conditions. In this case, primary objective is to 

optimize or solve the cutting process by reducing the 

usage of CF while ensuring that the quality of the 

final product and productivity are not compromised. 

The Smart model focuses on making decisions to 

solve complex challenges in the manufacturing 

process. Initially, the expert system will be used to 

Figure 3. Sub-processes of Data processing – A2 
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make preliminary decisions using predefined rules 

based on expert knowledge from academia and 

industry. Additionally, the optimization model will 

be applied to determine the optimal parameters for 

solving the defined optimization problem in the 

cutting process. As the research progresses, machine 

learning techniques will be used to predict and 

explore different solutions as a result of 

accumulating sufficient sensor data. The aim is to 

enhance the predictive capabilities of the system and 

further optimize the decision-making process in the 

production environment. The system is continuously 

improved, refining and adapting its own 

optimization and/or user defined models using an 

ever-increasing dataset, thereby increasing its 

maturity over time. The system provides direct 

support to decision-making processes by offering 

specific recommendations or even acting 

autonomously. 

V. DISCUSSIONS 

The conceptual system is based on the extensive 

authors experience in the field of production 

engineering and workflow management. The 

conceptual model is the first step in introducing DT, 

which will help authors transfer their knowledge into 

a novel workflow based on the sensors' real-time 

data. In this stage, authors propose an information 

system model that will be used for the data 

acquisition, and in the initial stage, expert 

knowledge will be used to form an expert system 

based on the user (expert) experience in 

manufacturing process. The conceptual model does 

not define any specific optimization or machine 

learning models, yet it presents the manufacturing 

process management system's overall structure, with 

the example of CF monitoring. 

Initially, in the first stage of the information 

system application, an expert system (decision 

support system) will be used to define a set of rules 

which will be applied for analysing data and making 

initial decisions. The knowledge will be acquired 

from specialists from academia and industrial 

engineers. Then, an adequate AI method(s) will be 

applied when enough data is acquired, like the ones 

mentioned in [21]. To conclude, the smart part of the 

information system will be developed by applying 

different techniques based on the available data, and 

it will be a dynamic model, which means it will use 

various methods to establish adequate decisions. It 

will be constantly tested by using expert knowledge 

directly, or by an initially defined decision support 

system. 

In summary, this paper focuses on the concept of 

an information system model as a foundation for 

implementing a DT within the manufacturing 

domain. By combining the authors' expertise, 

sensor-based real-time data, expert knowledge, and 

AI methodologies, the conceptual system aims to 

optimize and solve various optimization and/or user 

defined problems in manufacturing processes. 

VI. CONCLUSIONS 

In conclusion, the use of CFs is a major source of 

environmental pollution and health risks, and 

reducing their usage is a key priority for 

manufacturers. In machining processes where dry 

machining is not applicable, it is necessary to 

optimize the machining process to minimize the CF 

Figure 4. Sub-processes of Decision support system – A2 
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usage. That is why the focus is on solving this 

problem. This paper proposes a conceptual model of 

an information system based on digital twin (DT) of 

cutting processes with a focus on optimizing the CFs 

usage, considering ecological sustainability. The 

conceptual model proposed in this study was 

developed using the SADT methodology owing to 

its hierarchical decomposition. The conceptual 

system described in this paper is built upon the 

author's extensive experience in manufacturing 

engineering and workflow management.  

The system aims to leverage digital twin 

technology and real-time sensor data to improve 

manufacturing processes. In the first step, data will 

be acquired, followed by making initial decisions 

using an expert system or an objective function 

(optimization). When enough data is acquired, 

machine learning will be applied to predict different 

solutions. The smart component of the information 

system will be dynamically developed using various 

techniques based on available data, continually 

tested with expert knowledge or an initially defined 

decision support system. 

The conceptual model is aligned with the vision of 

cleaner production and sustainable development, and 

it offers a promising approach for optimizing CF 

usage in CNC machining processes. Considering 

that the conceptual model is general, it can also focus 

on solving other problems and needs of the process. 

The proposed model can be integrated with existing 

CNC machines to reduce environmental impact and 

improve worker safety, while also reducing costs 

associated with CF usage. Also, with different 

criteria, boundary conditions and objective 

functions, the system will be able to adapt and make 

decisions to solve various optimization and/or user 

defined problems in manufacturing processes. 

Overall, this paper highlights the importance of 

optimizing machining processes in line with 

environmental protection and demonstrates the 

potential of optimization models for achieving 

ecological sustainability in manufacturing. 

The authors' global objective is to improve 

optimization and prediction accuracy using this 

system, and active efforts to achieve this will be 

undertaken in the forthcoming period. 
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Abstract: Many cities face low air quality. To better predict the exceedance of air quality limits, the traffic’s 
contribution to air pollution was analysed in this paper. Several studies used a twin site approach to 

determine the impact of urban traffic; however, it requires the deployment of stations at various 

locations. A time variant analysis to determine traffic’s contribution and regression analysis were 

applied to determine the weather’s impact. The results were validated using actual traffic data. It was 
found that the traffic’s contributions to CO and NO2 were 22 and 30%. It was noted that the seasonal 

fluctuation of NO2 is significantly influenced by precipitation. Long-term trends of pollutants require 

further research. 

Keywords: air quality; urban; traffic; weather; sustainability 

 

I. INTRODUCTION 

Since more and more people live in cities, the 

urban air quality has recently been a strong focus of 

researchers and media attention. Despite pollutant 

concentration limits set by legislation, air quality 

measurements show that concentrations frequently 

exceed the limit [1]. For example, 15, 34, and 4% of 

reporting stations registered exceedances of 

particulate matter with a diameter of 10 μm or 
smaller (PM10), ozone (O3) and nitrogen oxides 

(NOX) annual limit values. Estimates of the health 

impact indicated that long-term exposures to PM10, 

O3, and NOX in 2018 were responsible for 379 000, 

19 400 and 54 000 premature deaths in EU 28, 

respectively [1]. 

Road traffic contributes to air pollution in various 

ways, including: 

 primary exhaust emission: particulate 

matter and gases in engine exhaust,  

 secondary exhaust emission: pollutants 

formed from primary exhaust emission, 

 non-exhaust emission: wear of vehicle 

components, e.g., tyres [2]. 

In this paper, the focus is put on primary and 

secondary exhaust emissions. The vehicles’ 
emission has been decreased significantly over the 

past decades. Despite these efforts, road transport is 

still an important source of PM, CO, and NOX 

emission [3-5], contributing 10, 20 and 39%, 

respectively in 2018 in EU-28 countries [1]. 

Furthermore, the contribution of road transport to 

emission in dense urban areas may be significantly 

higher [6]. The sectors’ contribution to O3 

concentrations was not calculated because O3 is not 

emitted directly into the air but is created when 

volatile organic compounds and NOX combine in the 

presence of sunlight. 

To achieve real-world emission reduction, the 

European Union promotes clean mobility and 

requires each new passenger car model to pass the 

Worldwide Harmonized Light Vehicles Test 

Procedure (WLTP) [7]. Since local air pollution 

primarily affects urban areas, the identified research 

question are as follows: what reductions in road 

traffic emission can be expected from regulations 

and new technologies in urban areas? Furthermore, 

the difference between weekdays and weekends was 

put into focus to estimate how working from home 

may impact the total emission. 

The structure of the paper is the following: after a 

brief literature review, the data and temporal twin 

site method are presented in Section 3. In Section 4, 

the results and discussion are given. Finally, the 

conclusions are drawn. 

https://dx.doi.org/10.14513/actatechjaur.00698
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II. LITERATURE REVIEW 

Air pollution was studied on various levels in the 

scientific literature. These studies mainly focus on 

PM, SO2 and NOX, but other components may 

emerge. On the atmospheric level, the transmission 

of air pollutants between countries was studied in 

several papers [8-9]. For example, a study 

emphasized the knowledge gaps and lack of data 

about the atmospheric transport of microplastics and 

its contribution to the worsening of air quality [10]. 

Other studies investigated the transmission of 

pollutants between cities [11-12]. For example, the 

effect of city-to-city air pollution transmission on 

COVID-19 health outcomes was investigated in 

[13]. It was found that PM2.5, NO2 and O3 increase 

the number of infected people.  

Since local emission contributes most of the total 

emission in the urban regions [14] other researchers 

studied local air pollution on a city scale. The issue 

has also attracted the attention of sensor developers 

who combined gas sensor arrays with machine 

learning in the E-nose concept using different 

materials to better fit the requirements [15]. 

Recently, traffic calming measures are introduced in 

many cities. Therefore, the relationship between 

traffic’s emission and air quality was put in focus to 
support the evaluation of measures.  

The corresponding studies are summarized in 

Table 1. To estimate the contribution of road traffic 

to local air pollution, characteristics of traffic was 

used. A study estimated the CO pollution based on 

total travelled distance and average speed using the 

Versit+ micro model as a reference in a small area 

[16]. Microscale traffic and related NOX and PM10 

emissions were simulated in a hot spot [17]. The 

effect of traffic characteristics on emission were 

analysed, but traffic’s contribution to the total air 
pollution was not investigated. Accordingly, factors 

affecting air quality, such as weather, was not 

considered. A regional atmospheric chemistry model 

to quantify the NOX emission from traffic was used 

in [18]. Beside traffic counts, the temperature, wind 

speed and mixing height were considered. It was 

noted that the model underestimated NOX traffic 

emissions in urban areas on weekday between 6 AM 

and 5 PM. Similar underestimation of NOX was 

found in other studies as well (e.g., [19-20]).  

Another study aimed to analyse the influence of 

city-scale, traffic mode, and traffic congestion on 

PM2.5 concentration [21]. The traffic was described 

by the number of buses and private cars, and the total 

length of the urban roads. It was found that 

congestion significantly increase the environmental 

effect of private car use. Close to our aims, the 

relationship between traffic volume and air pollution 

(NOX, O3) was modelled using COPERT traffic 

emission and WRF-Chem atmospheric chemistry 

model [22]. Despite factors affecting the air 

pollution, such as wind and peak temperature, were 

considered to minimize non-traffic-related emission, 

the model seriously underestimated the NOX 

concentrations.  

The contribution of road traffic to air pollution in 

several major cities was estimated in [23]. Data for 

daily pollution concentrations was ‘deweathered’ 
using a Random Forest model developed in [24] to 

isolate the trends. In absence of traffic volume data, 

measurement sites were categorized to estimate 

background pollution. Another study analysed the 

impact of traffic calming on air-quality in urban 

areas considering the wind [25]. It was found that 

Table 1. Collected data in corresponding studies 

Study Weather Traffic Emission 

[16] - Travelled distance, 

speed 

CO 

[17] - Traffic volume, 

composition, speed 

NOX, PM10 

[18] Wind, temperature, 

mixing height 

Traffic volume NOX 

[19] Wind, temperature Traffic volume NOX 

[20] Temperature, humidity, 

planetary boundary layer 

Traffic volume NOX, CO2, CO 

[21] Wind, planetary 

boundary layer 

Number of vehicles, 

total road length 

PM2.5 

[22] Wind, temperature, 

cloudage 

Traffic volume NOX, O3 

[23] Wind, temperature, 

humidity [24] 

- mainly NO2, PM 

[25] Wind Traffic volume PM2.5 

[26] - Traffic volume NOX 

[27] Precipitation Traffic volume PM2.5, CO, NO2, O3 
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removing 100% of traffic reduces pollutants by less 

than 30% if the background concentration is 

considered. It was also shown that isolated measures 

have small impact on local air-quality and no impact 

on global emission in [26]. Besides weather and 

traffic data, the public perception to air-quality 

studies was introduced in [27] because public 

awareness and support are fundamental for air 

quality legislation and clean-air transitions [28]. It 

was found that public perception correlates more 

with traffic volume than actual air quality.  

Based on the literature review, it was found that 

many studies investigated the relationship between 

weather, traffic, and air-quality. Yet, emission is 

often underestimated. In the literature, time variant 

analysis can be found, but the traffic’s contribution 
usually not determined for various periods [29]. 

Furthermore, Budapest, Hungary region lacks a 

comprehensive study about the status and long-term 

trends of key air pollutants, which is also a novelty 

of this paper. 

III. DATA AND METHOD 

In this study, air-quality, weather, and traffic 

volume data were used. Publicly available data about 

air quality collected between 2008 and 2019 by 

automated air-quality monitoring stations were used. 

The measurements were performed in each hour. 

The stations are operated by the Ministry of 

Agriculture (levegominoseg.hu). There are 12 

stations in Budapest and 7 stations were selected for 

analysis because of the high availability in the 

investigated period. The ministry categorized the 

stations into two groups based on the distance 

between the station and major roads: urban 

background and urban traffic. Urban traffic air-

quality monitoring stations are close to the major 

roads. Data about the following pollutants were 

collected: CO, NO2, O3, and PM10. 

Publicly available data about weather collected by 

the Hungarian Meteorological Service (met.hu) were 

used. Data about the lowest, median, and highest 

temperature and precipitation on each day between 

2008 and 2019 were used. Data about sunshine 

duration were available until 2013, and data about 

wind is available from 2011. 

Traffic volume data at junctions and along an 

urban highway were used. Data about hourly traffic 

volume at junctions were provided by the Centre of 

Budapest Transport (bkk.hu). In this study, 6 high 

traffic junctions were selected based on the distance 

between junctions and air-quality monitoring 

stations. Publicly available data about daily average 

traffic volume on urban highway were given by 

Hungarian Public Roads (kozut.hu) for each month. 

Since the organization focuses on national roads, 

only 1 measured section is in Budapest. Hourly and 

monthly traffic volume data were used to analyse the 

relationship between traffic and air quality on 

different time horizons. Publicly available data about 

the congestion level in Budapest were provided by 

tomtom (tomtom.com). Monthly congestion level 

values were available for 2019. 

The locations of air-quality monitoring stations 

and traffic volume counting are given in Fig. 1. 

Stations 2, 4 and 7 are in the urban background 

group. The urban highway traffic volume was 

measured at B. In Budapest, there are no significant 

industrial emission sources. 

Several studies apply the twin site approach to 

determine the contribution of traffic to air pollution. 

In this case, one of the air quality monitoring stations 

is along a major road, and the other one is far away. 

In this study, the considered monitoring stations are 

close to each other, and no significant difference 

could be observed regarding the NO2 concentration 

characteristics. The average monthly NO2 
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Figure 1. Locations of air-quality monitoring 

stations and traffic volume counting 

 

Figure 2. Average NO2 concentration between 

2008 and 2019 

0

20

40

60

Ja
n

F
eb

M
ar

A
p
r

M
ay Ju
n

Ju
l

A
u
g

S
ep

O
ct

N
o
v

D
ec

[u
g
/m

3
]

Urban background Urban traffic



B. Csonka – Acta Technica Jaurinensis, Vol. 16, No. 3, pp. 99-106, 2023 

102 

concentration at urban background and urban traffic 

stations are given in Fig. 2.  

Therefore, twin site analysis was performed in 

time. The measurements were divided into two 

groups: weekdays and weekends. The hypothesis 

was that the difference between hourly average 

emission on weekdays and weekends reflects the 

emission of traffic. However, in this way, the 

emission will be underestimated by the weekend 

traffic. Based on traffic counting, average weekend 

traffic is appr. 45% of the weekday traffic. 

Accordingly, the weekday and weekend emissions 

were 180% and 80% of the difference between 

weekend and weekday concentration. The same rate 

was applied for each air-quality monitoring station 

group, and the subtraction was performed for each 

month. A strong correlation between CO and PM10 

was found at each station. Therefore, the two were 

analysed together. Namely, it was assumed that they 

have a common source. This is in line with the fact 

that heating is a significant source of CO and PM10. 

IV. RESULTS AND DISCUSSION 

The average difference between weekday and 

weekend emissions in December for urban traffic 

and urban background stations is presented in Fig. 3. 

Similar characteristics were found in each month. 

The difference reflects the daily traffic fluctuation, 

which validates the method. The higher peaks and 

valley between the peaks can be seen at the urban 

traffic stations, which is in line with Budapest's 

traffic characteristics. Traffic contribution to NO2 

concentration was determined for weekdays and 

weekends in each month (Table 2.).  

Our results show that traffic regulation may 

significantly impact air quality in August and 

September. According to the differences between 

weekdays and weekends, working from home may 

decrease traffic’s contribution by 16%. Since the 
main source of O3 is NO2, it was assumed that the 

traffic’s contribution to O3 emission is the same. 

A similar analysis was performed to determine the 

traffic’s impact on CO and PM10 concentrations. The 

average difference between weekday and weekend 

emissions in December for urban traffic and urban 

background stations is presented in Fig. 4. Similar 

characteristics were found in each month. It is noted 

that the weekend emission is significantly higher 

between 0 AM and 4 AM during the cold months and 

lower during daytime because of lower traffic. The 

two phenomena balance each other causing a low 

contribution of traffic. Accordingly, this method 

may be used with limitations for pollutants with low 

traffic contribution. 

 Furthermore, it indicates that home office in cold 

months may not decrease the total emission because 

the impacts of increased heating and lower traffic are 

roughly equal. To mitigate this effect on traffic CO 

emission, the lowest value was subtracted before 

multiplication and was added after multiplication. 

Table 2. Contribution of traffic to NO2 

concentration 

Month 

Urban traffic 

station 

Urban background 

station  

 Mo-Fr Sa, Su Mo-Fr Sa, Su 

Jan 34% 19% 37% 21% 

Feb 34% 19% 37% 20% 

Mar 22% 11% 34% 18% 

Apr 34% 19% 42% 25% 

May 22% 11% 32% 17% 

Jun 36% 20% 42% 24% 

Jul 31% 17% 43% 25% 

Aug 41% 24% 56% 36% 

Sep 35% 19% 49% 30% 

Oct 17% 8% 26% 14% 

Nov 31% 16% 44% 26% 

 Dec 23% 12% 26% 14% 

Legend:  

Mo-Fr: Monday-Friday 

Sa, Su: Saturday and Sunday 

Figure 3. The average difference between weekday and weekend NO2 emissions in December 
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The contribution of traffic to CO emission on 

weekdays and weekends is summarized in Table 3. 

It is noted that the traffic’s contribution on weekends 
is negligible. The difference between weekday and 

weekend emission characteristics reflects the 

differences in emission of other sources as well. It 

was assumed that the PM10 contribution is similar, 

which is in line with the results in [5], which 

estimated that the traffic’s contribution is between 
10% and 30%. 

The average monthly traffic contribution for NO2 

and CO are summarized in Table 4.  

The average contribution NO2 was 30%. This is 

significantly lower than what was found in [30], 

which may be because of the vehicle technology 

developments and the higher distance between the 

road and the monitoring stations. However, it is 

greater than the estimated traffic’s contribution 
(21%) was in Budapest in 2012 [31]. The average 

contribution CO was 22%. The contribution was the 

lowest in January and October and low in the cold 

months. CO concentration usually exceeds the limit 

during winter when traffic regulation cannot cause a 

significant decrease. Therefore, the heating system 

should be improved. 

The seasonal fluctuations of NO2 and CO were 

analysed. A relationship between traffic volume, 

precipitation and NO2 concentration was found and 

the emission using linear regression was calculated 

(eq.1). 𝐸𝑁𝑂2 = 28.97 + 0.362𝐶𝑙 − 2.808𝑃 (1) 

Where ENO2 is the average NO2 concentration 

[ug/m3], Cl is the congestion level calculated by 

 

Figure 4. The average difference between weekday and weekend CO emissions in December 
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Table 3. Contribution of traffic to CO 

concentration 

Month 

Urban traffic 

station 

Urban background 

station  

 Mo-Fr Sa, Su Mo-Fr Sa, Su 

Jan 14% 0% 17% 2% 

Feb 28% 6% 26% 6% 

Mar 20% 0% 21% 1% 

Apr 32% 6% 31% 4% 

May 29% 3% 26% 1% 

Jun 40% 7% 31% 2% 

Jul 44% 8% 37% 4% 

Aug 46% 10% 36% 4% 

Sep 49% 13% 35% 6% 

Oct 18% 0% 17% –1% 

Nov 24% 4% 27% 6% 

 Dec 31% 9% 26% 6% 

Legend:  

Mo-Fr: Monday-Friday 

Sa, Su: Saturday and Sunday 

Table 4. Average contribution of traffic to NO2 

and CO concentration 

Month NO2 CO 

Jan 31% 11% 

Feb 31% 21% 

Mar 24% 15% 

Apr 34% 24% 

May 23% 20% 

Jun 34% 20% 

Jul 33% 31% 

Aug 44% 31% 

Sep 37% 33% 

Oct 19% 12% 

Nov 33% 20% 

Dec 21% 23% 

 

Figure 5. Measured and calculated NO2 

emissions in 2019 
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tomtom [%], and P is the average precipitation 

[mm]. R2 is equal to 0.55. Therefore, further analysis 

is recommended, but data about monthly traffic were 

only available for 2019. Measured and calculated 

NO2 concentration values are given in Fig. 5. 

In the case of CO and PM10, a strong correlation 

was found with the median temperature: the 

coefficients were between –0.91 and 0.95 at each 

station. Finally, the long-term trends of NO2 and CO 

were analysed. No significant relationship was found 

between NO2 and average traffic volume over the 

years. It may be because other factors cover the 

effect of higher traffic volume. Therefore, further 

analysis is required. In the case of CO, a correlation 

between CO and the median temperature was found 

in the cold months and between CO and precipitation 

during summer. 

V. CONCLUSIONS 

Analysis of traffic’s contribution to air pollution 
helps forecast air quality and determine effective 

measures. In this study, the traffic’s contribution was 
calculated using time variant analysis to determine 

the difference between weekday and weekend 

emission, which is the paper's main contribution. 

The results were validated using real-world traffic 

data. The average CO and NO2 emissions 

contributions were 22 and 30%, respectively. 

According to the results, traffic regulations are the 

most effective during summer in the term of air 

pollution. Accordingly, improving other sources, 

such as the heating system, helps reduce 

exceedances of air quality standards. Seasonal 

analysis revealed that NO2 concentration is strongly 

influenced by precipitation. It was noted that home 

office may not decrease the total CO pollution in 

cold months It was also found that CO correlates 

with PM10 and median temperature over the year. In 

the case of long-term trends, it was found that CO 

correlates with precipitation during summer, and 

NO2 does not correlate with traffic. It may be 

because the annual traffic data was measured on a 

highway. Accordingly, further research about 

seasonal and long-term trends is necessary to predict 

air quality better. 
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Abstract: W-beam guardrail is an excellent method for enhancing traffic safety. The W-beam guardrail 

comprises of a W-shaped segment and specialized constructions known as support posts. Identifying 

the effect of the W-beam heights, post spacing, shaped supporting posts, and post-soil interaction may 

be crucial to improving the crashworthiness of W-beam guardrail. This study evaluated the W-beam 

guardrail using a finite element model in the event of a 10,000 kg truck collision. Simulations of crash 

tests were conducted to evaluate the crashworthiness of the W-beam guardrail in accordance with 

European standard EN1317. The results of this analysis can assist evaluate the design of W-guardrails 

and guide the future development of guardrail technologies. 

Keywords: crashworthiness; W-beam guardrail; simulation; EN1317; LS-DYNA 

 

I. INTRODUCTION 

Off-road vehicle accidents occur when drivers lose 

control of their vehicles or veer to avoid the roadside 

hazard. As a result, the car could crash into other 

vehicles, pedestrians, or objects. These crashes could 

result in serious injuries or even death [1-8].  

The W-beam guardrail is installed on the roadway 

to protect vehicles from roadside hazards and 

providing a high level of safety in and after the 

collision. Usually, the W-guardrail consists of a 

metal W-shaped segment and a supporting post, as 

shown in Fig. 1. 

 

Figure 1.  W-beam guardrail [8] 

W-beam guardrails are an effective solution to 

reduce the risk of injury, save lives, and ensure road 

safety in the event of an accident. Previous 

research’s indicate that the number of fatalities 
resulting from collisions with roadside guardrails 

was less than that resulting from collisions with other 

roadside hazards (trees, embankments, etc.) [9-11]. 

Thus, W-beam guardrails have proven an effective 

solution to reduce harm to cars and people when a 

collision occurs [12-14]. 

Usually, the W-beam guardrail must fulfil the 

European standard EN1317. The standards offer 

crash test details between multiple vehicle types with 

road safety W-beam guardrails. In addition, each W-

beam guardrail must pass normalized crash tests 

according to established standards [15-16].  

There were many studies which have been 

undertaken to investigate the capacity of W-beam 

guardrail based on European standard EN1317. 

Atahan et.al [17] shown a series of experimental 

impact test to determine the crashworthiness of the 

W-beam guardrail. In their study, Matthew 

Gutowski [18] proposed a new W-beam guardrail 

structure using the simulation method. Matej et al. 

[19] presented a steel-reinforced wooden W-beam 

guardrail design tested according to the EN1317 

standard. Many researchers [20-23] provided an 

overview of the behavior of crashworthiness of 

roadside W-beam guardrail with different designs. 

Ferdous et al. [24] performed simulations with 

variable guardrail vehicle impact heights with W-

beam guardrail. Lee et al. [25] evaluated the 

https://dx.doi.org/10.14513/actatechjaur.00690
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automotive crash performance of W-Beam steel post 

flexible rails in sloping ground supported with three 

types of cylinder shapes. 

Normally, The W-beam guardrail structure was 

made to have certain dimensions, including the 

height from the ground surface and the distance 

between two posts [26–28]. In general, the 

installation of W-beam guardrails on European 

highways uses many shaped supports [29-30]. In 

addition, the W-guardrail guardrail is usually 

installed in a certain terrain where the poles will be 

embedded into the ground at a certain depth. W-

beam guardrails can be installed on stable ground, 

asphalt, or concrete [11] [31-32]. Therefore, the 

influence of the soil on the posts an important factor 

in the safety performance of the W-beam guardrail, 

because the W-guardrail guardrail is often installed 

on different locations. As mentioned above, rail 

heights, post spacing, supporting posts, and post-soil 

were important factors affecting in safety 

performance of W-beam guardrails. Therefore, it 

was necessary to understand the influence of these 

parameters on safety performance. In the previous 

researches, Teng et al. [33-36] apply the finite 

element method to estimate the safety performance 

of W-beam guardrail, in which a 900 kg car crashes 

with W-beam guardrail (TB11-impact speed and 

impact angle were set 100 km/h and 200, 

respectively) in different rail height, post spacing, 

and post-soil interaction. The finite element 

approach was used to determine the safety 

performance of the W-beam guardrail constructed 

for varied structures: height and spacing of post, soil 

qualities, and shaped posts when impacted by a 

truck. The analytical results obtained here can help 

evaluate W-beam guardrail design and guide the 

future development of guardrail technologies. 

II. W-BEAM GUARDRAIL AND EUROPEAN 

STANDARD EN 1317 

1. W-beam guardrail 

W-beam guardrail is the most commonly specified 

road safety barrier device in the world to protect 

vehicles and drivers from hazardous road places. 

Fig. 2 depicts a typical W-beam guardrail, which 

consists of a W-shaped structure called a w-beam 

and specifically constructed posts. The W-beam 

guardrail absorbs a portion of the impact energy to 

lessen the risk to the driver and restrict vehicle 

deformation.  

 

Figure 2. Typical W-beam guardrail [8] 

2. European standard EN 1317 

Typically, W-beam guardrails were constructed 

employing severity (ASI, THIV) and working width 

in accordance with European standard EN 1317-2 

[15]. These standard tests depict conventional 

vehicle vs W-beam guardrail collision testing. The 

W-beam guardrail was built in accordance with the 

European standard EN 1317, taking into account 

three primary criteria for difference performance 

levels: containment level, impact severity, and 

working width. 

Containment level: this represents the level of road 

safety barriers for various accident situations in 

terms of vehicle type, angle of impact, and impact 

speed. There were four containment levels from low 

to very high were specified. 

Impact severity was characterized by the 

acceleration severity index (ASI) and the theoretical 

head impact velocity (THIV). To ensure safety, the 

following requirements must be met: ASI ≤ 1.0 
(level A), 1<ASI≤1.4 (level B), 1.4<ASI≤1.9 (level 
C) and THIV≤33 km/h. 

Barrier deformation (Wm)) is regarded as the 

barrier's maximum lateral deformation with eight 

classes (W1–W8) were defined. 

III. SIMULATION MODELS OF IMPACT TEST 

In this study, simulations of TB42 type crash tests 

for heavier vehicles were performed to investigate 

the crashworthiness of different W-beam guardrail 

structures. This model consists of the truck (10,000 

kg) with the W-beam guardrail according to the 

TB42 test (impact speed and impact angle were set 

70 km/h and 15°), as shown in the Fig. 3. 

 

 

Figure 3. Simulation model test 
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The development and validation of a finite element 

model for W-beam guardrail according to European 

standard EN 1317 were proposed, details on the 

numerical model such as mesh parameters, soil 

modeled, boundary conditions, contact types, 

material model, etc. were explained in previous 

researches [33-36]. 

3. Impact testing model 

Fig. 4 depicts the vehicle and W-beam guardrail 

models used in the impact test. The W-beam 

guardrails used in this study were ALKA AG04-2.0 

guardrails [17]. The W-guardrail splice is 4,300 

meters long. The C-post measures 1,600 mm in 

length and 950 mm in depth. The post dimensions 

are 125 mm x 62.5 mm x 25 mm. The truck selected 

from the NCAC database according to the European 

standard EN1317 [37].  

 

Figure 4. W-beam guardrail system and truck 

4. Boundary condition 

W-beam guardrail continuation was represented 

by the addition of elastic springs at both ends of each 

node along the W-beam (Fig. 5). Post–soil 

interaction was represented using discrete spring 

elements attached to the posts. The stiffness of the 

nonlinear springs increased with depth and soil 

properties. 

Roadway mode: was defined using 

RIGIDWALL_PLANAR card to simulate contact 

between the truck and the W-beam guardrail. 

 

Figure 5. Boundary condition 

IV. MODEL VALIDATION 

Fig. 6 depicts a time sequence comparison between 

simulation results and the test outcomes. 

Experimental test was conducted by Ali Atahan et.al 

[17]. The crash test and simulation vehicles were 

effectively diverted. In TB 51 test, the experimental 

and simulated working widths were 1300 mm and 

1280 mm, respectively. In TB 11 test, the validation 

model was introduced in detail in a previous study 

[36]. Table 1 depicts a ASI and THIV comparison 

between experimental and simulation test. 

Table 1. Comparison between experimental and 

simulation [36] 

Evaluation 

Criteria 

Experimental 

Result 

Simulation 

Result 

THIV (km/h) 31 26.1 

ASI 0.94 0.93 

There was an acceptable relationship between the 

test and simulation outcomes. Consequently, the 

model was validated and served as a baseline. 

 

   Experimental [9]                 Simulation 

Figure 6. Validation result on simulation 

V. RESULTS AND DISCUSSION 

1. Effect of various post spacing and rail 
heights  

The distances between the posts in the three 

models were 1333, 2000, and 4000 mm, 

respectively. All models had a W-beam guardrail 

height of 750 mm. 

Fig. 7 shows the results of the TB42 impact test. 

These simulations illustrated that the W-beam 

guardrail prevented the vehicle from leaving the 

roadway. 
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 The ASI, THIV, and the working widths of the 

impact tests are summarized in Table 2. These data 

show that the working width Wm of the guardrail 

post decreases proportionally to the distance 

between the posts. W-beam guardrails with post 

spacing 1333, 2000 and 4000 mm have working 

widths of 850, 1280 and 1450 mm, respectively. 

These values meet the working width classes of W3, 

W4 and W5. The W-beam guardrail meets the 

EN1317 standard in all three test conditions. W-

beam guardrail with a distance between posts of 

4000 mm have the highest ASI results (1.32), and to 

meet impact severity B. Both W-beam guardrails 

with a distance of 2000 mm and 1300 mm 

corresponding to impact severity A because the 

structure have ASI lower than 1. Compared to the 

other two post spacing, the W-beam guardrail with a 

post spacing of 2,000 mm gives the best protection 

under these test conditions. again.  

Table 2. Simulation TB42 test results with 

difference distance between posts 

Post spacing 

(mm) 

THIV 

(km/h) 

ASI Wm 
(mm) 

4,000 26.6 1.32 1450 

2,000 24.6 0.87 1280 

1,333 23.5 0.71 850 

 In simulations, the posts heights from the ground 

level were installed as follows:  800-, 750-, 700- and 

650-mm. Fig. 8 and Table 3 represent the simulation 

results. 

In all three cases, the W-beam guardrail can 

redirect the vehicle back to the roadway, which 

indicates that the W-beam guardrail meets EN 1317. 

There is a slight variation in the THIV value. Only 

the case of barriers up to a bar height of 650 mm has 

a working width class of W3, and the remaining have 

a working width class of W4. A W-beam guardrail 

height of 650 mm has the highest ASI value is 1.25 

and a W-beam guardrail height of 800 mm represents 

the lowest ASI value is 0.72. The impact severity of 

750 and 800 mm post height of W-beam guardrail 

corresponds to class A. The other collision W-beam 

guardrails correspond to class B. Therefore, 750 and 

800 mm high W-beam guardrails carry a higher level 

of protection. The W-beam guardrail with a height of 

800 mm and a spacing of 2,000 mm between posts 

has the lowest ASI, hence this structure provides 

better protection compared to the other. 

Table 3. Simulation TB42 test results with 

difference height of post 

W-beam 
guardrail 

height (mm) 

THIV ASI Wm 
(mm) 

650 26.6 1.25 980 

700 26.5 1.1 1250 

750 24.6 0.87 1280 

800 24.3 0.72 1100 

 

a)    b)    c) 

 Figure 7. Sequential of TB42 test with 4000 mm (a) 2000 mm(b) and 1333 mm (b) posts spacing 

 

 Figure 8. Impact test results at different guardrail height 
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2. Effect of soil properties  

In this study, four various types of soil were used 

to simulate, various soil properties are described in 

the previous study [35-36]. 

Fig. 9-10 show the results of the road safety W-

beam guardrail impact test. In all four conditions, the 

W-beam guardrail could prevent the vehicle from 

exiting the road and redirecting back into the lane. 

In all four conditions, the W-beam guardrail meets 

the EN1317-2 standard for impact severity 

corresponding to class A. There is not much 

difference in ASI and THIV values, while there is a 

difference. very clear between working width values 

(Table 4). The results clearly confirm that soil 

properties do not affect the severity of impacts (ASI, 

THIV). 

Table 4.  Simulation TB42 test results with various 

soil conditions 

Soil 
properties 

THIV ASI Wm 
(mm) 

Loose sand 24.6 0.87 1280 

Medium sand 25.2 0.86 1350 

Dense sand 26.8 0.86 1525 

Very dense 
sand 

25.7 0.88 1740 

The results indicate that the W-beam guardrail’s 
working width increases proportionally with the 

soil's abrasiveness. The results indicate that soil 

conditions have no effect on the impact severity 

(ASI, THIV) but do influence the deformation of the 

W-beam railing. The outcomes can be utilized as a 

guide for installing the W-beam guardrail system in 

different locations. 

 

 Figure 9. Simulation TB42 test result with various soil properties 
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3. Effect of different shaped post 

The U-shaped, I-shaped, C-shaped, and Sigma-

shaped post types have been analyzed and 

contrasted. The cross sections of the shaped posts are 

described in the previous research by Teng et.al [35]. 

Fig. 11-12 show simulation results when a truck 

impacts the guardrail at a speed of 70 km/h and a 

collision angle of 15 degrees. Table 5 shows the 

severity of the impact (ASI and THIV) and the 

working width of the structures. All four cases, the 

guarail meets the EN1317-2 standard and has a W4 

working width level. The W-beam I-beam guardrail 

provides a higher level of safety for vehicle drivers 

than in other cases. The I-shaped guardrail represents 

the biggest working width value is 1,340 mm and the 

 

W-shaped guardrail with C-shaped posts illustrates 

the lowest working width is 1,280mm. 

Table 5. Simulation test results with different 

shaped posts 

Soil properties THIV ASI Wm 
(mm) 

Loose sand 24.6 0.87 1280 

Medium sand 25.2 0.86 1350 

Dense sand 26.8 0.86 1525 

Very dense 
sand 

25.7 0.88 1740 

 

 Figure 10. W-beam guardrails with various soil conditions. 

 

 

 Figure 11. Deformed of the W-beam guardrail system during TB42 impact test 
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VI. CONCLUSION  

The study presents an investigation of the safety 

performance of the W-beam guardrail in various 

collisions according to the European standard 

EN1317 in collisions with a 10,000 kg truck. The 

study provides a very convenient way to increase the 

safety of W-guardrail guardrail. The main 

achievements, including contributions can be 

summarized as follows: 

a) All W-beam guardrails with a 700 mm height 

and three-post spacing (4000, 2000 and 1333 

mm) conform to the EN1317 standard. The 

working width of the W-beam guardrail decre- 

 

ases with the distance between the posts 

decreasing. 

 W-beam guardrail with span 1,333 and 

2,000 mm corresponds to impact class A, 

and guardrail post W beam with span 4,000 

mm has the highest ASI value and impact 

severity class B. Good level of protection 

The most in this case belongs to the W-

beam guardrail with a distance between the 

posts of 1333 mm 

b) For the four cases of height (650, 700, 750 and 

800 mm) and the same post spacing of 2000 

mm, the W-beam guardrail with a rail height of 

 

 Figure 12. Sequential figures from TB42 test with various shaped post 
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800mm provides the highest level of 

protection. 

c) Test simulations have been carried out 

demonstrating that different soil conditions do 

not affect the protection of the barrier 

according to the European standard EN1317. 

The results show that the properties of the soil 

do not affect the impact severity (ASI) but 

affect the working width. The working width of 

the W-beam guardrail increases in proportion 

to the stiffness of the soil. 

d) For various shaped post 

 The best protection is in the W-beam 

guardrail with the cross-section of the I-

shaped post. The worst protection is in the 

W-beam guardrail with the Sigma cross-

section.  
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Abstract: The situation with crude oil shipments from Kazakhstan to the European Union has seriously 

deteriorated since 24 February 2022 when Russia started its invasion of Ukraine. A series of different 

incidents, which complicated these deliveries, started soon after the beginning of the invasion and this 

has again brought to light the need to diversify the export routes for the Kazakh crude oil. In spite of 

numerous previous appeals, the dependence on the transit via the Russian territory only increased 

over the last years. This paper analyses the reasons for this increased dependence, considers the 

alternative routes and their attending circumstances and attempts to suggest potential ways out of this 

situation. Considering this topic, it is essential to mention that Kazakhstan is among the five top 

suppliers of crude oil to the European Union, and, at the same time, the European Union is the biggest 

importer of Kazakh crude oil. 

Keywords: European Union; Kazakhstan; crude oil; export routes; export routes diversification; Russo-

Ukrainian war 

 

I. INTRODUCTION 

First of all, the author would like to provide 

evidence of how mutually dependent in terms of 

crude oil trade the European Union (EU) and 

Kazakhstan are. 

Though information on EU imports of crude oil 

may look a bit outdated, the situation has not 

changed much within the last few years and this is 

shown on Fig. 1 and Fig. 2. In spite of some 

variations, the share of Kazakhstan remains 

substantial and the country continues to be among 

the top exporters of crude oil to the European Union. 

However, since 24 February 2022 the overall 

context started to change. Already, in August 2022 it 

was stated in [1] that “Kazakhstan is dependent on 
Russia for its main oil export route, which has run 

into repeated problems since Nur-Sultan (the capital 

of Kazakhstan) refused to support Moscow’s war.”  

Keeping all the political reasonings aside, it is 

important for any exporter to diversify its export 

routes as it allows to build resilience to unexpected 

developments. It is equally important for an importer 

to ensure safe, reliable and uninterrupted supplies of 

energy.  

The key oil export routes for the Kazakh crude are 

shown in Fig. 3. 

CPC – Caspian pipeline consortium pipeline, BTC 

– Baku-Tbilisi-Ceyhan pipeline 

This article is attempting to answer the following 

research questions: 

1) What are the reasons for overdependence of 

Kazakhstan for its crude oil exports via the 

Russian territory? and  

2) How to get rid of this dependence? 

II. LITERATURE REVIEW 

Starting this section, the author needs to admit that 

the topic of this article is not in the limelight of 

researchers. This becomes especially evident in 

comparison with shipments from the Middle East. 

Nonetheless, the author has attempted to analyse as 

many literature sources as possible. Information 

collected by the author at various oil and 

transportation conferences and other professional 

events over the past few years is also used widely.  

“A brief overview of the political economy of 

Caspian oil” is provided in [2]. The same source 

raises “the critical problem – ... reliance on 

evacuation routes that run through Russia. 

https://dx.doi.org/10.14513/actatechjaur.00705
mailto:e.akhmedov@kbtu.kz
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Diversification of export routes was recognised as an 

important goal after 1991 but was impeded by the 

geopolitical difficulties presented by many of the 

possible alternatives.” In their another manuscript 
[6], the same authors admitted that “Kazakhstan’s 
desire to diversify export routes and reduce its 

dependence on Russia notwithstanding, evacuation 

routes via the Russian Federation remain in some 

cases the least problematic, given the difficulties 

posed by disputes over the Caspian and by political 

factors in Iran and Turkmenistan.” The issue of 
export routes diversification was further developed 

 

Figure 1. Crude oil imports by country of origin, EU-27, 2000-2018 (million tonnes) [3]. 

 

Figure 2. Crude oil imports into EU by country of origin (volume – thousand barrels) [4]. 

 

Figure 3. Key Oil Export Routes from the Caspian Region [5]. 
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in [7]: “Kazakhstan is keen to improve exporting 
capacities and is looking for options to diversify 

export routes.”  

The energy cooperation between the EU and 

Kazakhstan (and other Caspian region countries) 

was addressed in [8]. It this source Kazakhstan is 

mentioned as the EU’s “most important oil partner in 
CACR (Central Asia and the Caspian Region)”.  In 
[9] it is analysed “how the security of oil supply to 
the European Union member states could be 

enhanced in case of a lasting supply disruption…” In 
[10] the authors assessed energy security in the 

Caspian Region and its geopolitical implications for 

the European energy strategy. In [11] it is mentioned 

that “West European countries perceive increasing 
their supplies from the Caspian region as a way to 

lessen their dependence on oil coming from OPEC-

associated countries, especially the Persian Gulf.” 
Other publications which addressed this topic 

include [12] and [13]. The paper [12] assessed the 

role of the Black Sea region (which is geographically 

very close to the Caspian region) in the European 

energy security making some important observations 

like “The EU has acknowledged the great oil and 
natural gas potential of the Caspian Sea region. The 

oil and natural gas resources of the states of the 

Caspian Sea littoral could provide a temporary 

alternative energy supply if Russia interrupts again 

the oil exports” and “An integral part of an increased 
focus on Caspian hydrocarbons must be concerted 

EU action against Russian threats to the east-west 

corridor”. The same topic of the European Union 
Energy Security was continued in [13]. The authors 

reiterate that “Diversification of energy resources is 
one of the objectives for the EU” and analyse “the 
potential of the Caspian basin in terms of energy and 

its impact on the energy security of the European 

Union”. 

A major part of publications related to the topic of 

this manuscript is in Russian language. It is 

reasonable to mention such works as [14], [15], [16], 

[17], [18] and [19]. [14] provides a detailed overview 

of different transportation routes for the Caspian oil 

and gas. Continuing this topic, the authors of [15] 

study various factors (physical-geographical, 

technological, economic, political, environmental) 

that influence the choice of optimal transportation 

options for the Caspian Sea hydrocarbons. They also 

propose a mathematical model, which takes into 

consideration the mentioned factors and suggests an 

optimal transportation option. In [16] prospects for 

offshore oil and gas production in the Northern 

Caspian Sea and possible ways of transportation are 

being investigated. In [17] economic and regional 

factors of the development of hydrocarbon 

transportation systems in Russia including the 

Caspian Sea region are addressed. The author of [18] 

investigates special aspects of the development of oil 

and petroleum products transportation by different 

modes of transport. [19] deserves special 

mentioning. In this work transportation flows and 

routes and competition between different modes of 

transport are considered.  

Several publications considered the development 

of transport infrastructure of Kazakhstan and the 

neighbouring countries. They include [20], [21] and 

[22]. Considering challenges and prospects of the 

Kazakh infrastructure development, the authors of 

[20] pay special attention to the accessibility of 

global communication routes for Kazakhstani 

exports. In contrast, the paper [21] analyses the 

transport infrastructure of Russia’s oil and gas 
industry “as regards the location of economic 
activity and existing transport links in that sphere, 

competitiveness of various modes of transport in 

transporting oil and gas cargoes, existing problems 

and approaches to solving them.” And in the [22], 

“the potential demand for oil and oil products 
transport via the existing rail corridor in the 

Caucasus, taking into consideration the competition 

from alternative routes” is evaluated. 

Another important source of information became 

the publications of international organizations like 

[23], [24] and [25] and professional associations 

[26]. Here it is essential to acknowledge that these 

sources of information usually provide accurate 

information quite quickly. Even if this information is 

not used directly, it provides abundant material for 

further thought or for understanding the context. 

III. DATA AND METHODOLOGY 

Data collection for this article was based on the 

following: 

1) Review of different literature sources. As 

already mentioned in the Literature review 

section above, the body of relevant literature is 

quite limited. 

2) Gathering information at oil and gas 

conferences and other professional events. 

Over the last several years, the author attended 

and spoke (both on- and off-line) at numerous 

events in Azerbaijan, Hungary, Kazakhstan, 

the Netherlands, and Russia. 

3) Gathering information from market players 

and representatives of academia. These sources 

are invaluable for understanding the situation.  

The criteria for including studies into 

consideration were their relevance to the topic, 

reliability and objectivity. The same principles were 

applied while gathering information at professional 

events and from market players and academia 

representatives, adding to them the trustworthiness 

of market players, speakers at and participants of 

professional events.  

In order to minimise the risk of bias, the 

information gathered at professional events and from 
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market players was cross-checked. Clarification 

calls were made when necessary. 

The analytical part of this paper was initially 

discussed with market players and academia 

representatives and then presented at two oil and gas 

conferences. Comments and recommendations 

received helped to improve the quality of this 

research. The market players and academia 

representatives whom the author discussed the 

content of this article with agreed that the selected 

methodological approach is suitable for the research 

questions mentioned above. 

List of interviewees 

The following oil and gas and transportation 

professionals and representatives of academia 

agreed to share their views on the situation: 

1) Vice-president for operations, Kazakh oil 

transportation company; 

2) Business development manager, multinational 

oil company operating in Kazakhstan; 

3) Director of export department, mid-size 

Kazakh oil company; 

4) Manager, oil market intelligence agency; 

5) Transport manager, Kazakh oil company; 

6) Representative of the Ministry of Energy of 

Kazakhstan; 

7) Professor, Kazakh research institution 

specialized in transport subject area; 

8) Associate professor, Kazakh university 

9) Associate professor, Azerbaijan university 

IV. RESULTS AND DISCUSSION 

The distinctive aspect of the considered problem is 

the dependence of Kazakh oil producer on export 

routes transiting the Russian territory (CPC and 

Atyrau-Samara pipelines) has substantially 

increased over the last years from 64% in 2010 to 

95% in 2021 (Table 1-2). 

All percentages do not total 100% due to rounding. 

Let us have a look at the reasons for this increase.  

Table 3 above clearly demonstrates that the 

economics of crude oil export via CPC pipeline is 

much better in comparison with other routes. It is 

also the shortest route, which results in shorter 

delivery times and better safety. The CPC pipeline is 

also safer from the environmental point of view as it 

has less trans-shipments and requires less time for 

transportation. It also has the quality bank. This 

circumstance is of serious importance for producers 

of high quality crudes. Last, but not least is the fact 

that major Kazakh oil producers have shares in CPC. 

All these reasons made CPC the major export route 

for the Kazakh crude. The only what complicates 

further shipments via CPC is the changed political 

situation. This changed situation can lead to even 

discontinuation of shipments via the Russian 

territory. 

Table 1. Export of crude oil from Kazakhstan, 

2010 [27]. 

 Route 
Amount, 

mln. metric 
tons 

Share, 
% 

1. 

Caspian pipeline 

consortium pipeline 

(CPC) 

29.9 42 

2. 
Atyrau-Samara 

pipeline 
15.3 22 

3. Port of Aktau 9.3 13 

4. 
Atasu-Alashankou 

pipeline (to China) 
10.1 14 

5. Railway 6 8 

6. Total 70.6  

Table 2. Export of crude oil from Kazakhstan, 2021 

[27]. 

 
Route 

Amount, 
mln. metric 

tons 

Share, 
% 

1. Caspian pipeline 

consortium pipeline 

(CPC) 

53 78 

2. Atyrau-Samara 

pipeline 

12 17 

3. Port of Aktau 2 3 

4. Atasu-Alashankou 

pipeline (to China) 

1 1 

5. 
Railway 

insignificant 

amounts 

 

6. Total 68  

Table 3. Economics of crude oil export from 

Kazakhstan, 2021 [27]. 

 
Route 

Tariff, $ 
/ ton 

1. Caspian pipeline consortium 

pipeline (CPC) 
38 

2. Atyrau-Samara-Vysotsk 

(Russian Baltic Sea port) 
56 

3. Port of Aktau – port of Baku 

and then via BTC pipeline 
113 

4. Atasu-Alashankou pipeline 

(to China) 
45 

5. Railway from Atyrau to 

Batumi (Georgian Black Sea 

port) 

 

103 

A substantial portion of crude oil produced in 

Kazakhstan has been transported via the Atyrau-

Samara pipeline and then via the Russian Transneft 

crude oil pipeline system. Unfortunately, this route 

is becoming risky because of tightening anti-Russian 

sanctions. The shipments of the Russian crude via 

the Transneft system were almost discontinued. It is 

unlikely that revenues from relatively small Kazakh 
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shipments will be enough to support the functioning 

of this system in the future. 

At first glance, the economics of shipments to 

China also looks attractive. However, this is the tariff 

till the border between China and Kazakhstan only. 

It is important to note here that the main consumers 

of crude oil and refined products in China are in the 

eastern coastal provinces. So, if we take into 

consideration the distance between the point where 

the Atasu-Alashankou pipeline crosses the border 

between China and Kazakhstan and say the city of 

Shanghai, the actual tariff for Chinese consumers 

should be more than doubled.  

In the event the shipments of Kazakh crude via the 

Russian territory are discontinued, increasing 

refining or using crude oil in petrochemistry can be 

a partial solution. Within the last few years, the share 

of the total production, which was used for these 

purposes was around 20%. However, the share of 

these industries should be significantly increased due 

to their rapid development over the last several years.  

The route via the port of Aktau, then by sea to the 

port of Baku and finally to the Mediterranean via the 

BTC (Baku-Tbilisi-Ceyhan) pipeline is the most 

expensive option. There are also issues around the 

access to this pipeline, which do not exist for CPC. 

In spite of the high cost, this route can become a 

partial solution. Similarly, railing the Kazakh crude 

oil from Atyrau to Batumi (Georgian Black Sea port) 

via the territory of Azerbaijan is very expensive. In 

addition to that, this route crosses the Russian 

territory. 

Meanwhile, there is a need to look at other 

potential export routes, which have not been covered 

above. The first is supplying the North of Iran via 

Turkmenistan by rail or via the Caspian Sea to 

Iranian sea ports by sea (please refer to the map on 

Fig. 3 above). This option existed in the past and was 

discontnued because of Western sanctions against 

this country (Iran). Another potential destination is 

the neighboring countries: Afghanistan, Kyrgyzstan 

and Uzbekistan. However, the demand in these 

countries is relatively small – never exceeded 1 

million metric tons. 

V. CONCLUSIONS AND 

RECOMMENDATIONS 

1) CPC remains to be the best export route for the 

Kazakh crude at the moment and in the near 

future. However, this does not mean that the 

situation can be accepted as is. The work on the 

development of alternative routes has to be 

continued even if alternatives are less attractive 

economically now. There is a possibility that all 

transit via Russia (or at least via the Russian 

Black Sea ports) will be discontinued due to 

political or security reasons. In this case, even 

more expensive and difficult routes bypassing 

the Russian territory will be needed for the 

country. 

2) Among the most viable alternatives to CPC are 

shipments to the port of Aktau and then to the 

Mediterranean via BTC pipeline and to China via 

the Atasu-Alashankou pipeline, though 

substantial investments are required to make 

them able to accept increased volumes. In spite 

of these investments, high transportation costs 

and other issues, these two routes remain the only 

feasible options for the evacuation of the Kazakh 

crude to the World markets in sizeable quantities. 

3) Construction of the Caspian undersea pipeline 

from Aktau to Baku (please refer to Fig. 3 above) 

can radically decrease the cost of transportation 

via this route. However, this project is very costly 

and involves numerous environmental problems. 

4) The routes via Turkmenistan to Iran or from the 

port of Aktau via the Caspian Sea to Iranian sea 

ports are not operational now due to the Western 

sanctions. In the event these sanctions are lifted, 

these routes will soon become very attractive.  

5) Another potential way is to increase crude oil 

refining or using crude oil in petrochemistry. 

This way is also not free from limitations and 

requires additional investments but can at least 

partially ease the situation.  

6) In spite of limited demand in the neighbouring 

countries of Afghanistan, Kyrgyzstan and 

Uzbekistan, the shipments to these countries 

deserve due attention. It should be noted that 

though the demand in these countries is quite 

small it has a steady upward trend because of 

rapidly growing populations. 

7) The Turkmenistan–Afghanistan–Pakistan–India 

(TAPI) gas pipeline project is being considered. 

In case this project moves forward, an oil 

pipeline can be laid down in parallel with this gas 

pipeline’s right-of-way (in compliance with all 

the required technical safety standards).  

8) In spite of tightening anti-Russian sanctions, 

potential swap deals with Russia can be a partial 

solution as well. In this case, Kazakh oil 

producers can supply crude oil to China via the 

Atasu-Alashankou pipeline and receive 

equivalent volumes of Russian crude in say 

Russian Baltic Sea ports.  

9) The country has to continue clarifying to the 

international community that shipments from 

Kazakhstan are not subject to sanctions. This is 

critical as there were attempts to restrict Kazakh 

cargoes already. 

Research contribution 

The present study is among the first and very few, 

which considers the changed situation with energy 

supply to the European Union since the beginning of 

the Russo-Ukrainian way. As mentioned above, the 

literature body on this topic is limited, though the 
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importance of crude oil supplies from Kazakhstan to 

the EU is high. 

Research limitations  

1) Small sample size: the limitation is caused by 

the nature of the research. Here it is necessary 

to acknowledge that the overall number of 

people with proper understanding of the 

situation and the market trends is limited. The 

author, however, tried his best to increase the 

number of respondents as much as possible. 

2) Self-reported data: the limitation is also caused 

by the nature of my research. It was addressed 

through cross-checking the answers, making 

clarification calls to ascertain the responses 

and comparing the information received from 

the respondents with the information presented 

in different publications (mainly of 

international organizations and professional 

associations). 

3) Refusal to comment on some issues due to 

political and/or self-censoring reasons. This 

situation is very typical for the oil and gas 

industry.  

The limitations above do not undermine the value 

of this, but rather serve as an initial point of departure 

for further studies. 
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Abstract: The present study aims at investigating the effect of hexagonal boron nitride (hBN) nanoplatelets on 

the properties of acrylonitrile butadiene styrene (ABS) polymer. Composites containing 0-30 vol% 

hBN were prepared through batchwise melt compounding, which was followed by compression 

molding. Subsequently, the thermal and thermomechanical properties of the fabricated samples were 

investigated. The dynamic mechanical analysis (DMA) revealed that the storage modulus of the 

samples was markedly improved in the entire examined temperature range, while the glass transition 

temperature also gradually increased as a function of hBN content. According to the 

thermogravimetric analysis (TGA), the incorporated boron nitride particles enhanced the thermal 

stability of ABS composites, exhibiting a notably higher decomposition onset temperature. 

Additionally, the thermal conductivity of the ABS/hBN composites significantly increased by 570% 

when the hBN content was 30 vol%.  

Keywords: acrylonitrile butadiene styrene; boron nitride; thermal conductivity; thermogravimetric analysis, 

dynamic mechanical analysis 

 

I. INTRODUCTION 

Recent times have seen a miniaturization and 

functionalization in the field of electronic devices  

[1-3]. One of the major challenges of this trend is to 

provide effective heat dissipation for the respective 

products in order to prevent their heat accumulation. 

Overheating might lead to a reduced lifespan and 

reliability of such high power density electronic 

components, including LEDs, Li-ion batteries, 

microelectronic packaging, and solar cells [4, 5]. 

One of the most common and cheapest materials for 

such purposes are polymers owing to their low 

density, good electrical insulation, and simple 

processability, however, their use is mostly limited 

to protective coatings and insulating layers because 

of their inherently low thermal conductivity, which 

is typically below 0.5 W/mK [6].  

In order to overcome this shortcoming of 

polymers, a commonly followed strategy is to pair 

them with thermally conductive fillers [7]. The most 

commonly applied thermal conductors to 

incorporate into polymers are metallic, 

carbonaceous, and ceramic materials. Metals and 

carbon-based fillers provide an optimal solution 

when the electrical insulation is not important, albeit, 

when it is essential along with outstanding heat 

conductivity, then ceramic additives are the obvious 

choice since the previous types usually own high 

electrical conductivity too [8, 9]. Among ceramics, 

the most common ones to be embedded into 

polymers to achieve the desired properties are 

aluminum nitride (AlN), aluminum oxide (Al2O3), 

silica carbides (SiC), and boron nitrides [6]. 

Oftentimes, researchers aim to improve the 

interfacial affinity of these particles through 

functionalization, or else the lack of active groups 

would result in these particles clumping together and 

distributing poorly within the polymer matrix [10]. 

These approaches, however, besides inserting an 

additional step into the processing sequence are also 

rather time- and money-intensive procedures.  

Hexagonal boron nitride (hBN) nanoplatelets are 

2D materials that attracted considerable scientific 

interest as fillers for various polymers due to the fact 

that they exhibit several benefits over carbonaceous 

and metallic particles. The thermal conductivity of 

hBN is anisotropic because of its layered structure. 

Accordingly, its in-plane thermal conductivity 

greatly differs from the through-plane conductivity. 

The previous one is roughly 600 W/mK because of 
the strong covalent bonds between B and N atoms, 
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while the latter one is between 1.5 and 2.5 W/mK 
[11]. Besides their excellent heat conductivity, their 

major advantages are the outstanding electrical 

insulation, corrosion resistance, and high thermal 

stability [10]. Therefore, a large body of work has 

been devoted to the development of boron 

nitride-filled polymer composites of improved 

thermal conductivity throughout the last several 

years with various thermoplastics and thermosets 

used as matrix materials. Among others, 

polypropylene [12], polyamide 6 [13], high density 

polyethylene [7], and epoxy [14-16] were 

successfully paired with this innovative ceramic 

filler. 

In this work, a batchwise melt mixing procedure 

was employed to fabricate hBN-filled acrylonitrile 

butadiene styrene (ABS)-based polymer composites 

with enhanced thermal properties. The prepared 

ABS/hBN samples were subjected to dynamic 

mechanical analysis to study their thermomechanical 

behavior and glass transition temperature, while the 

thermal stability was examined by means of 

thermogravimetric analysis. Furthermore, the 

enhancement in the thermal conductivity of ABS as 

a function of boron nitride content was studied by 

laser flash technique. 

II. MATERIALS AND METHODS  

1. Materials 

The ABS polymer (Magnum 3453) used as matrix 

material was obtained from Trinseo (Wayne, 

Pennsylvania, USA). The hexagonal boron nitride 

nanoplatelets under the brand Hebofill 482 were 

purchased from Henze BNP (Lauben, Germany). 

The density of hBN is 1.88 g/cm3 and its average 

particle size is <30 µm according to its official 

datasheet. It has to be noted, that this latter value 

refers to the size of hBN agglomerates, while the 

individual particles are much smaller than that. 

Scanning electron microscopic image of the hBN 

particles is shown in Fig.1. 

2. Preparation of the ABS/hBN composites 

The melt mixing process of ABS and hBN was 

performed with a Haake Polylab internal mixer 

(Vreden, Germany) equipped with a chamber of 

50 cm3. The compounding was carried out at a 

temperature of 190 °C, whereas the rotational speed 

of the mixing elements was 60 rpm. The procedure 

lasted for 10 minutes with ABS being the first 

material to be added into the mixer. Subsequently, 

after 3 minutes the hBN particles were also 

introduced. This way, ABS-based samples 

containing 0, 1, 3, 5, 10, 20, and 30 vol% hBN were 

prepared. The composition and designation of the 

prepared samples are collected in Table 1.  

The fabricated samples were compression molded 

following the melt compounding. This way, sheets 

of ~2 mm thickness were prepared with a Carver hot 

press 4122 (Wabash, Indiana, USA) compression 

molding machine at 190 °C.  

3. Characterization 

Dynamic mechanical analysis (DMA) was 

performed with a TA Instruments Q800 device (New 

Castle, Delaware, USA) in the temperature range of 

30 °C to 150 °C with a heating rate of 3 °C/min. The 
experiments were carried out using a single 

cantilever clamp. The frequency was 1 Hz and the 

strain amplitude was set to 0.02%. 

Thermogravimetric analysis (TGA) was carried 

out with a TA Instruments Q500 device (New Castle, 

Delaware, USA). Samples in the range of 5-10 mg 

were exposed to a heating program ranging from 

30 °C up to 700 °C at a linear heating rate of 

10 °C/min in a nitrogen atmosphere. 

The enhancement in the thermal conductivity of 

the samples was determined with a Netzsch LFA 467 

Hyperflash (Selb, Germany) light flash apparatus. 

Round samples with a diameter of 12.7 mm were cut 

from the compression molded sheets and coated with 

graphite. Five pulses were performed on each 

specimen. The thermal conductivity enhancement 

 

Figure 1. Scanning electron microscopic image 

of the applied boron nitride nanoplatelets  

Table 1. Composition and designation of the 

prepared samples 

Designation 
ABS-content 

[vol%] 

hBN-content 

[vol%] 

ABS 100 0 

ABS_1hBN 99 1 

ABS_3hBN 97 3 

ABS_5hBN 95 5 

ABS_10hBN 90 10 

ABS_20hBN 80 20 

ABS_30hBN 70 30 
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(Ф) was determined according to Equation (1) as 

follows [17]:  Φ = 𝑘𝑐 − 𝑘𝐴𝐵𝑆𝑘𝐴𝐵𝑆 × 100% (1) 

where kc and kABS represent the thermal conductivity 

of the composite and the unfilled ABS polymer, 

respectively. 

III. RESULTS AND DISCUSSION 

1. Dynamic mechanical properties 

The dynamic mechanical behavior of the 

fabricated samples was analyzed in the temperature 

range of 30 °C to 150 °C. Fig. 2 shows the 

temperature dependence of the storage modulus (E’) 
and loss factor (tan δ) of the prepared samples. 

According to Fig. 2a, all the composites containing 

hBN particles exhibited considerably higher storage 

modulus than that of unfilled ABS in the whole 

analyzed temperature range. This increment can be 

explained by the high rigidity of ceramics particles 

(such as hBN), which confers a general increase in 

the stiffness of the composite matrix. Meanwhile, the 

E’ of all the prepared samples reduced with 

increasing temperature. At low temperatures, the 

amorphous part of polymers tends to be in a so-called 

glassy state. In the glassy state, the motion of chain 

molecules is restricted, resulting in high storage 

modulus values that only slightly decrease as a 

function of temperature. When exceeding the glass 

transition temperature (Tg) a sudden drop in storage 

modulus can be observed, representing the transition 

of the material from the glassy state into a 

rubber-like state. As seen in Fig. 2a, the decrease in 

storage modulus when exceeding the Tg was highest 

for those composite samples that contained the 

highest amount of hBN filler (note the logarithmic 

scale). 

The temperature dependence of the loss factor is 

shown in Fig. 2b. The glass transition temperature of 

polymeric materials is mostly defined as the 

temperature where the tan δ curve peaks. 

Apparently, with increasing hBN content, the Tg of 

ABS (114.8 °C) shifted towards higher temperatures, 

reaching 120.8 °C when the maximum of 30 vol% 

hBN was incorporated into the matrix. This shift to 

higher temperatures refers to a reduced chain 

mobility of the ABS molecules in the presence of 

hBN [18]. Additionally, it can be seen that the tan δ 

peaks declined with the introduction of ceramic 

particles indicating a reduced damping capacity of 

the ABS polymer.  

2. TGA behavior 

The thermal stability of the samples was analyzed 

by means of TGA measurements. The TGA 

thermograms of unfilled ABS and the composites 

against the increasing temperature are illustrated in 

Fig. 3a, whereas Fig. 3b shows their derivatives 

(DTG). Clearly, all samples exhibited a single-step 

degradation process, corresponding to the 

decomposition of macromolecular chains of ABS 

polymer. The degradation manifested in a sudden 

drop in the TGA thermograms (Fig. 3a) and in a 

sharp peak in the DTG curves (Fig. 3b). The thermal 

stability of the fabricated samples was analyzed in 

the form of the onset temperature and maximum 

thermal degradation temperature. The onset of the 

decomposition (To) was considered as the 

temperature where the specimens suffered 5% of 

weight loss, while the temperature of the maximum 

degradation (Tp) was determined based on the peak 

points of the DTG curves. The To value of neat ABS 

was 381.8 °C, which gradually improved with 
increasing hBN content, reaching the highest 

temperature of 391.1 °C for the ABS_30hBN 
sample. This enhancement in thermal stability can be 

attributed to the high heat capacity of the hBN filler, 

which is embedded into the ABS matrix. 

 
 

 

Figure 2. Storage modulus (a) and loss factor (b) 

versus temperature of pure ABS compared with 

composites containing different amounts of hBN  
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Meanwhile, the ceramic fillers did not 

significantly affect the Tp values. The temperature 

corresponding to the maximum degradation was the 

lowest for unfilled ABS (416.5 °C), but it only 

increased slightly in the presence of boron nitride 

particles, with all the composites being in the small 

temperature range of 416.6 and 418.6 °C. 

3. Thermal conductivity 

The thermal conductivity enhancement data of all 

hBN-containing composites relative to that of 

unfilled ABS are depicted in Fig. 4. The thermal 

conductivity of commercial ABS was determined as 

0.19 W/mK, which is in good agreement with the 

literature [6]. As expected, with hBN nanoplatelets 

getting incorporated into the polymer matrix, the 

thermal conductivity of ABS increased 

simultaneously. The relative enhancement of 

thermal conductivity was 2.5%, 5.8%, 45.3%, 

101.5%, 263.5%, and 572.0% for the composites 

containing 1, 3, 5, 10, 20, and 30 vol% of boron 

nitride particles, respectively. 

IV. CONCLUSIONS 

In the present study, ABS/hBN composites were 

fabricated through batchwise melt compounding 

using an internal mixer. Subsequently, the 

composites were formed into sheets through 

compression molding. The thermomechanical 

behavior of the fabricated samples was analyzed by 

means of dynamic mechanical analysis. It was 

revealed that the hBN particles greatly enhance the 

storage modulus of ABS in the whole examined 

temperature range while also increasing its glass 

transition temperature prominently. Through 

thermogravimetric analysis it was shown that the 

onset temperature of ABS shifts to a higher 

temperature if hBN nanoplatelets are incorporated 

into it, referring to an improved thermal stability. 

Additionally, the laser flash measurement verified 

that this type of ceramic filler is highly efficient in 

increasing the thermal conductivity of ABS polymer, 

reaching a maximum relative increment of 570% at 

30 vol% hBN concentration. 

Overall, this study provides solid evidence about 

all the investigated properties of ABS being 

markedly improved in the presence of hBN particles. 
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Figure 4. Thermal conductivity enhancement of 

ABS at various hBN concentrations  
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Figure 3. Thermograms of TGA (a) and DTG (b) 

versus temperature of pure ABS compared with 

composites containing different amounts of hBN  
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