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Sustainable hybrid energy production system 
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Abstract: Solar energy has a drawback when it works individually, because it could not produce electrical energy in rainy and cloudy 

seasons, and during the night time. Wind energy is not constant and it varies from zero to storm force. This means that wind turbines do not 

produce the same amount of electricity all the time. Therefore, the need to overcome these drawbacks could be by combining two energy 

resources so that any one source fails the other source will keep generating electricity. In this study, a designed prototype that combines two 

energy resources wind and solar energy will be constructed and tested. The design will supply the sustainable energy resources without 

damaging the nature and gives uninterrupted power. Also it works during day time and produce DC power by the solar PV cell which is 

stored in the battery bank through a hybrid controller, which maximizes charging current and prevents excessive discharge/overcharge. The 

Wind turbine generator will generate power when wind speed exceeds cut-in speed; wind power is also stored in the battery bank through 

hybrid controller. Energy stored in the battery is drawn by electrical loads through the inverter, which converts DC into AC power. The 

inverter has in-built protection for short-circuit, reverse polarity, low battery voltage and over load. The battery bank is sizing to feed loads 

up to five hours, during non-sun/wind days. The designed prototype has proved to work efficiently for a sustainable electricity supply for 24 

hours, the results of this work give an incentive to proceed with building and using such sustainable power generation systems (hybrid) that 

have proven to be efficient and economically feasible to use for continuous energy generation which is suitable for urban, rural and isolated 

areas. 

KEYWORDS: SOLAR ENERGY, WIND ENERGY, BATTERY BANK AND CONVERTER  

 

Introduction: 

Humans have an insatiable thirst for energy, but the population will 

increase rapidly with the continuous increasing in energy demand. 

Global electric power has now reached 15 terawatts (the equivalent 

of 150 billion 100W light bulbs) and assuming an increase in 

population to 9 billion and continuation of the current growth rate in 

energy demand, this would increase to 100 terawatts by 2050 [1 and 

2].  Even if we take on more sustainable approaches in the future 

and conserve energy to the best of our ability, we would still require 

30-40 terawatts of electrical power capacity by 2050. Since the 

industrial revolution, our entire infrastructure and economy has 

been built upon cheap and easily available fossil fuels, such as coal, 

natural gas and oil, so that these are now the most essential 

resources for humankind. These fossil fuels are being rapidly 

consumed – an approximate 2 trillion barrels of oil were consumed 

over the last 100 years and another trillion is likely to be consumed 

in the next 30 years, nature took millions of years to produce this 

amount of oil. Current predictions state that coal reserves will be 

depleted in 250 years, oil in 40 years and gas in 70 [3 and 4].  This 

means that we are in an energy crisis, and the implementation of 

renewable energy solutions can help solve this predicament. 

Renewable energies refer to energies derived from sources that are a 

constant factor for humans on earth, and these sources include the 

sun, wind, biomass, the ocean, hydro power and geothermal. 

However, the move towards renewable energies needs to be done 

quickly. Although the depleting fossil fuels will not affect us for a 

few decades at least, governments of countries have an increasing 

incentive to diversify their energy sources [5 and 6]. Investing in 

renewable energy on the national and global scale is advisable for 

the following reasons [7]. 

 • Energy security  

 • Escalating costs of conventional energies 

• Less price volatility and competitive market  

• Stimulation of economy and creation of jobs – investing in 

renewable energies will create a renewable     energy industry which 

will stimulate the economy [8] 

• Environmental concerns –burning of fossil fuels leads to the 

release of carbon dioxide gas into the   acreage havoc in many parts 

of the world [9]  

• Depleting resources  

Motivation of the Study: Jordan is a non-oil-producing country 

and imports 96% of the energy used. As a consequence, energy 

imports accounts for roughly 22% of the GDP (Gross domestic 

product). The population’s growth rate is high; about 2.3% per year. 

This causes the demand on energy sources, mainly oil products to 

increase rapidly. Implementation of renewable energy resources 

such as solar and wind energy, will lead to economic, social and 

environmental benefits [9]. 

 Objectives: The main aim of this study is to design and implement 

a prototype of a solar-wind hybrid energy system. While the sub-

objectives are:- 

-Calculate the wind power generation for the case study 

- Calculate the solar power generation for the case study 

-Calculate the total storage of combined power that generated 

from the system 

- Design a suitable combined system to give a    sustainable 

energy for 24 hour 

Methodology: In order to achieve the overall objectives of the 

research, the following approach is adopted in the current research. 

- Literature survey: Reviewing the collection of research 

publications related to the present research    problem, in order 

to understand and evaluate of the current state of the   research 

- Theoretical analysis of the proposed designed system  

-Analysis the data that will be collected 

-Modeling and simulation of the designed controller for hybrid 

energy system 

 The Proposed Hybrid System in Present Work: In recent years, 

hybrid technology has been developed and upgraded its role in 

renewable energy sources due to its benefits [10].  It produces 

autonomous power production which is un-challenged, and now 

days many houses in rural and urban areas use hybrid systems. 

Many isolated islands try to adopt this kind of technology because 

of the benefits which can be obtained in comparison with a single 

renewable system. In present work this system will be designed 

based upon a wind ducted turbine and photovoltaic (PV) panels, as 

shown in figure (1). This specific hybrid system presents many 

benefits; specifically, the assessment for a wind/solar hybrid system 

which is focused on the wind and solar potential of the region.  

 

Figure -1: Operation Diagram of a Hybrid System for PV and Wind 

Turbine 
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The system can be operated during the day using the energy from 

the sun and after the sun has set it can utilize the potential wind 

energy to continue its function. For this reason, wind and solar 

systems work well together in a hybrid system and they provide a 

more consistent year-round output than either wind-only or PV-only 

systems. Moreover with the use of the appropriate auxiliary systems 

like batteries can store energy which will be useful in compensating 

electrical demands used by the building for periods where there is 

no sun or wind. Finally, it is economically sound and advantageous 

to use non finite resources, i.e. solar and wind (hybrid). The 

investment financially and environmentally in modern technologies 

will win through the generations to come in the fight for energy 

efficiency and effectiveness. 

Wind Turbine Power Generation: Wind turbine (WT) power is 

used to convert kinetic energy into electrical energy through the use 

of a generator. As wind conditions vary, the electrical energy 

created from the generator needs to be converted for usability. A 

rectifier, inverter, transformer and filter are needed within the wind 

turbine for utility-grade AC power to be transmitted over long 

distances. A transformer is usually installed at the bottom of the 

tower to provide voltage conversion from the low voltage generated 

by the wind turbine, to medium/high voltage for transmission [11]. 

Rectifier and Inverter: The rectifier and inverter are key 

components in the wind turbine system. The rectifier converts noisy 

AC power to DC power, while the inverter converts DC power to 

clean and reliable AC power. The switching of these devices is 

usually controlled by a DSP-embedded controller via a fiber optic 

link, to provide efficient and reliable switching control with high 

galvanic isolation capability  

 

 Power Outputs: The mechanical power extracted from the wind 

can be calculated by the following equation [11]:- 

𝐏𝐦𝐞𝐜= 
𝟏

𝟐
𝛒𝒂𝒊𝒓 𝐀𝐫𝐂𝐩𝑽

𝟑 𝛈    …………... (3) 

Where  

𝐏𝐦𝐞𝐜: Mechanical power on the shaft of the turbine, 

𝛒𝒂𝒊𝒓:  Air density, 

𝐂𝐩:  Power coefficient, 

𝐀𝐫:  Area swept by the rotor, 

𝑽:  wind speed. 

Ƞ : Mechanical efficiency of wind turbine. 

Wind turbines are also classified by the amount of power that 

they can generate, and are directly correlated to the physical size of 

the turbine (larger wind turbines produce more energy).  The three 

types of turbines in terms of power output levels are: utility, 

industrial, and residential‐ scaled wind turbines. Table-1 displays 

the average size range and uses for each of the three scales of 

turbine [12]. 

 

Table -1: Wind Turbine Classifications [12]

 
Wind Speed and Effect of Height: Wind speed varies with height 

at ground level (zero meters) the speed is low and turbulent and at 

some higher altitude (say, 100 m) it is faster and smoother, this is 

due to friction as wind passes across the earth's surface.  Whilst the 

nature of surface varies, it is common practice to use an empirical 

relationship between height and speed. The standard height for 

meteorological observation wind speed data is 10 m.  This type of 

data is the most readily available, as the power generated is 

proportional to the velocity cubed, there is an advantage to be 

gained by locating the turbine on some form of tower, typically in 

the range 10 to 120 m high. The effect of height is shown in the 

figure (2) 

Figure -2: The effect of height and speed factor [13] 

While, figure (3) illustrates the increase in wind speed with 

height in the context of rated output. 

Figure -3: Wind Speed with Height [13] 

The sample calculation assumes that the turbine is mounted on 

a 30-meter tower, thus if the Rayleigh wind speed is 5 m/sec at 10 

m, this can be expected to increase by a factor of 1.17, allowing a 

value of 5.85 to be used for the estimate, giving a 60% increase in 
output [13] 

Wind Speed - Operating Range: At very low speeds (say less than 

2 m/sec) the turbine will not rotate at all whilst at high speeds (say 

greater than 25 m/s) it is necessary to limit or stop the turbine to 

prevent damage from over-speeding [14] 

Pitch Regulated and Stalls Regulated Wind Energy: Turbines 

are designed to withstand extreme winds statically. This means that 

they can survive a storm, but only when they are not spinning. They 

are not designed for extreme rotational torques or speeds. At very 

large aerodynamic torques or rotational speeds, the forces on the 

blades and other parts of the turbine are enormous and it will 

literally tear the turbine apart. This is why they are always designed 

with a cut-out speed above which breaks will slow the turbine to a 

halt. These control strategies can broadly be classified as pitch-

regulated and stall-regulated, respectively. Pitch-regulated wind 

turbine have an active control system that can vary the pitch angle 

(turn the blade around its own axis) of the turbine blades to decrease 

the torque produced by the blades in a fixed-speed turbine and to 

decrease the rotational speed in variable-speed turbines. This will 

slow down the turbine’s rotational speed or the torque transferred to 

the shaft so that the rotational speed or the torque is kept constant 

below a set threshold. Figure (4) shows the pitch-regulated turbine 

is represented by the red curve [13] 
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Figure -4: Pitch-regulated and Stall-regulated Wind  Turbine [13] 

Stall-regulated wind turbine, on the other hand, have their 

blades designed so that when wind speeds are high, the rotational 

speed or the aerodynamic torque, and thus the power production, 

decreases with increasing wind speed above a certain value (usually 

not the same as the rated wind speed). The benefit of stall-

regulation over pitch-regulation is limited the capital cost of the 

turbine, as well as lower maintenance associated with more moving 

parts [14]. 

 

 System Design and Data Collection: The present work system 

design will be performed by the following main steps: - 

 

(a) Design of Combined Energy System: The proposed 

design of the combined energy system which will be used 

in this work as follows: 

(1) Data Required for Solar System: 

-  Monthly averaged insulation incident on horizontal surface 

(kWh/m²/day) 

-  Solar power that can be generated from the panel 

 

(2) Data Required for Wind System: 

 

-  Hourly wind speed (m/sec)  

- Wind power that can be generated from the wind turbine 

     (3) Technical Part 

Technical components of the prototype are as shown in the figure 

(5)  

 

 
 

 
Figure-5: Prototype of Combined Energy Resources  

(b) Calculations of the Design: During day time, DC power 

generated by the solar PV array is stored in the battery bank through 

hybrid controller, which maximizes charging current and prevents 

excessive discharge/overcharge. Wind turbine generator will be 

started generating power when wind speed exceeds cut-in speed of 

the minimum wind turbine (above2.7m/s). The wind turbine is self-

regulated type with protection for over speed. Energy stored in the 

battery will be consumed by electrical loads through the inverter, 

which convert DC into AC power. The inverter has in-built 

protection for short-circuit, reverse polarity, low battery voltage and 

over load. The battery bank is sizing to feed loads up to two hours 

per day, during non-sun/wind days. The designed calculations will 

be performed by the following main steps (figure-6): 

 
Figure -6: Step by Step Designing of the Hybrid System 

Step- One:  Calculation of the Load Demand 

Calculating power consumption demands and total Watt-hours 

per day for some appliances for example to verify the present 

design used as shown in table (2). 
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Table 2: The Load Demand for the Hybrid System for the Case 

Study 

Applian

ce type 

Quantit

y 

Power 

per item 

(

𝐖𝑫𝑪 ,𝐖𝑨𝑪 ) 

Total 

Power 

(

𝐖𝑫𝑪 ,𝐖𝑨𝑪 ) 

Time 

of Use 

(h/da

y) 

Total 

Energ

y 

(W 

h/day

) 

AC 

Light 

1 5 5 2 10 

DC 

Light 

1 9 9 2 18 

AC 

Small 

TV 

1 10 10 2 20 

AC 

Small 

Camera 

1 16 16 2 32 

Total  40   80 

Step -Two: Calculation of the Minimum Powers that PV and 

Wind Turbine Expected to deliver from the load demand which was 

calculated in table (2) will calculate: 

(1) Outputs Energy of PV and Wind turbine: 

The DC loads as calculated above = 18 watt 

The AC loads as calculated above = 62 watt 

(2) After it passes through the inverter where the efficiency is 

90 % as in figure-, the AC load will be:- 

𝑷𝟏 =  
𝑷𝑨𝑪

𝜼𝒊𝒏𝒗
………………… (4) 

 

 = 
𝟔𝟐

𝟎.𝟗
 = 68.89 W h/day 

(3) Minimum outputs energy of PV and Wind turbine after the 

power passes through charge controller and the battery where 

the efficiency is 85% as in figure (7): 

𝐏𝟐 =  
(𝐏𝟏+𝐏𝐃𝐂)

𝛈𝐜𝐜
 …………. (5) 

 

     = 
(𝟔𝟖.𝟖𝟗+𝟏𝟖)

𝟎.𝟖𝟓 
 = 102.2W h/day 

 

 If it is assumed that general losses that may occur in 

the system will be 10% when considering the worst 

situations (cable losses, attachments, development 

current), the total power needed per day can be 

expressed by the equation (Yousif. 2012) 

 

𝑷𝑳𝒐𝒂𝒅 =  𝑷𝟐  × 𝟏.𝟏……………… (6) 

 

→ 𝟏𝟏𝟐.𝟒𝟐 𝐖𝐡/𝐝𝐚𝐲 

Figure-7: The Energy Conversion for the Study 

Step -Three: Solar Panel Sizing: Solar panel is used to convert 

solar radiation to the electrical energy. The physical of PV cell is 

very similar to that of the classical diode with a PN junction (a 

boundary or interface between two types of semiconductor 

material, p-type and type, inside a single crystal of semiconductor) 

formed by semiconductor material. When the junction absorbs light, 

the energy of absorbed photon is transferred to the electron-proton 

system of the material, creating charge carriers that are separated at 

the junction. The charge carriers in the junction region create a 

potential gradient, get accelerated under the electric field, and 

circulate as current through an external circuit. Solar array or panel 

is a group of a several modules electrically connected in series 

parallel combination to generate the required current and voltage. 

Solar panels are the medium to convert solar power into the 

electrical power. 

 

(1) Radiation in Mutah University Site: 

The system has been designed on the basis of the solar data 

available for the selected area that is south Jordan and for more 

accurate working Mutah University has been selected as a more 

specific location and all the calculations are based on Mutah 

University, as shown in figure (8) shows monthly averaged 

insulation a horizontal surface. 

 
Figure -8: Monthly Average Radiation on a Horizontal Surface 

(kWh/m²/day) (NASA) 

(2) Calculating Equivalent Sun Hours: The peak sun hours per 

day (PSH) is the number of hours per day of solar irradiation > 

1000 Wh/m² for Jordan the PSH is 5.7 h/day.  

(3) Calculating Size of PV Panel: To find the number of panels 

that the system need, and connection between them to cover the 
load demand. 
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Minimum PV Power = 
 𝐓𝐨𝐭𝐚𝐥 𝐄𝐧𝐞𝐫𝐠𝐲 𝐃𝐞𝐦𝐚𝐧𝐝

𝐄𝐪𝐮𝐢𝐯𝐚𝐥𝐞𝐧𝐭 𝐒𝐮𝐧 𝐇𝐨𝐮𝐫𝐬
…… (7) 

 𝑾𝑷 = 
𝟏𝟏𝟐.𝟒𝟐  

𝟓.𝟕
= 𝟏𝟗.𝟕𝟐 𝒘 

Number of Panels = 
𝐌𝐢𝐧𝐢𝐦𝐮𝐦𝐏𝐯 𝐏𝐨𝐰𝐞𝐫

𝐏𝐨𝐰𝐞𝐫 𝐨𝐮𝐭𝐩𝐮𝐭 𝐨𝐟 𝐏𝐯
………… (8) 

So, the number of panels = 
𝟏𝟗.𝟕𝟐

𝟓𝟎
  = 0.39 ≈ 1 panel as shown in 

figure (9), the specification of the panels is shown in figure (10) 

Figure-9: Project PV Panel 

Figure-10: PV Panel specifications 

Step –Four: Wind Turbine Sizing: Modeling is a basic tool for 

analysis, such as optimization, project, and design and control, a 

mathematical model of wind turbine is essential in the 

understanding of the behavior of the wind turbine over its region of 

operation; Modeling enables control of wind turbines performance. 

(1) Calculations of Wind Speeds: The system has been designed 

on the basis of the wind data available for the selected area that is 

south Jordan as shown in figure (11). For more accurate working 

Mutah University has been selected as a more specific location and 

the following calculation are based on Mutah, the data has been 

acquired on the basis of following details 

 Site: Mutah University 

 Latitude: 31°5'33" N 

 Longitude: 35°41'40" E 

 Elevation:820 m 

 

 
 

Figure-11: Wind Speeds Chart for Mutah University at 10 m 

(NASA) 

So, the annual average wind speed value was calculated as 4.12 m/s. 

(2) Calculating the Size of Wind Turbine 

Energy needed =𝟏𝟏𝟐.𝟒𝟐   𝑊ℎ/𝑑𝑎𝑦, annual average wind speed = 

4.12 m/s. 

From the following equation [15]: 

 

𝐏𝐨𝐰𝐞𝐫 (W)= 𝟎.5× 𝐂𝐏 × 𝛈 × 𝛒𝐚𝐢𝐫 × 𝚨 × 𝐕³……… (9) 

 

Where; 

𝑪𝑷: Rotor efficiency; but 𝑪𝑷= 0.45 is often used in this type of 

calculations; 

𝜼: Efficiency of driven machinery; 

A: Swept rotor area (m²), 

𝛒𝒂𝒊𝒓: Air density 

V: Wind speed (m/s) 

So, the turbine radius,  𝐑 =  
𝟐×𝐏

𝐂𝐏×𝛒×𝛑×𝐕³
→  

𝟐×𝟏𝟏𝟐.𝟒𝟐  

𝟎.𝟒𝟓×𝟏.𝟏𝟐𝟑×𝛑×(𝟒.𝟏𝟐)³
=

𝟏.𝟒 𝐦 

In this work prototype is going to use a small wind turbine as shown 

in figure (12) with area equals 962 cm², so, R = 17.4 cm, because it 

is not possible to use a turbine with 1.4 m radius in a small 

prototype. 

(3)  Calculating Turbine Revolutions  

From equation [15]: 

 

Revolutions (rpm) = 
𝐕×𝐓𝐒𝐑×𝟔𝟎

𝟔.𝟐𝟖×𝐑
…………. (10) 

Where; 

TSR: Tip Speed Ratio,  

R: Radius of rotor, 

So, the calculated revolution RPM = 720 at average wind speed = 

4.12 m/s. 

 
      Figure-12: The Project Wind Turbine 

 (4) Calculating the Tip Speed Ratio 

The Tip Speed Ratio (TSR) is an extremely important factor in 

wind turbine design. TSR refers to the ratio between the wind speed 

and the speed of the tips of the wind turbine blades, so, from the 

equation (Ashish, 2015): 

. 

Blade Tip Speed =
𝐑𝐏𝐌×𝛑×𝐑

𝐓(𝐭𝐢𝐦𝐞)
……………………… (11) 
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 Blade Tip Speed =
𝟕𝟐𝟎×𝝅×𝟎.𝟏𝟕𝟒 

𝟔𝟎
= 𝟔.𝟓𝟔 𝒎/𝒔 

 

𝐓𝐒R (λ) =
𝐓𝐢𝐩 𝐒𝐩𝐞𝐞𝐝 𝐨𝐟 𝐁𝐥𝐚𝐝𝐞

𝐖𝐢𝐧𝐝 𝐒𝐩𝐞𝐞𝐝
…………………. (12) 

 𝑻𝑺R (λ) = 
𝟔.𝟓𝟔

𝟐
= 𝟑.𝟐𝟖  

The tip speed ratio is very important factor in the different 

formulas of blade design 

Wind turbines must be designed with optimal tip speed 

ratios to get the maximum amount of power from the wind, for 

optimum Tip Speed Ratio and maximum power output, this formula 

has been empirically proven: 

λ = 
𝟒𝛑

𝐧
…………………… (13) 

n: number of blades 

Optimal tip speed ratio = 
𝟒×𝛑

𝟑
= 𝟒.𝟏 

 

Step –Five: Charge Controller Sizing: Charge controller has a 

basic function which is to control the source for active or inactive; it 

simultaneously charges battery and also gives power to the load. 

The controller has an over-charge protection, short-circuit 

protection, pole confusion protection and automatic dump-load 

function. Also its function is to vary the power as per the load 

demand. It adds both powers so that the load demand can fulfill, and 

when power is not generating it should extract power from battery 

and gives it to the load. Figure (13-a) shows the charge controller 

which will be used in the prototype of this study. The charge 

controller depends on the specification of PV and figure (13-b) 

shows its specifications. 

 

Figure 13-a: Project Charge Controller 

 

Figure 13-b: Specifications of the Charge Controller. 

Step –Six: Battery Bank Sizing: The battery bank size per the load 

requirement should be chosen s to fulfill the requirements of the 

required load and to calculate the battery bank size needs to have 

following data: 

(1) Total daily use in watt-hour (W h).  

(2) Total back up time of the battery  

 

 To increase the battery bank size must connect cell in series so that 

will get the larger battery bank size. Also should calculating the 

minimum capacity of the battery bank, because the capacity of the 

battery affected by number of days and the losses. 

 

Total amp/day 
𝐖𝐚𝐭𝐭−𝐇𝐨𝐮𝐫𝐬 𝐩𝐞𝐫 𝐝𝐚𝐲 ×𝐛𝐚𝐭𝐭𝐞𝐫𝐲 𝐥𝐨𝐬𝐬 𝐟𝐚𝐜𝐭𝐨𝐫

𝐬𝐲𝐬𝐭𝐞𝐦 𝐯𝐨𝐥𝐭𝐚𝐠
…… (14) 

 

  
𝟏𝟎𝟑.𝟐𝟕 ×𝟏.𝟐

𝟏𝟐
 = 10.33 Ah / day 

Number of Battery needed = 
𝐓𝐨𝐭𝐚𝐥 

𝐀𝐦𝐩

𝐝𝐚𝐲

𝐁𝐚𝐭𝐭𝐞𝐫𝐲 𝐀𝐦𝐩 𝐫𝐚𝐭𝐢𝐧𝐠
…… (15) 

 

  
𝟏𝟎.𝟑𝟑

𝟕
= 𝟏.𝟒𝟖 ≈ 2 

In present prototype will going to use three batteries to storage 

more loads, the specifications of the battery which will be used in 

this study is shown in the figure (14). 

 

Figure 14: Specifications of the Battery 

Step –Seven: The Inverter Sizing: Greater rating inverter than the 

desired rating must be chosen, the pure sign wave inverter is 

recommended in order to prolong the lifespan of the inverter. The 

inverter is needed to convert DC power into AC power because the 

load working on the AC supply. The input voltage, the output 

voltage, the frequency, and the overall power handling depends on 

the design of the specific device or the circuitry. The inverter does 

not produce any power but the power is provided by the DC source. 

Calculating minimum nominal power rating of the inverter is as 

following: 

Minimum Nominal Power Rating:     

     = 
𝐓𝐨𝐭𝐚𝐥 𝐏𝐨𝐰𝐞𝐫 𝐃𝐞𝐦𝐚𝐧𝐝 𝐟𝐨𝐫 𝐀𝐂 𝐋𝐨𝐚𝐝𝐬

𝐈𝐧𝐯𝐞𝐫𝐭𝐞𝐫 𝐄𝐟𝐟𝐢𝐜𝐢𝐞𝐧𝐜𝐲
…….. (16) 

  
𝟑𝟏

𝟎.𝟗
= 𝟑𝟒.𝟒 𝐖𝐚𝐭𝐭 

But in present work prototype 300-watt inverter will be chosen 

for more loads in future 

Results and Discussion: Sample of three days’ analysis and 

discussion will be taken: 

 

(a) Results of the first day: Figures-15, 16 and 17 (Solar, 

Wind, and both) show that the total daily power 

production from PV cell is 180.63 W/day and the wind 

power is 13.221 W/day. So, the combined system 

capacity is able to generate 193.851 W/day or 8.077W 

h/day. Also, can see in table (3), that the hourly electricity 

production from wind turbine is variable through 24 

hours, the power production results of the systems  
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Figure-15: Daily Average Electricity Production from the Wind 

System of the first day 

 

 

 
 

Figure -16: Daily Average Electricity Production from the PV 

System of the first day 

 

 
 

Figure -17: Daily Average Electricity Production from the 

combined (Hybrid) Wind and PV System of the first day 

 

(b) Results of the second day: Also figures- 18,19 

and 20 (Solar, Wind, and both) show that the total daily 

power production from PV cell is 211.08 W/day and the 

wind power is 18.688 W/day. So, the combined system 

capacity is to generate 229.768/day or 9.573W h/day 

 
Figure-18: Daily Average Electricity Production from the Wind 

System of the second day 

 

 
 

Figure -19: Daily Average Electricity Production from the PV 

System of the second day 

 

 
 

Figure -20: Daily Average Electricity Production from the Hybrid 

Wind-PV System of the second day 

 

 (c) Results of the third day: From figures -21, 22 and 23 (Solar, 

Wind, and both) can see that the total daily power production from 

PV cell is 197.34 W/day and the wind power is 14.598 W/day. So, 

the combined system capacity is able to generate 211.938 W/day or 

9.83W h/day. The power production results of solar 

 

 
Figure-21: Daily Average Electricity Production from the Wind 

System of the third day 

 

 

 
Figure -22: Daily Average Electricity Production from the PV 

System of the third day 
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Figure -23: Daily Average Electricity Production from the Hybrid 

Wind-PV system of the third day 

 

Wind power generation shown in figures (15), (18) and (21) 

demonstrates a continuous power production during the day with 

high values at night, while figures (16), (19) and (22) depict that 

highest solar electricity generation levels occur between 05:00 M 

and 18:00 PM. The combination of both power generations are 

shown in figures (17), (20) and (23). In these figures it can be 

observed that PV energy has a dominant contribution in the hybrid 

energy model from 04:00 AM to 18:00 M, which means when the 

sun existing, while the wind power is continuous during the whole 

day variable values depending on wind speed and giving 

uninterrupted power to supply the loads.  

 

 Conclusions: Through this work an insight into the energy 

situation and renewable energy potential has economically feasible 

power generation potential of wind and solar energy. The design of 

hybrid prototype for solar and wind energy has    proved its 

effectiveness by installation of 50 watt PV panel and one 25-watt 

wind turbine which can supply a power for example is of 40-watt 

load which is efficient to operate TV, Camera, DC Light, and AC 

Light in effective way for 24 hours. The results of this work give an 

incentive to proceed with building and using such sustainable power 

generation systems (hybrid) that have proven to be efficient and 

economically feasible to use for continuous energy generation. 
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Abstract: The need to improve the performance of production systems, related to increasing the level of coordination and integration of all 

resources and production functions in order to achieve flexibility and higher competitiveness, causes a growing interest in properly 

describing all processes. The most promising approach is Model Driven Development combined with appropriate standard.  

The aim of the paper is to propose a model driven development approach for manufacturing execution system based on IEC/EN 622264 

standard 

 

Keywords: MODEL DRIVEN DEVELOPMENT, IEC/EN 62264, MODELING 

1. Introduction 

The development and implementation of modern 

methodologies for managing existing manufacturing execution 

systems is of utmost importance for improving production and 

cost efficiency, environment protection. In most cases, this also 

necessitates the modernization of the production systems 

themselves, including machines or individual units thereof, to 

implement modern energy-saving control systems [1]. The most 

promising approach for modernizing existing processes is the 

model driven one. In this approach the systems are represented as 

models which correspond to models, various representations are 

manipulated through model transformations. Model Driven 

Architecture (MDA) [2] is a Model Driven Development (MDD) 

initiative of Object Management Group (OMG). It combines 

different Platform Independent Models’ (PIM) transformations to 

executable applications. MDA is widely known to be the base for 

reusable domain knowledge and is accepted as a domain 

engineering technique [3]. PIM represents a conceptual design 

pattern of functional requirements which is resistible to changes in 

implementation technologies and software. Its main purpose is to 

provide a comprehensive solution for application’s 

interoperability and portability as it divides the system design 

from specific system architecture. MDA uses open standards such 

as Unified Modeling Language (UML), XML Metadata 

Interchange (XMI), etc. 

IEC\EN 62264 is a standard which provides a bridge between 

the enterprise resource planning and manufacturing execution 

systems (MES) [4]. It provides classes which can support the 

description of available machinery in a production environment, 

such as conveyor belts, material capability, etc. 

The main goal of the research, presented in this paper, is to 

develop a model driven approach and methods for 

creating/describing/improving processes of a manufacturing 

execution system. The project’s main task is to define the 

requirements for a manufacturing execution system based on 

IEC\EN 622264 standard. 

The paper is structured in 4 parts. After the introduction, in 

Part 2, a short analysis of IEC\EN62264 standard, in Part 3 a short  

overview of MDA, MDD, UML and UML diagrams, Visual 

Paradigm, Relational Database is presented and in Part 4 the 

proposed approach is shown. At the end some conclusions are 

made. 

2. IEC/EN 62264 standard 

IEC/EN 62264 is an international standard for integration of 

enterprise control systems. It is based on ANSI/ISA 95 and 

provides a framework for data integration on different hierarchical 

levels in information systems. This standard provides an option 

for solving the information discrepancy through creating models 

and objects for conveying and consolidating information between 

different levels of information [5]. It has five parts: 

● Part 1: Models and terminology – describes the domain 

supervision of manufacturing operations, activities, 

interface content and connected transactions between the 

different levels.[6] 

● Part 2: Object and attributes for enterprise-control system 

integration – describes a common interface content which 

is interchange between the functions for manufacturing 

control and other enterprise on different levels. [7] 

● Part 3: Activity models of manufacturing operations 

management – defines activity models which enable the 

control of enterprise system over the system integration. 

[8] 

● Part 4: Objects models attributes for manufacturing 

operations management integration – describes the 

exchanged object models and attributes between the 

activities from Level 3 presented in Part 3 of the 

standard. [9] 

● Part 5: Business to manufacturing transactions – 

describes transactions as data interchanges between 

programs performing business and manufacturing 

activities related to the third (manufacturing operations 

management) and fourth (planning and logistics) levels. 

[10] 

The standard describes the models for the main available 

resources at the management operational level, where the data is 

gathered and consolidated, such as Personnel Model, Equipment 

Model, Physical Asset Model, Material Model, Process Model and 

Operations Model. These resources are the heart of operational 

definition, in a manner of activities for operations like 

maintenance, inventory, product production, etc. [5]. It describes 

the interfaces between the enterprise business and manufacturing-

control systems (Fig 1).  

IEC/EN 62264 standard alleviates the segregation of 

production processes from business processes and separates the 

transferred data from concrete manufacturing and business 

systems implementations [11]. 

3. Short overview of applied techniques 

3.1. MDD and MDA 

Model-driven development (MDD) is an approach which 

refocuses the development from directly writing code to creating 

models, which represents different perspectives and levels of 

abstraction [12,13]. In [14] MDD is presented as architectural 

meta-programming, where values represent models and alterations 

map models to models. One of the most promising 

implementations of MDD is Model Driven Architecture (MDA) of 

Object Managements Group (OMG).  It provides a conceptual 

framework for development and transformations of several models 
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– Computation Independent Model (CIM), Platform Independent 

Model (PIM) and Platform Specific Model (PSM) (Fig. 2). 

 

 

Fig. 1: ISO/IEC 62264 Manufacturing Architecture [11] 

 

 

 
Fig. 2: MDA Conceptual framework 

 

● Conceptual Independent Model (CIM) – is the 

business (domain) model which presents the main 

expectations of the system through vocabulary and 

surmounts the dissimilarity between developers and 

domain experts. It does not reveal the system 

implementation’s specifications. 

● Platform Independent Model (PIM) – represents a 

system view without implementation specifications. 

Some of its tasks are to establish dependencies, to define 

processes and workflows and to model logical data. 

● Platform Specific Model (PSM) – combines the data 

from a specific platform with PIM specifications, which 

is necessary for enabling the execution of the system. 

This model facilitates the generation of the code through 

the usage of the chosen execution platform and PIM. 

 

3.2.  Unified Modeling Language and diagrams 

 

 Unified Modeling Language is used to fulfill the 

necessities of Model Driven Development (MDD) and Model 

Driven Architecture (MDA). It is a graphical modeling language 

for design, visualization, documentation and specification of 

solutions developed during the software development process 

[15]. “Visual Paradigm” is a software which supports SysML, 

UML, Business Process Modeling Notation (BPMN); provides 

DevOps tools, ArchiMate, etc. UML diagrams are used to 

visualize models and their components [16]. UML 2.5 includes 15 

diagrams separated in two main groups (Fig. 3): 

● Structural diagrams – visualize the static construction of 

the modeled system and its elements on different 

abstraction levels. These diagrams include package 

diagrams, component diagrams, object diagrams, class 

diagrams, deployment diagrams and composite structure 

diagrams. Class diagram previews the structure of classes, 

their attributes, their main CRUD methods and the 

connection between different classes (Fig. 4).Component 

diagrams previews the physical aspect of a system through 

its components and their relationships. Block diagram 

shows the classes’ internal structure and the external 

communication. Deployment diagrams illustrate the 

hardware architecture of the software system, visualizing 

the places of deployment for each software component. 

Object diagrams visualize the system specifications, 

including objects with their attributes for a specific time 

frame. Package diagrams represent the expansion of the 

system to basic components with their relationships 

through semantically related elements with their 

dependencies. 

 
Fig. 3: Hierarchical organization of UML 2.5 diagrams [17]. 

The items in blue are not part of the official UML 2.5 taxonomy of 
diagrams 

 

● Behavior diagrams – visualize the dynamic aspect of the 

system. They are used to describe the software 

functionality. They include activity diagrams, state 

machine diagrams, use case diagrams and the subgroup 

“Interaction Diagrams”, which on its side includes 

sequence diagrams, communication diagrams, timing 

diagrams, interaction overview diagrams. Activity 

diagrams visualize the system operational flows. Use 

case diagrams represent the dynamic view of the system, 

through collecting system requirements from both 

external and internal influences; previews external 

system view with system operations from the perspective 

of users (actors) and scenarios (use cases). State machine 

diagrams illustrate the transition of an object from one 

state to another. Sequence and collaboration diagrams are 

used to describe the interactive behavior of the system. 

Sequence diagrams like interaction-, timing- and 

communication- concentrate on the message consecution. 

Timing diagram illustrates the project timeframe. 

Diagrams of cooperation, like communication and 

collaboration diagrams, visualize the organizational 

structure of the involved objects in the interaction. 

 

 

Fig. 4: Example of a class from a class diagram 

 

3.3. Relational database 

A relational database is an organized collection of logically 

related data represented through related tables with primary and 

foreign keys. It is an assembly of different elements such as 

objects, views, tables, schemas, queries, reports, etc. Databases are 

typically organized to replicate different aspects from reality in the 

most suitable way for processing the desired information, this 
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means that they are logically separated based on application fields. 

Database management system (DBMS) is a collection of software 

tools for managing multiple databases including the data itself. It 

gives access to the data; ability to manipulate the data, the 

database structure; provides data security; facilitates the data 

backup; ensures data integrity by creating logs, triggers, locking; 

and provides interfaces for data manipulation such as SQL 

interface for relational databases. 

MsSQL is a database management system for relational 

databases created by Microsoft. Visual Paradigm allows database 

generation through connecting to a desired DBMS.  

 

4. Description of the suggested approach 

“Wood Processing SME” is selected as an example of the 

suggested approach based on the IEC/EN62264 standard. All 

resource models are described through class diagrams as 

following “PersonnelModel”, “Equipment Model”, “Physical 

Asset Model Class Diagram”, “Material Model Class Diagram”, 

“Process Segment Model Class Diagram”, “Operations Definition 

Model Class Diagram”, “Operations Performance Model Class 

Diagram”, “Operations Capability Class Diagram”. 

“EqipmentModel” includes the following classes: 

“EquipemntClass”, “EquipemnyCapabilityTestSpecification”, 

“Equipemnt”, “EquipemntClassProperty”, 

“EquipemntCpabilityTestResult” and “EquipemntProperty” (Fig. 

6). Each class has the corresponding attributes and the main four 

methods for creating a record, reading/extracting a record, 

updating and deleting a record. The creating and update methods 

accept a parameter from the type of the class and accordingly the 

create method returns the identification number (id) of the newly 

created record, while the update method returns boolean value (in 

case of success it is true, else it will be false) (Fig. 4). The 

reading/extract and delete methods accept an integer value which 

is the identification number (id, primary key) of the desired record 

and accordingly return an object and a boolean value (Fig. 4). For 

each class diagram an Entity Relationship (ER) diagram is 

generated (Fig. 7). It describes the tables, with all attributes, keys 

(primary and foreign), indexes and relationships between the 

different tables. Each class diagram represents a separate database 

following the requirement to have separation between the 

databases based on application fields. 

 

Fig. 5: Value Stream Map of the process 

As a starting point, the processes may be observed from the 

business point of view. The process value stream map diagram 

(Fig. 5) presents only the value-added processes workflows in the 

production of solid fuels from the residue of furniture production 

(pellets and briquettes). The definition of the main resources 

begins with the definition of the portfolio of final products, the 

establishment of the types of processes and transformations 

through which the final products pass through. The materials are 

described by means of the properties that affect the course of the 

processes and can serve as a classification characteristic. The next 

stage is the classification of the equipment by means of a detailed 

specification from the manufacturer, from which characteristics 

are taken, as well as their main operating conditions and 

limitations. The same approach is used to define the job 

descriptions for the personnel who should perform each individual 

production step. 

The products that are being produced as wood bran solid fuel 

are: Coniferous Pellets, Deciduous Pellets, Coniferous Briquettes, 

Deciduous Briquettes, Mixed Briquettes and Mixed Briquettes. 

The main characteristics of the products are Specific Weight and 

Caloric Content. As both may vary because of many factors as: 

Plant Species, Humidity, Tree Age, Cutting Season, Density, etc., 

it can be assumed that the specific weight of coniferous plant is 

550 kg/𝑚3 and for deciduous plants around 900 kg/𝑚3. As far as 

caloric value of the products is concerned, the coniferous products 

may reach caloric values up to 8000 kcal/kg, whereas the 

deciduous, rarely reach 6000 kcal/kg (due to the higher resin 

content, at the expense of the lower relative weight). These 

characteristics will be presented as properties of the Material 

Definition in the Material Model.  

In the Equipment Model the parameters characterizing the 

grinder are Feeding speed - 20 m/min; Sanding Belt Width - 

1200mm; Power Drive - 45-55 kW; Bunker Capacity - 5 𝑚3;  

The Value Stream Map presents two separate grinding 

processes although the process grinding is one and the same. The 

reason is that there is a difference in the cycle time, the grinding 

speed (30 m/s for coniferous and 23 m/s for deciduous) hence the 

productivity (5 𝑚2/𝑚𝑖𝑛  for coniferous and 2.5 𝑚2/𝑚𝑖𝑛  for 

deciduous), and the scrap waste (bran) relative weight (around 1% 

- respectively 5.5 kg/𝑚3 and 9 kg/𝑚3 grinded material). These 

parameters will be presented as Material Segment Specifications 

for the Grinding process.  

The Hot Pellet Extrusion process is executed on a vertical 

pelletizing press with pressing grooved rollers. The extruded 

product is formed while it passes through an extrusion die with 

certain dimensions which correlate with the productivity and the 

extrusion force of the press. The productivity of the press also 

depends on the bran type, as for the coniferous bran it is around 

100 kg/h, and for deciduous bran around 80 kg/h. The 

Productivity will be presented as Material Segment Specifications 

for the Hot Pellet / Briquette Extrusion processes. After the 

extrusion process, the pellets / briquettes are being cooled down 

for 10-15 seconds and may be subsequently sieved and packed. 

Sieving and Packing is an automatic process that is executed on a 

conveying line with Productivity - 6 (15 kg) packs/hour. Here, the 

Productivity will be given as a Process Segment property.  

Conclusions 

The design phase of the model driven development aims to 

acquire knowledge for the processes and to recreate them in an 

abstract descriptive manner. 

The study presented in this paper includes an analysis of the 

requirements for modeling a manufacturing execution system 

based on IEC\EN 62264 standard.  

The next step is the development of behavior diagrams like 

activity and use case. An important stage in the research project is 

the implementation of the approach to an existing “Wood 

Processing SME” in order to improve the processes and reduce the 

production cost. 
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Abstract: Paper focuses on the use of renewable energy sources and in particular the use of water energy. A hydro power plant is a 

complex of facilities and equipment for converting the energy of the water flow into electrical energy. The advantages of hydro power plants 

are obvious – a supply of energy constantly renewed by nature itself, simplicity of operation, absence of environmental pollution. Taking into 

account the growing role of small and medium-sized enterprises in the economic development, both of an individual country and on a global 

scale, as well as the widespread orientation towards the use of renewable energy sources in the production of electricity, the main goal of the 

current development is the analysis of the operation of the electrical part of a specific hydro power plant with small power. Statistical 

processing of operational data on the change of certain variables was carried out. In conclusion, it is summarized that the hydro power plant 

under consideration has good operational indicators. 

Keywords: RENEWABLE ENERGY SOURCES, HYDROELECTRIC POWER GENERATION, DATA ANALYSIS 

1. Introduction

In order to achieve the set goal, namely the analysis of 

registered data from the operation, the following tasks have been 

solved: 

- consideration of hydro power plant (HPP) as a source of

electricity;

- presentation of the features of the activity of a specific

hydro power plant;

- calculation of summary indicators from the processing of

registered data, based on statistics.

The energy of water has served man for many millennia. 

Earth's reserves are colossal. No wonder some scientists believe 

that it would be more correct to call our planet not Earth, but 

Water - after all, about three-quarters of the planet's surface is 

covered with water. It is clear that mankind could not pass through 

the gigantic reserves of water in its demand for energy. The 

earliest people learned to use the energy of water. But when the 

golden age of electricity came, the water wheel was revived, but in 

a different form, in the form of a water turbine. Electric generators 

producing energy must rotate, and water can do that quite 

successfully. Moreover, there is already a centuries-old experience 

of this. It can be considered that modern hydropower was born in 

1891.  

Nearly 30% of the electricity worldwide is produced by means 

of hydroelectric power generation and about 88% of the energy 

coming from renewable sources is hydroelectric [1]. 

Each HPP is a complex of facilities and equipment for 

converting the energy of the water flow into electrical energy. The 

advantages of a HPP are obvious – a constantly renewable energy 

supply from nature itself, simplicity of operation, low maintenance 

costs, their life cycle is very long, absence of environmental 

pollution. In addition, a HPP can reach its maximum output within 

a few minutes. In comparison, it takes a few hours for a thermal 

power plant (TPP). The main disadvantage of hydroelectric power 

plants is that they cannot always maintain a constant load due to 

the variability of the intensity of the corresponding energy, in this 

case water energy. 

Hydro power plants range from very small micro-hydro power 

plants to huge dams that provide electricity to millions of people. 

The distinction between small, mini- and micro-hydro power 

plants is conditional, although it is accepted in almost all countries 

of the world that the classification is based on the available 

installed capacity. The category of small HPPs includes plants 

with an installed capacity equal to or less than 10 MW, mini HPPs 

are called plants with a capacity of 500 to 2000 kW, and micro 

HPPs – up to 500 kW [2]. 

A hydraulic turbine (water turbine) is a prime mover that 

converts the mechanical energy of water (its positional, pressure 

and velocity energy) into the energy of a rotating shaft. A 

hydraulic turbine uses the force of gravity of water descending 

from a certain height, called head. The main parts of the turbine 

are the impeller located on the rotating shaft and the fixed guide jet 

device located in front of it. Water, under pressure higher than 

atmospheric, is directed to this apparatus. When exiting narrow 

openings, it gains great speed. Inside the wheel, this speed is 

reduced and its direction changed. The resulting inertial forces 

create a torque in the wheel which is transmitted to the shaft. The 

electrical generator, usually located on this shaft (in a horizontal or 

vertical position), converts the energy of the rotating shaft into 

electrical energy transmitted to the grid. The set of turbine and 

generator is called a hydro unit. Hydraulic turbines work under 

head from 2 to 2000 meters. The amount of water passed through 

the turbine in one second is called flow rate. It reaches up to 800 

m3/s. The power delivered by the turbine to the shaft is 

proportional to the head, the flow and the coefficient of useful 

action (efficiency), which determines the degree of use of the 

energy of the passing water by the turbine and is usually between 

0.75 and 0.94. 

Existing turbine systems are divided into two classes: active or 

impulse (free-jet) and reaction (pressure-jet) turbines. The Pelton 

turbine belongs to the first, and to the second - radial-axial flow 

(Francis turbine) and axial-flow, divided in turn into propeller 

(screw) and with reversible blades (Kaplan turbine). The ability of 

different turbines at the same head and power to operate with good 

efficiency. at a different number of revolutions per minute of their 

wheels is evaluated with a special coefficient called rapidity. It has 

values from 2 to 5 for the Pelton turbine, from 70 to 400 for the 

Francis turbine, and from 400 to 1000 for the shafts. The lower the 

head and the greater the power of the turbine, the higher the 

rapidity of the turbine should be selected. 

Inside the impellers of jet turbines, the water pressure is 

reduced at the expense of high speeds and becomes less than 

atmospheric. In such cases, a phenomenon called cavitation 

sometimes occurs. Depending on the needs of the electrical grid 

for energy, the unit produces and supplies to the network 

sometimes more, sometimes less energy. The variation of the load 

on the unit is achieved by adjusting the turbine. At the same time, 

the automatic regulator changes the position of some parts of the 

guide apparatus and feeds into the impeller sometimes a larger, 

sometimes smaller flow. 

A hydro generator is an alternating current (rarely direct) 

generator set in motion by a hydraulic turbine. Usually, the hydro 

generator is an salient-pole three-phase synchronous generator, the 

rotor of which is usually attached to the same shaft as the turbine 

impeller. Hydro generators are built with capacities from 100 to 

100,000 kW and more at rotation speeds from 50 to 500 (rarely 

1500) min-1 and voltage from 400 to 16,000 V. 

The frequency of the induced voltage in the synchronous 

generator depends on the rotation frequency n , [min-1] and the 

number of stator pole pairs p : 
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pnf   (1) 

The frequency of the generated voltage is set in advance by the 

grid (most often 50 Hz). The rotational frequency depends on the 

type of turbine. In the case of hydropower turbines, n  is a small 

value, but p  – a large one. For the turbines of the TPP, n is a 

large value, and p  – a small one. 

Due to the relatively low rotation speeds of the hydro 

generators, at a frequency of the generated current of 50 Hz they 

have many poles (120 at 50 min-1) and in terms of size and weight 

they are significantly larger than other electric machines of the 

same power. 

2. Describing of the considered hydro power plant

Hydropower is the most common form of the renewable 

energy sources (RES) portfolio and produces around 17% of the 

world's electricity, but its capabilities are limited, in the sense that 

where possible, such plants have generally already been built. This 

energy can be highly competitive with other types of energy from 

RES, given that there are high water falls in Bulgaria and a large 

annual water flow.  

The efficiency of the conversion of the primary resource 

energy into electricity is the highest in hydropower plants (85-

95%), compared to all other energy technologies (Fig. 1) [3]. 

Photovoltaic systems

Wind farms

Nuclear power plants

CONVERSION EFFICIENCY, %

Thermal power plan

Cogenerations

Hydro power plants

Fig. 1 The efficiency of the conversion of the primary resource energy into 
electricity. 

In Bulgaria, over 60% of the renewable energy is produced by 

hydro power plants, the installed capacities are 3,330 MW, the 

energy produced by them in 2018 is 5,095,621 MWh, the financial 

expression of saved CO2 emissions for 2018 is 10,953,613 BGN 

million [3]. 

Out of a total of 92 hydro power plants, more than 2/3 are 

small, occupying nearly 6% of the installed capacities and 14% of 

the average annual electricity production in the country. The 

ownership structure is dominated by privatized small hydropower 

plants (80.3%), in which a significant part of the installed 

capacities (92.6%) and the production of the sub-sector (91.9%) 

are concentrated. 

Pursuant to the Law on Energy from Renewable Sources 

(based on relevant acts of European legislation - directives and 

regulations, in force from 03.05.2011) a preferential price is set for 

the purchase of electrical energy produced from renewable 

sources, including electrical energy, produced by hydroelectric 

plants with a total installed capacity of up to 10 MW. Hydro power 

plants with an installed capacity greater than 10 MW are not 

treated as RES, because other phenomena occur with them - e.g. 

change of the local climate in the presence of dams, etc. The 

creation and connection of energy objects for the production of 

electricity from RES (photovoltaic systems with a total installed 

capacity of up to 30 kW inclusive, which are planned to be built on 

roof and facade structures of buildings connected to the electricity 

distribution network and on real estates attached to them in 

urbanized territories, HPPs with an installed electrical capacity of 

up to 1.5 MW inclusive) is under reduced and preferential 

conditions.  

Hydro power plant ‘Enina’ is located to the east of the village 

of the same name, at a distance of 8 km north of the town of 

Kazanlak, at the foot of Balkan in Central Bulgaria. The catchment 

area is in a national reserve. HPP ‘Enina’ is a plant with a capacity 

of up to 1.02 MW, with three hydrogroups in number. The 

maximum water quantity (water flow) is 1.3 m³/s, and the head 

(water fall) – 101.9 m. 

The plant has been in continuous operation since its inception 

until now. It is the oldest operating plant in Bulgaria, built and put 

into operation on January 1, 1914, it still functions and produces 

electricity with the old turbines and generators, as it was created. 

The city of Kazanlak was supplied with electricity on December 

31, 1913, at exactly midnight. The city lights up - all businesses 

and buildings whose owners have trusted the creators. The rapid 

development of the city begins. The availability of electricity 

makes it possible to create modern enterprises and factories, and 

this attracts a lot of foreign capital. By creating the HPP ‘Enina’, 

Kazanlak is ahead of cities like Plovdiv, Ruse, Burgas, Sliven and 

serves as an example to follow. The availability of electricity helps 

the rapid industrial and cultural rise of the city. In 1937, a new 740 

hp hydro generator set was delivered to the plant. On December 

25, 1947, the HPP ‘Enina’ was nationalized and from 1947 to 1993 

it was state property. At the beginning of 1994, the plant was 

restituted to the previous owners, who registered the company 

‘Pobeda’ Ltd. for the purpose. In 1972, a museum collection was 

created. 

An interesting fact is that the construction of the plant was 

accompanied by many ups and downs. In addition to problems 

with the builders, the construction activity had to be suspended for 

a whole year due to the outbreak of the Balkan War, and then the 

Inter-Allied War. The locals rise up and start sabotaging the work. 

The first rumor that is spread in the village of Enina is that the 

electricity on the water will kill the cows that are at the watering 

hole. Thus, the village sank into darkness at night for many years, 

while the town of Kazanlak had electric street lighting through a 

built power transmission line from the HPP ‘Enina’. 

The amount of electricity produced is strongly dependent on 

the annual water runoff, i.e. the climatic factor is decisive for the 

income of the company-owner. For a period of 35 years, for which 

reliable data is available, the following can be established: 

- peak annual production of electrical energy – 4111824 kWh;

- minimum annual electricity production – 1384930 kWh;

- average annual electricity production for the last 35 years is

2581000 kWh. 

The technical base available to the company is as follows: 

- own buildings (machine room, apparatus room and

substation); 

- facilities - pressure pipelines, high-speed channels;

- power machines - hydrogroups; control panel, measurement,

protection, automation and signaling; closed switchgear; 

transformers – 3 units for each hydro group, 1 unit each; battery 

with rectifier for excitation of the generators. 

The hydrogroups (three numbers) consist of: 

- Turbine horizontal, type Francis (1 piece). The power of the

turbine is regulated by a guide apparatus. This hydro unit has 

downtimes due to design imperfections (rolling bearings on the 

turbine shaft and an intermediate third bearing in the middle of the 

shaft). Power 540 kW, rotation frequency Nn = 1500 min-1, made 

in Germany. 

- Pelton type turbines (2 pieces) with a power of 240 kW,

rotation frequency Nn = 750 min-1, manufactured in 1912 in 
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Switzerland. The power of each of the turbines is regulated by two 

nozzles per impeller. 

Although the machines are many years old, their technical 

condition is good and they are excellently maintained, have no 

significant defects and have a low accident rate and little 

downtime. These three hydro groups are located indoors, in an 

machine room. A general view of the machine room is shown in 

Fig. 2. 

 

Fig. 2 A general view of the machine room of the HPP ‘Enina’. 

The plant does not have a water catchment basin and the 

power of operation is determined by the amount of water entering 

the river. This is achieved automatically by a level regulation 

device that monitors the water level in an apparatus chamber and 

changes the load on the turbine so as to maintain a constant level. 

Reaching extreme ‘high’ and ‘low’ levels are signaled and 

operating personnel start or stop the next turbine. 

The electric generators are three-phase synchronous, PFL type, 

manufactured by ‘SIEMENS-SCHUCKERT’. 

The following can be briefly mentioned about the company 

‘SIEMENS’: 

In 1903, ‘SIEMENS & HALSKE’ bought the company 

‘Elektrizitäts-Aktiengesellschaft vorm. Schuckert & Co.’, merging 

it with its own power engineering division, thus forming 

‘SIEMENS-SCHUCKERT-WERKE’ GmbH. The aim of the new 

company is to cover all areas of electrical engineering. The history 

of ‘SIEMENS’ is over 170 years old. Since its founding by Werner 

von Siemens, the company has grown into a global innovation 

network with more than 400,000 employees in over 190 countries 

worldwide. 

 

Данни за генераторите : 

- Generator 1: apparent power nS = 640 kVA; rated voltage 

nU = 6.3 kV; power factor 80.cos  ; 

- Generator 2 and Generator 3: apparent power nS = 240 

kVA; номинално напрежение nU = 6.3 kV; power factor 

80.cos  . 

The original nameplate of one of the electric generators is 

presented in Fig. 3. 

 

Fig. 3 Nameplate of one of the operating generators. 

In terms of technological mode, the primary electrical circuit 

of the HPP ‘Enina’ is based on the ‘generator-cable-transformer 

block’ principle. 

Each hydro group comprises a turbine, a synchronous 

generator, a line, a step-up transformer. Parallel work to the 

country's energy system is carried out on 20 kV buses. 

The frequency of each turbine is maintained by a turbine 

generator, which is connected to the shaft of the turbo group by 

two belt gears: one to drive the centrifugal tachometer and the 

second to drive the oil pump of the regulator for the turbine guide 

apparatus or the position of the nozzle needles of the turbine. The 

turbine is stopped by a hydraulic braking system. In order to safely 

shut off the water flow when the machine is stopped, a wedge 

valve is installed in front of each turbine. The temperature of the 

turbine and generator bearings is continuously monitored by a 

measuring unit. 

All the technological and relay protections necessary 

according to regulations and rules have been built and are in 

operation, ensuring continuous and safe operation of the HPP 

‘Enina’. 

All employees have a long experience at the HPP ‘Enina’, i.e. 

they are highly qualified specialists with the necessary experience. 

Every year they take aptitude tests and requalifications according 

to the requirements of regulations in the energy system. The 

microclimate is good, provides comfortable conditions for 

workers, ensuring the health of workers and ensuring good self-

esteem and high work capacity. 

3. Summary indicators for statistical processing of 

registered data 

Mathematical statistics is applied as a tool facilitating the carry 

out of scientific research and the accumulation of data in the field 

of technology. In order to be able to use the apparatus of 

mathematical statistics, the researcher must first of all be able to 

find some numerical characteristics and draw statistical 

distributions, with the help of which the necessary conclusions can 

be done later. 

Cumulative data can generally be thought of as measurements 

of certain properties of objects selected from some large 

population. Information on certain characteristics of the elements 

is registered by sampling. Elements of the population are the so-

called statistical units [4]. 

With the help of samples by measurements, some statistical 

indicators are determined, which are used to draw conclusions 

about some quantitative characteristics or parameters of the source 

population from which the sample was taken. There are an 

unlimited number of problems, but still some properties of the 

distribution of population values are particularly often studied. For 

example, we are usually interested in the mean value of some 

population characteristic. 
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Position characteristics 

There are several characteristics of the state of the empirical 

data population. The most common are the arithmetic mean value 

and the so-called the median. In short, the arithmetic mean is the 

value about which the entire empirical distribution can be 

"balanced". On the other hand, the median is such a value that one 

half of the sample values are smaller than it, and the other half of 

the values are larger (the median divides the area of a possibly 

drawn histogram into equal halves). 

For raw (ungrouped) data nx,......x,x 21  the arithmetic mean

is, 





n

i
ix.nx

1

1  n,......,i 21  (2) 

If the sample size is an even number, for example rn 2 , 

then the median can be thought of as half the sum of two means: 
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 rre xx.M  (3) 

As a characteristic of the position, a geometric mean value can 

also be used. In the case of sample volume n , the geometric mean 

is defined as: 

 nnx.....xx
1
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Another characteristic is the harmonic mean value: 
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Dispersion characteristics 

One of the most commonly used characteristics of data 

dispersion is the mean square deviation. First, the square of this 

quantity, called the variance, is determined. 

For a sample of ungrouped data, the variance is defined as: 
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The mean square deviation is defined as the positive square 

root of the variance. For ungrouped data: 
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In the case of ungrouped data, the formula can be converted to 

a more convenient form: 
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Another dispersion characteristic is the standard deviation: 

n
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4. Results obtained

A set of recorded data on the generated electrical energy from 

a specific hydroelectric power plant for a period of 2 years was 

considered.  

This real statistical population of statistical units, which in this 

case are empirical data for active and reactive energy, has been 

processed, which allows certain regularities to be established based 

on analysis. The tables made, including calculation results, are 

implemented according to the rules of statistics [5]. 

The so-called scattering meters are presented in tabular form 

[6], respectively arithmetic mean, median, quadratic mean, 

geometric mean, harmonic mean. 

The registered data were recorded by static electronic 

electricity meters "Schlumberger" at the terminal (lead) ‘Kazanlak’ 

- 20 kV in the HPP ‘Enina’. The registered data were obtained

after establishing professional contacts with representatives of

‘Pobeda’ Ltd. and the operator of the electric distribution network

EVN Bulgaria.

Table 1 presents data on sold active and sold/bought reactive 

electrical energy for the month of April in the second year under 

review. The bought reactive electricity is necessary for the 

operation of the excitation of the electric generators, since they 

work in parallel with the power system, and not independently. 

Table 2, Table 3 and Table 4 present calculated summarizing 

indicators of the produced active electricity during night, day and 

peak respectively for the two years under consideration.  

Figure 4 presents the sold active electricity in kWh for a period 

of one year for the three reporting zones: I – night, II – day, III – 

peak. 

Table 1: Sold active and sold/bought reactive energy for the month of 

April of the second year. 

Zone 
Inter-

change 

New 

reading 

Old 

reading 
Difference 

Active 

electricity 

sold, kWh 

Reactive 

electricity, 

kVArh 

I - night 
sold 12700 5400 7300 

219000 
bought 10 10 0 

II - day 
sold 17300 7800 9500 

285000 
bought 20 20 0 

III - peak 
sold 12800 6900 5900 

177000 
bought 0 0 0 

Total sold active electricity 681000 

I - night 
sold 1700 1220 480 14400 

bought 650 120 530 15900 

II - day 
sold 2400 2000 400 12000 

bought 2000 600 1400 42000 

Total sold reactive electricity 26400 

Total bought reactive electricity 57900 

Table 2: Summarizing indicators of the active electricity produced in 

zone II - day by the HPP ‘Enina’ for the period of the two years under 

consideration. 
Indicators 

arithmetic 

mean 
median 

quadratic 

mean 

geometric mean 

for year I 

geometric mean 

for year II 

harmonic 

mean 

x Me s I II meanQ

85761,67 82500 73149,27 21513,91 102074,70 10172,7 

Table 3: Summarizing indicators of the active electricity produced in zone 

I - night by the HPP ‘Enina’ for the period of the two years under 

consideration. 
Indicators 

arithmetic 

mean 
median 

quadratic 

mean 

geometric 

mean for year I 

geometric mean 

for year II 

harmonic 

mean 

x Me s I II meanQ

64966,25 63600 56291,72 13634,91 75118,17 5325,91 
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Table 4: Summarizing indicators of the active electricity produced in zone 
III - peak from the HPP ‘Enina’ for the period of the two years under 

consideration. 
Indicators 

arithmetic 
mean 

median 
quadratic 

mean 
geometric 

mean for year I 
geometric mean 

for year II  
harmonic 

mean 

x  Me s  I  II  meanQ  

60623,7 53550 43144,34 24697,77 70598,09 10253,42 
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 Fig. 4 Graphic representation of the sold active electricity in kWh for 
zones I – night, II – day, III – peak for a period of one year. 

 

As an addition, it should be mentioned that the Bulgarian State 

Commission for Energy and Water Regulation, as of January 1, 

2022, determined an estimated market price respectively for the 

electricity transmission operator (TSO), the electricity distribution 

operators and the producers of electricity from hydroelectric power 

plants with an installed capacity of no more of 10 MW in the 

amount of BGN 283.48/MWh excluding VAT [7]. Active 

electricity generated by the HPP ‘Enina’ is currently being 

purchased at this price.    

From the graphical presentation of the sold active electricity in 

kWh for zones I - night, II - day, III - peak for one year in Fig. 4 it 

can be seen that the highest values are in the months of April and 

August, followed by March and December. 

Generators can supply the grid with more power if the driving 

power on the hydropower side can be increased. The rotational 

frequency does not change, as it is determined by the mains 

frequency. 

In February of the second monitored year, purchased amounts 

of electrical energy of 10 kWh at night and 20 kWh during the day 

were reported. It is likely that there was a failure in one of the 

turbines or in the transmission mechanisms shortly before 06:00 

a.m. when the electricity meter switches between reading night and 

day energy. In principle, any rotating electrical machine is 

reversible and can be used as a generator or a motor. If the driving 

machine (turbine in this case) fails (shuts down), the generator 

continues to rotate as a synchronous motor, powered by the grid to 

which it is connected.   

5. Conclusions  

Statistics is a mathematical discipline that studies the 

extraction of information through the analysis and interpretation of 

empirical data using probability theory. Using statistics, the 

measures of dispersion were determined - arithmetic mean value, 

median, root mean square deviation, geometric mean value, 

harmonic mean value. The root mean square deviation is important 

because it is a more precise measure than the range (i.e., width of 

variation or the numerical difference between extreme values). The 

root mean square deviation acts as the most accurate and adequate 

measure of population dispersion and is therefore the most widely 

used. 

After examining the HPP as a source of electricity and 

presenting the features of the activity of the HPP ‘Enina’, the main 

goal has been achieved, namely the summarizing indicators for the 

plant's activity have been derived based on registered data for a 

two-year period. 

The advantages of RES are: inexhaustibility and ubiquity; the 

possibility of their energy being accumulated and then transformed 

(analogous to photosynthesis in botany); the possibility of building 

relatively small power plants that do not load the transmission 

network. Or more generally, the development of renewable and 

alternative energy sources has a positive effect in the following 

directions: 

• diversification of energy sources; 

• more rational utilization of local resources and reduction of 

imported ones, i.e. greater resource independence of our economy 

in general and especially in a period of energy crisis, when 

decentralized resources such as renewable energy provide essential 

help for the security of supply; 

• increasing energy efficiency;  

• improvement of the environmental indicators of the 

Bulgarian energy sector. 

As with other sources of energy, the goal of RES is to generate 

energy at the least cost. However, adequate programs, investments 

and mechanisms are needed to encourage the further development 

of this production. The dynamic regulatory environment that has 

been observed in recent years and the introduction of retroactive 

measures have a significant negative effect on the financial 

situation of companies, worsen the competitiveness of 

hydroelectric power generation and prevent the implementation of 

new projects in the sector. In order to avoid the adverse 

consequences of this policy, which will most sensitively affect the 

price of energy for society, the creation of a predictable regulatory 

framework ensuring the sustainable development of the sector is 

an urgent priority. 
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Abstract: The purpose of the research is to present a solution to production planning optimization problems, in cases of short-term customer 

orders and variable production load. The main reasons for the emergence of the task are the introduction of SMEs to unregulated electricity 

market and the increasing price of electricity due to the imposition of additional components in the formation of the price.The lack of 

traditional market and the small number of regular customers of SMEs make it difficult to forecast electricity consumption, and therefor 

impractical to request electricity for long-term periods of time. A possible solution related to the implementation of operational management 

systems, which, through the introduction of standard models, will enable the implementation of optimization algorithms for production 

planning. 

Keywords: MODEL DRIVEN DEVELOPMENT, IEC/EN 62264, MODELLING, SCHEDULE PROCESS 

1. Introduction 

The need to improve the performance of production systems, 

related to increasing the level of coordination and integration of 

all resources and production functions in order to achieve 

flexibility and higher competitiveness, causes a growing interest in 

planning methods. Short-term and detailed production planning 

can be defined as a decision-making process that answers the 

questions: how, where and when to produce. How it relates to the 

required resources, where - to the allocation of each operation to a 

separate apparatus or machine, and when to predicting the start 

and end time of each operation. The most important resources are 

equipment, labour (personnel), raw materials, electricity, 

production or warehouse space, required capital, etc. The optimal 

distribution of resources leads to a shortening of production time, 

and hence to a reduction of production costs, which increases the 

competitiveness of production. In short-term, detailed planning, 

the focus is on satisfying the customer's requirements or 

completing the necessary tasks in the shortest possible time. 

Optimal planning of production operations is part of the task 

of short-term, detailed planning and is a process of allocating 

available production resources to perform certain production tasks 

and determining the sequence and time parameters for performing 

this work. The manufacturing operations themselves are defined in 

the product design stage. Regardless of the many efforts to tackle 

the task of optimal planning of operations, the variety of tasks in 

the field and their high dimensionality cannot be solved by 

universal means. In recent years, there has been an effort to use 

the results obtained in the field of formal verification and more 

precisely from solving the problem of model checking. 

The main goal of the research, presented in this paper, is to 

propose a solution for the process planning task in a “Wood 

Processing SME”, based on IEC\EN 622264 standard. 

The paper is structured in 4 parts. After the introduction, in 

Part 2, a short analysis of the optimization methods for optimal 

process scheduling is done, in Part 3 a short overview of proposed 

techniques is done and in Part 4 the case study is presented. At the 

end some conclusions are made. 

2. Short analysis of the optimization methods for 

optimal process scheduling 

Production operations planning is an optimization task that 

requires the definition of one or more objective functions. Typical 

objective functions used in the field of manufacturing systems are: 

● Number of orders fulfilled per unit of time (throughput). 

● Number of unfinished orders (work-in-process 

inventory). 

● Duration of order execution (lead time, mean order flow 

time). 

● Difference between the completion time of the order 

execution and the execution time (mean order tardiness). 

If this difference is negative, it is assumed equal to 0. 

● Minimization of the execution time of all orders 

(makespan), etc. 

 

The main difficulty in the field of optimal planning of 

production operations is that there is a wide variety of tasks that 

prevent the development of a universal method for its solution. 

Different perspectives on the task of optimal planning lead to 

different approaches to its solution, systematised and presented in 

Fig.1. The traditional perspective in the academic world is static 

and deterministic, which has led to the development of numerous 

algorithms for off-line optimal planning. However, these methods, 

as well as those of deterministic dynamic programming and static 

stochastic planning, are inappropriate for the case under 

consideration, as they inadequately reflect the real aspects of the 

task. Reactive optimal planning algorithms accounting for 

disturbances in a dynamic environment are methods that embrace 

both the dynamic and stochastic nature of the optimal planning 

task. However, most reactive optimal planning methods do not 

predict the stochastic effects, but only react to them. Only 

proactive planning takes into account the risk of disruption. All 

methods listed so far are algorithmic. An alternative approach for 

many of the tasks can be structural solutions, which are called 

optimal planning architectures. They focus more on the practical 

aspects of the optimal planning task, such as software reusability, 

and are called optimal planning environments. 

 

Fig. 1: Methods classification for detailed planning 

 

3. Short overview of proposed techniques 

Manufacturing Operations Management systems (MOM) are 

mainly applied for real-time visual representation and control of 

production processes they interconnect the business information 

systems with the manufacturing and are middleware of the 

pyramid for automation [1]. 
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3.1. IEC/EN 62264 standard 

Based on ANSI/ISA 95, the international standard IEC/EN 

62264 is enterprise-control systems integrational standard. 

IEC/EN 62264 involves UML models and objects to solve the 

data inconsistency for transferring and aggregating data between 

different data levels [2]. It is separated on five main parts: models 

and terminology [3], objects and attributes for integration of 

enterprise-control system [4], activity models of manufacturing 

operations management [5], object models attributes for 

integration of manufacturing operations [6], and business to 

manufacturing transactions [7]. Through providing standard 

models and terminology the standard supports the development 

and usage of systems for manufacturing operational management. 

According to IEC/EN 62264 the operations in manufacturing 

are separated on several levels (Fig. 2). The actual production is 

on Level 0; Level 1 is for detecting and control of the production 

processes; Level 2 is for supervising the production process and 

its time frame is measured in hours and minutes; LeveL 3 is for 

control of manufacturing operations through workflow control of 

production and optimizations of the processes, the time frame is 

measured in shifts; Level 4 is for developing the operational 

scheduling including actual production, shipping, etc., the time 

frame is measured in weeks/days [8]. 

 

Fig. 2: IEC\EN 62264 production process hierarchy [8] 

 

According to the standard the activities in management of 

manufacturing operations can be separated into several areas for 

management of inventory, quality operations, maintenance 

operations and production operations. IEC/EN 62264 standard 

facilitates the separation of business process from production ones 

and segregates the exchanged information from business systems 

and specific manufacturing implementations. [1] 

3.2. Model Driven Development and Model Driven 

Architecture 

Model-driven development (MDD) is a technique that moves 

model development on the front line instead of code first [9,10]. In 

[11] values symbolise models and variations map models to 

models and MDD is visualised as meta-programming architecture. 

One of the most promising realisations of MDD is Model Driven 

Architecture (MDA) of Object Managements Group (OMG). It 

ensures a conceptual framework for model development and 

transformation, which includes several types of models like 

Computation Independent Model (CIM), Platform Independent 

Model (PIM) and Platform Specific Model (PSM). 

 

 

 

● Conceptual Independent Model (CIM) – is the domain 

model which previews the system expectations through a 

vocabulary. It excludes the specifications for 

implementing the system. 

● Platform Independent Model (PIM) – helps with 

logical data modelling, specifies workflows and 

processes, defines dependencies. Creates a view of the 

system excluding the specifications required from the 

implementation. 

● Platform Specific Model (PSM) – this model easE the 

code generation for specific platform by combining the 

details for the execution platform and PIM model. 

 

3.3.  Unified Modelling Language 

 

 Unified Modelling Language serves to meet the 

requirements of Model Driven Architecture (MDA) and MDD. It 

is a modelling language used to create the solution specifications, 

documentation, design needed for the process of software 

development [12]. “Visual Paradigm” is a tool which supports 

UML, DevOps tools, SysML, etc. Models and their components 

are presented with UML [13]. UML 2.5 includes 15 diagrams 

separated in two main groups: Structural and Behaviour diagrams. 

Structural diagrams represent the static structure of the system and 

its elements on different levels of abstractions. Part of the 

structural diagrams are the class, object, deployment and 

component diagrams. Behaviour diagrams describe the dynamic 

behaviour of the system. These diagrams are used to describe the 

functionality of a software system, part of them are the use case 

and activity diagrams. Use case diagram describes the system 

operations from users’ perspective through actors and cases (Fig. 

3). Activity diagram represents the operational flows in a system. 

 
Fig. 3: Example of a Use Case diagram 

 

 

4. Case Study 

All resource models are already developed and described in 

[14]. 

4.1. Brief description of the “Wood Processing SME” 

 
Two main types of wood materials are processed - dry 

softwood and broad-rounded dry wood (oak) of different lengths 

and widths. One of the main processes that takes place is the 

process of grinding wooden boards, which is carried out on a wide 

belt grinder, consisting of a conveyor belt along which the sanding 

material is moved at a feed rate from 1 to 20 m/min (depending on 

the processed surface or the type of processed material) and a 

grinding speed in the range of 23 – 30 m/s. The maximum 

working width of the belt is 1200 mm. The grinding tool is an 

abrasive belt placed between two horizontal shafts, one of which 

is working and the other is winding. The purpose of sanding is to 

calibrate the exact size of the wooden board and the preparation 

for varnishing. Drive power is from 45 to 55 kW. The 

technological time for processing (sanding) 1 m2 of wood parts is 

as follows: 5 m/min - for coniferous, and 2.5 m/min - for broad-

leaved. The waste raw material from this process is wood 

shavings, which are stored in a hopper, which has a capacity of 5 

m3, which, according to the relative weight of the processed 

wood, means 550 kg/m3 softwood and 900 kg/m3 - hardwood 

(oak). When processing 1m2 of timber, about 2.2 kg of coniferous 

sawdust or 1.8 kg of broad-leaved sawdust are obtained. 
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Wood bran is used to produce pellets, which are highly 

efficient, clean, renewable energy leading to energy savings and 

reduced carbon emissions. Pelletizing is carried out with a press, 

which is a round, fixed matrix made of thick steel (about 30 mm.) 

and perforated with numerous holes, with a diameter 

corresponding to the diameter of the pellets. These holes fulfil the 

role of matrix(mold) in which the pellets are formed. The sawdust 

entering the press is pressed against the holes of the die by means 

of pressing devices (usually two to three rollers) which are self-

propelled. Before entering the pellet press, the wood bran is 

moistened with water, after which they are fed into the press 

chamber of the pellet press. During the rotation of the pressing 

devices and under the pressure exerted by the toothed rollers, the 

material is pressed into the aversion of the matrix, during which 

the pellets are formed. In doing so, the friction heats up the die 

and the pellets leave the press very hot at around 95 °C. After they 

are cut, they go through a cooler and then they are packed. The 

productivity of the pellet press is 120 kg/h. The total power of the 

entire pelletizing plant is 15 Kw. 

4.2. Defining the Operations Planning Task. 

 
The goal of the task is optimal planning of the operations in a 

“Wood Processing SME” described in point 4.1 and is expressed 

in determining an optimal time schedule of the operations 

performed by a woodworking wide belt grinder and the pelletizing 

press, utilising the waste material generated from the grinding 

machine and filling the hopper as an intermediate storage with 

limited capacity. The aim is to optimise the production process 

based on certain conditions and technological limitations. The 

technological limitations are as follows: 

● Power supply limitation – due to energy limitation and 

insufficient electrical power supplying the furniture 

production, the wide belt grinding machine and the 

pelletizing plant cannot work at the same time. 

● Hopper capacity limitation - when the hopper for collecting 

the waste material from the grinding machine is filled in the 

range of 80-95%, the pelletizing plant must be started. 

 

There are P of wood grinding orders and Q of pellet orders. 

Each grinding order l is characterised by an arrival time (al) and a 

lead time (dl) and includes one operation that is performed on one 

machine. Each pellet order k is characterised only by delivery time 

(dk), involving 3 operations that are performed on three separate 

machines. The duration of all operations (l, jk) is set. The first 

operation can start only after the order arrives. The following 

conditions should also be considered during planning: 

● An operation can be executed only if all previous operations 

have been completed. 

● Machines cannot execute more than one order at the same 

time. 

● Once started, orders cannot be interrupted and replaced by 

others. 

 

The goal of optimal planning of operations is to determine the 

time sequence of execution of orders, which ensures a minimum 

value of the time for execution of all orders, the characteristics of 

which are presented in Table 1 and Table 2. 

Monthly requests for grinding 

N Date Client 
Type of wood 

material 
Width 

[m]  
Area 
[m2] 

Time 
[min 

] 

Delivery 

Time 

1 08:00 
15.05 

Bulter 
Coniferous 0.28 

0.48 
  68 
192 128 13:00, 

16.05 
2 10:00 

15.05. 
Euromebel  

Coniferous 0.28 
0.48 

162 
284 234 17:00 

15.05 
3 08:00 

16.05. 
Cotzevi  

Coniferous 0.28 
0.48 

  29 
  98 62 17:00 

16.05 
4 09:00 

16.05.  
Sankevi  

Deciduous 0.28 
0.48 

  18 
  48 65 15:00, 

16.05 
Table 1: List of orders for grinding of wood material 

Monthly requests for pellets 

N Date Client Quantity 
[kg] 

Time 
[min] 

Delivery 

 time 
1 10:00 

15.05 A.N.N. 2  2000 1000 17:00, 
16.05.  

2 14:00 
15.05 ARNI 3000 1500 15:00, 

17.05.  
3 12:00 

16.05 Kos Hol 1000 500 11:00, 
17.05.  

4 14:00 
16.05 Hol Les 6000 3000 13:00, 

18.05.  
Table 2: List of orders for pellets 

 

4.3. Models based on IEC/EN 62264 

 
For the aim of the task an activity diagram is developed based 

on IEC/EN 62264 (Fig. 4). It includes two group elements: 

“Infinite Planning” and “Fine Capacity Scheduling”. “Infinite 

Planning” includes the processes “Create Work Order”, which 

includes “Create Material Requirements”, “Create Personnel 

Requirements”, “Create Equipment Requirements” and “Create 

Physical Assets Requirements”, and “Calculate Lead Time”. 

“Finite Capacity Scheduling” includes “Calculate Dependencies”, 

“Check Calendar Availability”, which leads to the need of 

“Reserve Material”, “Reserve Personnel”, “Reserve Equipment”, 

“Reserve Physical Assets”, after all of the above are finalised only 

then the process can continue with “Reserve Capacity” and 

finalise the order. 

 

Fig. 4: Proposed activity diagram 

 

Conclusions 

The proposed approach for optimal planning of production 

operations using IEC\EN 62264 standard has the unique 

advantage of solving the task in real time and guaranteeing a quick 

response of the system in the conditions of changes in the 

technological structure and changes to the production program. 

Successfully solving the task of optimal planning of operations 

will allow more effective energy cost planning and construction of 

an efficient operational production management system that 

monitors pellet orders and starts the pelletizing machine when a 

certain amount of waste biomass is stored in the hopper for 

storage generated by the wide belt grinder. Pellet orders should be 

quantitatively tracked, and information should be given on the 

lead time for the ordered quantity of pellets. 
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Abstract: Cyber-physical systems (CPS) are the core of the Fourth industrial revolution and the Industry 4.0 initiative. They are facing many 

challenges, addressing them requires attracting and using new methods and techniques from the field of artificial intelligence and big data to 

make intelligent decisions and perform effective data analysis. Тhe paper presents an analyze of the current trends and challenges in the 

development of cyber-physical systems and the ever-increasing interest in the methods and approaches of artificial intelligence and its 

application in the life cycle phases of design, analysis, implementation and maintenance of CPS. There are two aspects that are the focus of 

attention and analysis: (1) the computing by intelligence and (2) the computing for intelligence. Finally some ideas for using different 

methods and approaches of artificial intelligence for achieving interoperability and autonomy of CPS are proposed. 
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1. Introduction 

The evolution of personal computers into smart devices and 

their miniaturization, as well as the unstoppable development of the 

Internet and technologies related to it, led to the strengthening of the 

tendency to provide IT services and infrastructure through 

intelligent networks (computing clouds) and the construction of a 

world surrounded by ubiquitous computer calculations. The 

development of embedded systems and the achievement of their 

autonomy, as well as their wireless connection with each other and 

with the Internet, brought the physical world closer to the virtual in 

the form of so-called cyber-physical systems. The new Internet 

protocol IPv62, introduced in 2012, made possible the creation of 

the Internet of Things and services.  

The initiative "Industry 4.0" has a huge potential, which allows 

creating wider opportunities to satisfy individual customer 

requirements, achieving greater flexibility of manufacturing and 

enterprise systems, enhancing the potential for optimal decision-

making and increasing productivity and efficiency of the resources 

used or planned, as well as arising the prerequisites for creating 

value through new services. The concepts of Industry 4.0 initiative 

and that of digital transformation have also been transferred to a 

number of non-industrial and public sectors, contributing to 

increasing their efficiency and sustainability. The Industry 4.0 

Working Group [1] argues that at the core of the fourth industrial 

revolution and the Industry 4.0 initiative are cyber-physical 

systems. In [2], eight technology clusters with the greatest 

contribution and importance to the development of Industry 4.0 are 

defined. The cluster on Industrial Internet of Things (IIoT) that 

includes the IIoT-related technologies and Cyber-Physical Systems 

(CPS) is the largest cluster, forming the core of Industry 4.0. 

Cyber-physical systems (CPS) are physical and engineering 

systems whose operation is monitored, coordinated, controlled and 

integrated by a computing and communication core [3]. They are 

unique in that components can be distributed both spatially and 

temporally, and include complex networks of controllers with real-

time feedback and communication. The structural and behavioural 

complexity of cyber-physical systems poses major challenges to the 

methods and environments for their design and analysis. It is 

necessary to develop the theoretical foundations of CPS, as well as 

to create software platforms with appropriately defined levels of 

abstraction, architecture, languages for modelling different aspects 

of CPS and transformations between these models. All this requires 

the development and application of modern methods and 

technologies aimed at integrated access to distributed information 

and data from sources that grow in number, type and complexity 

every day. Data from distributed information sources are in 

different formats, which makes it technically difficult to access and 

use the information offered in terms of interoperability between 

different hardware and software technologies.  

Addressing many important challenges to CPS require attracting 

and using new methods and techniques from the field of artificial 

intelligence and big data to make intelligent decisions and perform 

effective data analysis based on large amount of data and efficient 

and intensive computations, as well as integration with other 

powerful computing systems, including cloud and fog applications. 

All these technical challenges in the design and analysis of CPS 

arise from the need to build a bridge between the sequential 

semantics and the parallel physical world and connect them to the 

solution of different types of engineering tasks. 

The main purpose of the paper is to analyze the current trends in 

the development of cyber-physical systems as the core of the 

Industry 4.0 initiative and the ever-increasing interest in the 

methods and approaches of artificial intelligence and its application 

in the life cycle phases of design, analysis, implementation and 

maintenance of CPS.There are two aspects that are the focus of 

attention: (1) the computing by intelligence and (2) the computing 

for intelligence, as they are defined in [4].  

The paper is presented in four parts. After the Introduction, the 

second part of the paper presents the basic characteristics and 

challenges to the CPS. The third part is dedicated to a modern look 

at artificial intelligence methods and their importance for solving 

various tasks in the field of cyber-physical systems and the Industry 

4.0 initiative. Special attention in the fourth part is given to some of 

the most attractive methods of artificial intelligence in solving 

interoperability problems and the approach to creating autonomous 

systems using intelligent agents and multi-agent systems. Finally, 

some conclusions reflecting the results of the analysis are presented. 

2. Basic characteristics and challenges to the CPS  

2.1. Basic architecture and characteristics of CPS 

The impact of CPS is revolutionary and pervasive, as argued by 

the CPS Public Working Group at NIST [5], as the development of 

these systems is associated with the emergence of autonomous 

vehicles, smart grids, smart cities and homes, robots, smart medical 

devices, telemedicine, Internet of Things (IoT) and more. Some of 

the main non-functional properties distinguishing CPS are: real-

time, configurability, scalability, context awareness, 

interoperability, resilience and security. Synergies between cyber 

and physical systems can be at both the Nano level and the "system 

of systems" level. However science is still indebted to CPS, the lack 

of theoretical basis and methodologies creates barriers that can 

hinder the adoption, commercialization and market success of new 

applications of CPS [6]. The basic architecture of CPS is shown in 

Fig.1, including the both parts Cyber and Physical, connected 

through sensors, actuators and Network. The basic operations of 

Cyber part are computing, communication and control, 

In [7], a very detailed analysis of the CPS characteristics is 

presented. The authors define 19 most cited lower-order 
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characteristics of CPS, which are aggregated in the following eight 

clusters: 

Cluster 1: Complexity/heterogeneity/encapsulation; 

Cluster 2: Interoperability, connectivity, communication, 

networking capability 

Cluster 3: Service orientation, 

Cluster 4: Modularity, autonomy, self-capabilities, 

decentralization; 

Cluster 5: Virtualization, real-time capability; 

Cluster 6: Computational capability; 

Cluster 7: Cooperation, collaboration; 

Cluster 8: Dynamic reconfigurability, adaptability. 

 

 

Fig.1: Basic architecture of CPS 

2.2. Basic challenges to the CPS   

The technical challenges to CPS are discussed in [8] and 

summarized in Fig.2. Cyber-physical systems include a large 

number of sensors, actuators and computing devices that exchange 

diverse data presented in different formats and temporal sequences. 

This requires new approaches providing the opportunity to work 

with a dynamically changing network topology of the system (1). 

The distributed nature of the physical system structure, 

computation, and communications creates major challenges in 

operational performance and ensuring safe system operation, 

security, and resilience in the face of environmental impact, 

component and system failures, and unregulated actions and cyber-

attacks (2). Especially important challenge is the development of 

methods that integrate the discrete dynamics of the computing part 

with the continuous dynamics of the physical part and the stochastic 

nature of communications, which must be expanded to cover a 

wider context. The emphasis on these approaches is on the 

communication between the different components of the system. 

Methods are needed that combine systems with continuous 

dynamics with those of a discrete-event nature. Different time 

scales and dimensionality must also be taken into account (3). The 

emphasis on the approaches connected to the challenge (4) - 

networked control is on the communication between the different 

components of the system. There are two main approaches for data 

acquisition from the physical part of the CPS: timed driven and 

event driven sampling. The latter approach requires continuous 

monitoring of the physical system. There is a compromise 

approach, the so-called self-triggering approach that is related to the 

determination of safe intervals during which the physical system is 

not observed and the time when the data is collected. The main 

obstacles in the development of networked control for CPS are the 

event- and time-driven computing, the transmission failures, the 

varying time-delays, and also system reconfigurations. Particular 

attention is also paid to methods of addressing the effect of delayed 

network signals, such as scheduling or stability analysis methods. 

The next important challenge is sensor and sensor-actuator 

networks and their inclusion in the design process (5). The 

reliability, safety and security of the CPS largely depend on the 

quality and accuracy of the software components, which must 

undergo verification, validation and testing throughout the design 

stages (6). This requires both the development of new verification 

and validation methods and the use of new software models 

(software development life cycle models). The joint design of 

control and planning systems (7) is a widely researched 

multidisciplinary task whose successful solution in CPS is 

complicated by the networked nature of CPS, network time delays, 

and system-wide robustness issues. Programming abstractions 

should be used at different levels covering different aspects of the 

designed system (8). Meta-level CPS architectures must be 

complete. The development of the new paradigm should follow the 

principle: "Globally - virtual, locally - physical" (9). 

 

Fig.2: Basic challenges to the CPS  

3. Short analysis of the methods of Artificial 

Intelligence  

3.1. Computing by intelligence  

Artificial intelligence is being used more and more and has an 

increasingly tangible impact in different areas of industry and 

society. The successful solution of many different tasks and 

problems related to the achievement of the goals of the Industry 4.0 

initiative and guaranteeing high added value is thanks to the 

application of the latest methods and achievements in the field of 

artificial intelligence. More and more often, the enterprises and 

factories of the future are associated with the development of 

artificial intelligence and are mentioned with terms such as: smart 

factory, smart grids, cognitive enterprises or intelligent 

manufacturing. What all these paradigms have in common is that 

they are all based on a new principle of integration of the physical 

and cyber parts, through a comprehensive and complete design, 

development and evolution of the knowledge of the cyber-physical 

system of systems and the integration of artificial intelligence into 

the various technologies used. 

Biologically embodied intelligence is presented in the machine 

through the generic intelligence that is composed of Data 

Intelligence, Perceptual Intelligence, Cognitive Intelligence and 

Autonomous Intelligence [4]. All these intelligent abilities are part 

of computing by Intelligence as shown in Fig.3. Data intelligence 

includes the computer's ability to formalize, express, calculate, 

remember, and store data rapidly. The most important and popular 

Data Intelligence methods are Artificial Neural Networks (ANN), 

evolutionary computing and fuzzy systems. Computational models 

have a high degree of complexity and can refer to various areas: 

digital, analog, hybrid, discrete-event, graphs, etc. Great successes 

have been achieved in the field of neural networks, such as the 

emergence of so-called convolutional neural networks (CNN) and 

reinforcement neural network (RNN), which open the way to 

processing big data and improving the accuracy of classification, 

identification and prediction tasks. Development in the field of 

neural networks is also a catalyst for success in the field of machine 

learning, where deep learning and deep reinforcement learning are 

successfully developed. Gaining popularity and wide scientific 

interest in the 1980s, Lotfi Zadeh fuzzy systems are particularly 
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applicable in areas where sufficient data is lacking, such as: signal 

and image processing, control, identification, and decision making. 

The third group of methods, including evolutionary calculations and 

programming, as well as genetic methods and algorithms, are 

primarily related to solving optimization tasks. 

 

Fig.3: Classifications of methods in Artificial Intelligence [4] 

Perceptual intelligence refers to receiving information such as 

voice, images and video through various sensors and I/O devices. It 

can also include multi-modal perception, signal extraction, selection 

and processing, data fusion based on different sensors for vision, 

hearing, smelling, tasting. The use of recognition and machine 

learning methods has led to significant advances in voice and image 

recognition. Another important direction is the development and use 

of intelligent sensors, of particular value being sensors with the 

ability to be self-aware and respond to remedy situations. 

Cognitive intelligence refers to a machine's ability to understand 

and reason, think and explain. It requires understanding the 

relationship between data and analyzing the logic of structured data. 

The main directions in which cognitive intelligence is developing 

are natural language processing (machine translators, text 

generators, etc.), causal inference (a conceptual network of causal 

events for extracting causal relationships from text) and reasoning 

on knowledge (knowledge acquisition, representation, storage, 

modeling, integration, understanding, and management). 

Knowledge reasoning may be based on knowledge graphs, logical 

rules, graph-structure, or neural-network-based reasoning. 

Autonomous intelligence refers to the ability of a machine to 

acquire a self-governing ego and consciousness. It develops in three 

directions: transfer learning, meta-learning and autonomous 

learning. Transfer learning is based on accumulating experience 

from past data, and for this purpose, machine learning methods are 

applied. Meta-Learning supports machine learning based on the use 

of meta-knowledge, finding application in the absence of sufficient 

training data and in self-learning conditions. Successfully copes in 

the cases of similar, homogeneous tasks, transferring the learned. 

Autonomous learning also includes models of the external open 

world. From the indicated methods, it can be seen that quite often 

combinations of different types of intelligence are used, especially 

in cases of solving more complex tasks. 

Despite advances in machine intelligence, many complex 

scenarios and tasks require the use of human intelligence and other 

computational methods such as statistical ones. The possibilities for 

this are through human-computer interaction, human-machine 

integration, and brain computer interface. 

 

3.2. Computing for intelligence  

Although the major advances in development of machine 

intelligence algorithms and tools, the computing power remains a 

bottleneck for intelligent computing. An opportunity to deal with 

this problem is the introduction of distributed structures and 

calculations, such as: federated learning, Large Computing Systems 

as High-Performance Computing or Edge, Fog, and Cloud 

Computing. The use of emerging computing architectures as 

accelerators and in-memory computing results in efficient power 

consumption, cheaper hardware, and an easier debugging process. 

Another possibility to deal with the complexity of calculations is the 

introduction of new Emerging Computing Modes as Quantum 

Computing, Neuromorphic Computing, Photonic Computing and 

Biocomputing. The characteristic of all these innovative solutions is 

that they use the algorithms and methods of artificial intelligence to 

varying degrees. 

 

4. SOME IDEAS OF USING ARTIFICIAL 

INTELLIGENCE FOR CPS 

4.1. Ontological approach for interoperability 

Achieving interoperability through the use of semantic 

technologies can be represented as a sequence of three main 

processes: converting data from heterogeneous sources (relational 

databases, XML, tables, documents), processing integrated models 

(unification, editing and logical analysis) and information extraction 

(conversion, visualization). During the three stages, different 

methods are used to control the data being integrated, to sort the 

data, to reject duplicates, to extract information, to perform logical 

analysis and verification.  

The integration can be done in different ways, going through 

different stages, using different languages, technologies and 

mechanisms. Ontology-based integration covers processes similar 

to ETL transformations: (E) xtracte from a data source, (T) 

transform into an RDF model (target ontology), and (L) oad e into 

ontological data stores. The main difference is that in the ontology-

based integration, both structured and unstructured data can be 

used, and the semantics in the ontology can be set in the 

transformation process, or subsequently in the processing of the 

ontology model through the operations on ontologies: merging, 

mapping, alignment, integration. The reference ontology can be 

used as the target ontology. The transformation is repeated, when 

the data changes. Fig.4 illustrates an ontology integration method 

representing the integration of results obtained in the technology 

space (TP) of "BNF", which by means of "Scheme 1" and "Scheme 

2" are stored in the TP of "RDB" as a database, which in turn have 

dynamic correspondences with "Local Ontology 1" and "Local 

Ontology 2", respectively. These two ontologies can be mapped to 

each other based on the existing reference ontology. 

 
Fig.4: An example of ontological integration  
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4.2. Multi-agent systems 

CPS development is much more than the union of 

computational and physical systems, and to apply CPS principles to 

new applications, new methods and tools are needed. CPSs 

integrate computational, network, and physical dynamics, featuring 

a high degree of heterogeneity and parallelism. As a result, software 

design techniques are insufficient. New approaches, methods, 

algorithms, and techniques are needed to support the CPS analysis 

and design process using execution platforms based on different 

software architectures. 

In [9], three types of software architecture categories are 

defined and analyzed: component-based, service-oriented, and 

agent-based. The analysis shows that the agent-based approach has 

greater advantages in ensuring the autonomy of CPS objects, while 

the service-oriented approach is more suitable for achieving their 

interoperability. The advantages of agent-based architecture in 

terms of non-functional properties, especially in terms of 

configurability and reliability, make this approach highly suitable 

for the field of CPS. Other non-functional properties such as 

scalability, security and context awareness can be improved using 

the combination with knowledge-based approaches. 

The concepts of CPS are closely related to agent-based systems, 

due to their main properties such as: autonomy, sociality, reactivity, 

proactivity and mobility. Different approaches and methods are 

used to ensure the useful characteristics of agents in different 

application areas, such as modeling, monitoring, control, 

diagnostics, etc. An important conclusion to be drawn from the 

analysis of the approach is that the results are more successful when 

the agent-based approach is combined with other approaches, 

methods and tools, such as model-driven development. 

To achieve these features, the agent functions are divided into 4 

sub-functions: Monitoring, Analysis, Planning and Execution 

(MAPE), which share knowledge, as shown in Fig.5. They underlie 

the architectural aspects of autonomous systems and obey an 

intelligent control loop known as MAPE-K (K is for Knowledge) 

[10]. This cycle is similar to and inspired by the general agent 

model proposed by Russell and Norvig [11], where an intelligent 

agent perceives its environment through sensors and uses these 

perceptions to define actions (effectors) to be performed on the 

environment. 

 

Fig.5: MAPE-K control loop, according [10] 
 

5. CONCLUSIONS 

Based on the CPS analysis and the presented classification of 

artificial intelligence methods in the two aspects (1) calculations 

with intelligence and (2) calculations for intelligence, the following 

main conclusions can be drawn: 

 The stormy invasion of artificial intelligence methods in the 

field of CPS and IIoT requires changes in the 5-layer reference 

architecture of CPS, due to the inclusion of intelligent and cognitive 

methods in all layers of the architecture; 

 As the requirements for CPS increase in terms of security, 

safety, reliability and resilience, changes are required in the life 

cycle models of these systems, including the introduction of risk 

assessment where possible. 

 Advances in the field of artificial intelligence and especially in 

the field of Data Intelligence and in particular the high degree of 

applicability of convolutional neural networks and related deep 

learning opens the doors to address the challenges of CPS, such as 

those related to their modeling, diagnostics and maintenance, or 

regarding their cyber security. 

 The idea of achieving interoperability enables the achievement 

of vertical and horizontal integration, based on different actions 

between local ontologies and the use of a reference one. 

 The idea of using multi-agent systems as an approach to 

achieving autonomy and self-organization of the CPS allows the use 

of intelligent adaptive and predictive technical systems with self-X 

functions and cognitive information processing in continuous 

interaction with the environment, the Industry 4.0 initiative implies 

the integration of cyber-physical systems (CPS), the Internet of 

Things (IoT) and cloud computing, leading to what is called the 

"smart factory". 
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Abstract: In order to achieve sustainable buildings and structures, one of the established modern way is the issuing of Environmental Product 

Declarations (EPD). The European harmonized standards lay down basic product category rules for determining the global warming potential 

indicator. This article focuses on analysing a group of construction products used for roofing products for pitched roof. Data for the analysis 

were collected manually by reviewing already published environmental declarations. The main focus is on the following group of technical 

properties – unit of the product, mass, dimensions, roofing coverage area, the density of the material and reference service life. 
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1. Увод

 За проектирането и изграждането на сграден фонд 

отговарящи на условията за устойчиво строителство Парижкото 

споразумение създаде Европейски зелен пакт и пътна карта за 

въглеродната неутралност към 2050 г. [1] Всеизвестен факт е, че 

сградите образуват 37% от глобалните емисии на парникови 

газове (ПГ или от английски език – GHG Green House Gas), като 

10% се дължат на емисии от производство на строителни 

материали, а останалите 27% идват от потреблението на енергия 

фиг. 1. 

Екологичната декларация за продуктите (за краткост в 

статията ЕДП) е документ, който се основава на стандарта ISO 

14025, който е международно признат и разработен от 

Международната организация по стандартизация. Декларациите 

разглеждат пълната оценка на жизнения цикъл на различни 

групи продукти и услуги. В тази статия са разгледани продукти 

за покривно покритие – керемиди от различни материали.  

2. Стандарт EN 15804

В сравнение с алтернативни формати за отчитане, като еко-

етикети и самодекларирани „зелени“ етикети, които обхващат 

много малка част от перспективата на жизнения цикъл, ЕДП 

покрива целият жизнен цикъл (LCA-  Life cycle assessment) на 

стоките и услугите. Важно е уточнението, че разглежданите 

декларации в тази статия по ISO 14025 са тип III. По този начин 

те се различава в много аспекти от ISO тип I, издадени 

маркировки за екологични предимства от независими трети 

страни и тип II – самостоятелни ЕДП, издадени от 

производителя със съдържание, определено от самия него. В 

стандарта EN 15804:2012 – „Устойчиво строителство. 

Екологични декларации за продуктите. Основни правила за 

определяне на продуктовите категории за строителни 

продукти.“ са зададени критерии и правила за определяне на 

категориите за различните строителни продукти, по които да се 

отчитат ефекта върху околната среда [3]. Стандартът претърпява 

две изменения след официалното си издаване през 2012г. -  

А1:2013 и А2:2019. Периодът за влизането в сила на последния 

му вариант е 3 години. Отчитайки това, до септември 2022 г., 

производителите на строителни материали и продукти са имали 

право на избор по кой от двата едновременно валидни стандарти 

да публикуват и верифицират техните ЕДП. Този въпрос 

провокира и анализа в тази статия -  кои критерии са заложени в 

издадената декларация, как се съпоставят сценариите при 

изчисляването на индикаторите в LCA и как се отчита ВЕ на 

строителните продукти и съоръжения. В следващите редове са 

описани етапите, през които преминава един строителен 

продукт и/или материал, разгледани в различните модули и 

отчетени в ЕДП със съответния обхват на жизнения цикъл. 

Трябва също да се отчете, че издадените декларации по образец 

от стандарта А1:2013  са валидни до Август месец 2027г.. 

Причината за това е, че всяка екологична декларация е валидна 

за срок от 5 години. Коректното отчитане ВЕ за цялата сграда 

изисква деклариране на всички индикатори през целия жизнен 

цикъл (LCA) на продукта или строителния материал. За по-

добро разбиране на проблема, в следващите няколко подточки 

са изброени и подробно описани етапите от стандарта и 

жизнения цикъл, който е обхванат. Във фиг.2 от EN 15804 са 

изобразени модулите (А, B, C, D), етапите от жизнения цикъл и 

трите възможни граници на системата [3]:  

Фиг. 1 Дял на видовете сгради и строителството в глобалната 

употребяваната енергия и свързаните с енергията въглеродни емисии, 

2020 г. [2] 
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(1) Етап от суровина до готов продукт (cradle-to-gate), 

обхващащи модули А1-А3. Този начин на деклариране беше 

възможен до Септември 2022. (2) Етап от суровина до готов 

продукт (cradle-to-gate) с допълнително избрани модули от 

производителя, обхващащи модули А1-А3, от В1-В7, както и от 

С1 до С4. Този начин на деклариране беше възможен също до 

Септември 2022. (3) Етапи от суровината до края на жизнения 

цикъл (Cradle-to-grave) – като  се разглежда целият. 

Кръговата икономика (circular economy) и събирането на 

ресурси от самите градове (urban mining) ще доведе до 

екологични, социални и икономически ползи. Методът 

„Кръгова икономика“ е приложим в модул D, а следствието от 

него в ЕДП е неутрализиране на ВО от предхождащите го етапи 

от жизнения цикъл на продукта. Този ефект не е предмет на 

настоящата статия. И все пак намаляването на замърсяването и 

въглеродните емисии (ВЕ) могат да подобрят значително 

качеството на живот в градските пространства. При приемането 

на стандарта EN 15804 в различни държави се прилагат и 

национални приложения, в които са описани различните 

Правила за продуктови категории PCR (Product Category Rules). 

В Белгия, Франция и Нидерландия се използват различни от 

заложените в базовия стандарт сценарии за изчисляване на 

жизнения цикъл на строителните продукти. Във Франция 

въглеродния отпечатък (ВО) се отчита на база m², като 

държавата е разделена на климатични зони, за които важат 

различни изисквания [4]. В Нидерландия ВЕ се отчитат чрез 

евро/m² – заплаща се негативния ефект върху околната среда [5]. 

Друг аспект, който трябва също да се разглежда с особено 

внимание е използвания софтуер и екологичните бази с данни за 

изчисляване на индикаторите като Потенциал за глобалното 

затопляне (GWP= Global warming potential). Двете най-

предпочитани бази данни за инвентаризация  на жизнения цикъл 

(LCI) са GaBi LCA Databases [6] и Еcoinvent Database [7], които 

предоставят данните си на различни изчислителни софтуери. По 

този начин може да бъдат калкулирани и избрани най-

благоприятните резултати при декларирането на индикаторите в 

самата ЕДП. Основен фокус в тази статия са следната група 

параметри – единичен продукт, маса, размери, площ на 

покритие, плътност и референтен експлоатационен период от 

вече издадени и верифицирани ЕДП. Причината за този избор е, 

че точно тези технически параметри могат да бъдат разгледани 

и оценени от крайния ползвател. За тази цел в точка 2 са 

направени два анализа за приложение на стандарта като 

сравнение различни ЕДП  на ниво производител и на браншово 

ниво от някои държави. 

3. Декларации и предпоставки за избора на база 

данни за верифицирани ЕДП 

В тази част от статията са разгледани 7 различни 

производителя на покривни елементи – керемиди. Имената на 

производителите не са цитирани в заглавието, но е предоставен 

регистрационния номер на валидната декларация. В табл. 1 , в 

която са сравнени декларираните етапи в ЕДП, ясно се 

наблюдава и границата на избрания жизнен цикъл. Този анализ 

е направен с цел да реферира и към някои от 

предизвикателствата, споменати в точка 1 от настоящата статия 

– невъзможността за съпоставка при въвеждането на данните за 

изчисляване на екологичния отпечатък на цялата сграда поради 

периода на съвместно съществуване на двете приложения 

А1:2013 и А2:2019. 

С цел унифициране на данните в табл. 1 и коректното им 

съпоставяне при изчисляване на индикаторите в ЕДП, е избрана 

европейската онлайн база данни IBU – Institut Bauen und Umwelt 

e.V. (Институт за строителство и околна среда – превод от 

немски език) [8]. За селектирането на строителните продукти от 

падащото меню е зададена основна категория – „02 Building 

products” (строителни продукти), вторична категория “Roof 

covering” (покривно покритие), в полето Продукти е ръчно 

въведено Roof tiles (керемиди), като полетата Manufacturer 

(производител), PCR (Product Category Rules) и Declaration 

number (Номер на декларацията) са оставени празни с цел да се 

покажат всички резултати за тези филтри. Другата база данни, 

използвана в това проучване с цел верификация на данните е 

Международната база данни за издадени ЕДП - The International 

EPD System [9], която обхваща всички издадени декларации в 

световен мащаб като всяка декларация отговаря на изискванията 

на страната и/или континента, в който е верифицирана. По тази 

причина в нея има и филтър за селекция от падащото меню 

„Европа“. За по-добра аналогия с българските норми, авторът на 

статията базира анализа си основно на германския оператор.  

В табл.№2 са разгледани екологични декларации за 

продуктите от различни производители на покривни продукти 

от глина, циментова основа – бетон и фазер цимент, алуминий. 

Всички производители освен №1, който е използвал базата с 

данни Ecoinvent, са калкулирали и верифицирали техните ЕДП 

Фиг.  2 Видове ЕДП в зависимост от включваните етапи от жизнения цикъл. 
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с данните от GaBi Database. Друго важно уточнение е, че в 

Германия  имат по-развита и по-добре структурирана рамка и 

насоки за изчисляване на Правила за продуктови категории. Те 

са разделени на две части – PCR Teil A (ППК Част А), които 

обхващат общите правила. Втората част – PCR Teil B е 

разработена конкретно за всяка продуктова категория – глинени 

керемиди [10], керемиди от бетон [9], керемиди от фазер цимент 

[11] и метални керемиди [12]. 

Таблица 1. Сравнение на верифицирани ЕДП от 7 различни 

производителя на керемиди от различни основни материали с 

цел онагледяване на  възможните подходи при декларираните 

граници на системите.  

Произво-

дител № 

1 

[13] 

2 

[14] 

3 

[15] 

4 

[16] 

5 

[17] 

6 

[18] 
7[19] 

Номер на 

ЕДП: 

E
P

D
-B

R
A

-

2
0
1
7
0
0
3
0
-I

C
D

1
-

D
E

 

E
P

D
-E

R
L

-

2
0
2
0
0
0
2
9
-I

A
C

1
-

D
E

 

E
P

D
S

W
P

-

2
0
1
8
0
0
3
3
IA

D
2

-

E
N

 

E
P

D
-N

E
L

-

2
0
1
5
0
3
2
5
-I

B
D

1
-

E
N

 

E
P

D
S

W
P

2
0
1
8
0
0

2
9
IA

D
1
 

E
N

 E
P

D
-C

E
M

-

2
0
1
6
0
1
1
3
-I

A
D

1
-

E
N

 

E
P

D
-K

A
L

-

2
0
1
6
0
2
8
2
-I

B
C

1
-

E
N

 

Керемиди 

на основата 

на: 

Глина Глина Бетон Бетон 
Фазер 

цимент 

Фазер 

цимент 

Алуми-

ний 

Граница на 

системата: 

Етапите от жизнения цикъл и декларираните от 

съответния производител модули 

Модули на 

ЕДП A1-A3 
Да Да Да Да Да Да Да 

Модули на 

ЕДП A4-A5 
Да Не 

Само 

модул 

A4 

Само 

модул 

A4 

Не Не Да 

Модули на 

ЕДП B1-B7 
Да Не Не Не Не Не Не 

Модули на 

ЕДП C1-C4 
Да Не Не Не Не Не 

C2, C3, 

C4 

Модул на 

ЕДП D 
Да Не Не Не Не Не Да 

Декларира

на единица 

в ЕДП 

GWP 

CO2 за 

1 тон 

GWP 

CO2 за 

1 тон 

GWP 

CO2 за 

1 тон 

GWP 

CO2 за 

1 тон 

GWP 

CO2 за 

1 тон 

GWP 

CO2 за 

1 тон 

GWP 

CO2 за 1 

m² 

Използвана 

база данни 

за 

изчислване

то на 

екологични

я ефект 

ефект 

Eco-

invent 
GaBi GaBi GaBi GaBi GaBi GaBi 

 При производството на покривните продукти декларираната 

единица се използва като референтна стойност. Нейната цел е 

да послужи като основа за математически изчисления при 

изчисляването на въглеродния отпечатък. За да бъдат 

изчислени ефектите върху околната среда от строителните 

продукти, индикаторът GWP в среда на СИМ (строително-

информационно моделиране) трябва да покрива етапи извън 

сценарии cradle-to-gate с модули А1-А3 (от суровина до готов 

продукт). Причината за това е, че не може да бъде изчислен 

срокът на експлоатационната годност на продукта в 

съотношение към сградата. В стандарта EN 15804 е записано, 

че в такъв случай RSL (референтен експлоатационен период) 

трябва да бъде отразен като „неконкретизиран“. В сценария 

“Cradle-to-gate with options” („от суровина до готов продукт с 

избрани модули“), включващи модули от етап „Строителство“ 

В1-В7.  В таблица 1 ясно се вижда, че RSL може е деклариран 

само за производители №1 и № 7. И само за тези продукти 

може да бъде изчислен експлоатационния срок на строителния 

материал към експлоатационния срок на сградата и да бъде 

отчетен действителният въглероден отпечатък. Един от 

начините е като съответната ЕДП към експлоатационния срок 

на сградата и съоръжението, заложени в Еврокод. [20] 

 
Фиг.  1. Таблица за проектните експлоатационни срокове на сгради и 

съоръжения от Еврокод: Основи на проектирането на строителни 

конструкции, Национално приложение. 

През 2017 г. “Германският Информационен портал 

(ГИП) Устойчива сграда” е публикувал пълен списък с 

елементите на сградите [21], в който е препоръчан срок на 

експлоатация на компонентите на сградата към всеки един 

елемент. В първата колона на табл.№2  е предоставен списък на 

строителните материали за покривни покрития при скатни 

покриви. Във втората колона (маркирана с „А“) е показана 

продължителността на експлоатационната годност на 

покривния продукт. В третата колона е отразен колко пъти 

трябва да бъде подменен дадения продукт за експлоатационния 

срок на сградата с период от 50 години (маркирана с Х): 

Таблица 2. Референтен експлоатационен период на покривни покрития, 

определени от ГИП:Устойчива сграда;Превод от немски език. 

Покривни покрития и RSL на изброените 

материали 

А Х 

Покрития: шисти ≥ 50 0 

Покрития: тухла ≥ 50 0 

Покрития: бетон, фиброцимент ≥ 50 0 

Покрития: цинк, медна ламарина, алуминий, 

неръждаема стомана 

≥ 50 0 

Покрития: дървени шиндли ≥ 50 0 

Покрития: Поцинкована стомана с покритие 45 1 

Покрития: поцинкована стомана 40 1 

Покрития: стъкло 30 1 

Покрития: битумни керемиди, вълнообразни битумни 

листове 

25 1 

Метални лентови покрития: неръждаема стомана, мед, 

алуминиева ламарина 

≥ 50 0 

Метални лентови капаци: стоманена ламарина, 

поцинкована и покрита 

45 1 

Метални лентови капаци: Поцинкована ламарина 40 1 

Покрития: слама 30 1 

При изчисление на целия жизнен цикъл с примерен 

експлоатационен срок на сградата от 50 години от фиг. №3, за 

някои от изброените строителни продукти от таблица №2 не е 

необходима подмяна на строителния продукт и съответно 

модули А1-А3 се пресмятат само при първичните изчисления. 

За останалите продукти и материали трябва да се предвиди поне 

веднъж подмяна и да се отчете повторно ВО. Интересен факт е 

онагледен в табл. №3, че в браншовите ЕДП от Франция, 

Германия и Белгия, декларираните RSL на продуктите са 100 и 

150 години за покрития от глина и бетон [22, 23, 24, 25,26].  
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Таблица 3. Сравнение на верифицирани браншови ЕДП от основни 
материали глина и бетон -  граница на системата на жизнения цикъл и 

RSL.  

Граница на 

системата: 

Белгия  

(глина) 

Германия 

(глина) 

Франция 

(глина) 

Франция  

(глина) 

Франция 

(бетон) 

Модули 

A1-A3 
Да Да Да Да Да 

Модули 

A4-A5 
Да Да Да Да Да 

Модули 

B1-B7 
Да Не Да Да Да 

Модули 

C1-C4 
Да Да Да Да Да 

Модул D Да Да Да Да Да 

Референтен 

живот на 

продуктите  

150 150 100 100 100 

При издаване на ЕДП, спрямо предпочитанията на 

производителя, декларираната мерна единица на ВО може да 

бъде 1 тон продукция, 1 m² или осреднена стойност на 

натоварването – 50 kg/m². За да бъдат сравнени различното 

влияние на ВО от покривните покрития, декларираната мерна 

единица в този доклад е  приета 1 m². Взето е в предвид, че броят 

на керемидите, съответно натоварването може варира в един 

квадратен метър в зависимост от подреждането и конструкцията 

на самия покрив. За целта на статията и фокуса върху ВО, е 

калкулирана средна стойност от 50 kg/m² и всички стойности са 

преизчислени и приравнени към нея. Във фигура №4 се отразени 

всички модули без Д. Съпоставени са данни само от браншовите 

ЕДП, тъй като те обхващат целия жизнен цикъл за разлика от 

издадените от отделните производители. Ясно се вижда, че най-

голямо влияние на ВО  върху околната среда от около 70%  се 

генерира в етапа от суровина до готов продукт (cradle-to-gate) от 

жизнения цикъл на отразените във фиг.4 продукти. И въпреки 

приравнените стойности, сценариите, методологията, 

използваните база данни  в декларираните ЕДП са определени 

спрямо действащите нормативни изисквания за всяка една от 

тези държави. А те една спрямо друга се различават. 

 

Фиг. 2 Таблица и графика с приравнени стойност на ВО за покривно 

покритие от 50 kg/m². Модул Д е изключен от тази графика. 

4. Заключителен коментар 

Предприетите стъпки за отчитане и намаляване на 

въглеродния отпечатък дават ясна визия за постигане на 

крайната цел, а именно реализирането на въглеродна 

неутралност през 2050г. [1,2]. Наличието на разнообразни 

сценарии, методологии, бази данни и изчислителни софтуери, е 

изградена една солидна рамка и са създадени инструменти за 

контрол върху човешката дейност и производство. Държавите, 

които са издали своите ЕДП представят различни гледни точки 

и възможни начини за прилагане на стандарта EN 15804, 

адаптирани  спрямо националните практики и изискания за 

деклариране на различните индикатори, както и различно 

тълкуване на RSL. Това усложнява и дори прави невъзможно 

сравнението на два привидно идентични продукта, провокира 

анализирането на проблема в по-голяма дълбочина и търсенето 

на нови решения чрез параметрично описание на продуктите. 
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Abstract: In the article has been analysed the role of CAD systems in the context of  Industry 4.0.The fundamental principles of Industry 4.0 

have been viewed and which features of CAD systems meet the principles of Industry 4.0 and which do not.The existing classification of 

designing have been analyzed and a new concept design classification is proposed,according the principles and the concept of Industry 

4.0,whitch is more precise and adequate for smart products.. 
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1. Introduction 

CAD systems obtained the processes of engineering 

calculations, engineering analyzes, designing.CAD systems are 

aggregation of technical resources(software and hardware),serving 

for solving engineering issues.The first CAD system was created in 

1957 and continuously CAD systems becomes a fundamental 

engineering tool.In present CAD systems are part of the modern 

manufacturing. 

Industry 4,0 is merging the physical and virtual world, creating 

smart products, smart technologies, smart factories. The term was 

invented in 2011 In Germany. 

In many studies of Industry 4.0,CAD systems are part of 

application of Industry 4.0,therefore is important the principles of 

Industry 4.0 to be referred to designing and to be analyzed in which 

conditions usage of CAD systems meet the Industry 4.0 principless. 

2.Principles of Industry 4.0 referred to designing 

The main designing principles of Industry 4.0 are(fig 1.): 

 

 

Fig. 1 Industry 4.0 design principles[1] 

Interoperability and interconnection 

 

Interoperability and interconnection is the capability 

devise,parts,machines,automation lines, systems, factories ,workers 

,objects to exchange data.It is significant principle for Indistry 4.0 

because without horizontal and vertical transferring of data it will 

be impossible to be created a new Industry 4.0 system.Even partial 

interoperability leads to duplication of data,lost connections and 

lowed productivity.The goal of Industry 4.0 4.0 is creating a data 

highway so every smart product to contain data from the designing 

to recycling(the entire lifecycle of the product.In the context of 

designing it`s about interoperability between different CAD 

systems(horizontal communication) and between CAD systems and 

other software, for example CAD/CAE or CAD/CAM(vertical 

communication).  The subject of compatibility is very large and for 

full analyze it should be discussed about defined system of 

software.Generally the results may be full compatibility(entire and 

full functional transfer of data),full incompatibility(for example 

even not to open a drawing done by different CAD) and partial 

compatibility.Despite some solutions like neutral 

formats,transferring software,usage of familiar software core 

programs the issue is not fully solved by unifications or 

standardization. 

Virtualization and information transparency means creating a 

virtual copy of an object.Virtualization may refers to every physical 

object-part,assembly,automated complexes,factory,city etc.The 

main goal of virtualization is to collect,summarize and analyze data 

from the objects.By using virtualization there is no space and time 

limitations. Digital twins are used for analyzes,tests and eliminate  

the expensive process of  psysical prototyping (equipment 

,materials,labor,energy sources etc.).CAD systems are virtual 

tools,so they fullfill the designing Industry 4.0 principle of 

virtualization.The degree of virtualization will be relevant to the 

tools of CAD using during designing.For full virtualization the 

entire designing process should be in virtual environment 

Decentralization and autonomous decision 

Decentralization in Industry 4.0 designing means the ability for 

decision making for every micro level of the system.The 

decentralization is important regarding the data safety and allows 

flexibility of the system.CAD systems are single part of the yystem 

so they are part of the decentralization and also perform 

autonomous decisions. 

Real-time capability 

 For managing big data ,,selecting and analyzing of real time 

data is essential.Every delay may lead to wrong decisions,lower 

productivity and system collapses.This principle is entire related 

with intercoperability and modularity.Real time capability is also 

related to other factors like Internet of things,Internet of service 

etc.CAD systems are real time software so generally fullfils this 

principle. 

Technical assistance and service orientation 

 Unlike the Second Industrial Revolution, whose goal is to create 

mass production of individual standardized elements, the goal of 

Industry 4.0 is to create individual products without losing 

productivity. Industry 4.0 is fully tailored to consumer 

requirements. 

     Modularity 

In order to create individual products, production must be modular 

and adapt to rapidly changing requirements. The more modular the 

production, the more customer-oriented it is. In practice, "smart 

products" are different modules. Not necessarily the modules may 

be of different configurations, may refer to a different color, 

different material, etc.Modularity and service orientation will be 

conditionally accepted for one principle,because in the context of 

designing the bigger volume of modularity will lead to better 

service orientation. CAD systems can serve both for the design of 

elements for mass production and individual modular elements. 
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3 Evaluation of CAD systems according the design 

principles of Industry 4.0 

  The tabular assessment is presented in table 1,as grade 1 is for 

fully match,0 is for partial match and -1 is for fully unmatch. 

Table 1: Evaluation of CAD systems according the design principles of 

Industry 4,0 

 

FACTOR/OBJECT CAD systems 

INTERCOPERABILITY -1/+1 

VIRTUALIZATION +1 

REAL TIME 
CAPABILITY 

+1 

DECENTRALIZATION +1 

MODULARITY?SERVICE 

ORIENTATION 
-1/+1 

 

The assessment shows that the usage of CАD  does not lead to 

the implementation of the principles of Industry 4.0.and the entire 

design process must comply with Industry 4.0 principles.The first 

step of designing is to classify the type of designing. The design 

classification will be analyzed whether it is suitable for Industry 4.0 

products. 

4. Current design classification 

There are three types of designing - new, development  and 

adaptive. New design represents the creation of a completely new 

product, unit, technology, etc., the shape of which is not known in 

advance. Using adaptive , the design algorithm is known, and the 

development one is a combination of both.[2] 

  Smart products created in the context of Industry 4.0 can be 

classified into all three design groups, which makes their 

classification imprecise and subjective.. "Smart products" can be 

classified as the result of new design (new generation design), can 

be classified as the result of adaptive design (designing 

configurations, because of the requirement for modularity), as well 

as the result of development design (designing new functions of 

already existing products). 

This leads to the need for a new classification of design that 

fully reflects designинг in the context of Industry 4.0.The new 

design classification should be related to the main principles of 

Industry 4.0  and should be related to the terms of Industry 4.0. 

5. Purposed a new design classification 

Taking into account the principles of Industry 4.0, the design 

should be modular and remodular. Modular design a design 

principle that subdivides a system into smaller parts called modules, 

modular design is not a new term, it is widespread in automotive, 

architecture, information technologists, etc.The proposed 

classification accurately illustrates the process of designing smart 

products according to Industry 4.0, as well as contains a major 

component of Industry 4.0.The new classification of designing 

divides the designing into two group and it`s simple and precise 

according the principles. 

 
Fig. 2 Modular designing [3] 

 

Modular design will be related to creating a new smart 

product.Modular design in the context of Industry 4.0 will cover the 

following processes: 

• Design of new modules 

• The introduction of already existing modules, 

• Configuration of existing modules 

• Binding (geometric, parametric or logical) of modules 

• Creating layers with modules 

• Create a network of modules 

 

It`s not necessary every process to be involved,also the sequence for 

every design may be different according the service orientation. 

When editing an already existing product, remodular design will 

proceed. A module is any single component unit that has a customer 

orientation.One module is not related always with different 

geometry or type,it may be different colour,material etc. 

6. Conclusion 

The analysis of the role of CAD systems in the context of 

Industry 4.0 showed that their use alone does not fulfill all the 

principles of Industry 4.0 and that without modularity and customer 

orientation in the design process there is no way to fully integrate 

Industry 4.0. Another main problem of CAD systems is that there is 

not always full operational compatibility with other software and 

hardware, and in this way communication, compliance and 

horizontal and vertical connectivity are interrupted, which is also an 

essential element of Industry 4.0. Full operational compatibility is 

possible with serious efforts towards standardization and the 

unification of elements. 

The article also analyzed the existing classification of design 

according to the principles of Industry 4.0. Design in the context of 

Industry 4.0 can be classified into all three types of design, which 

makes the classification difficult to apply, subjective and 

imprecise.. A new classification according to the principles is 

needed, the approaches and terminology of Industry 4.0. A new 

conceptual classification of design is proposed - modular and 

remodular design. A module is any single component unit that has a 

customer orientation. 
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Abstract: In this paper is presented the method of planning and analysis of the materials handling line in one production company. The 

method consists of design, simulations, and analysis with the support of Arena simulation software. The design of the line is accomplished 

using modular modelling with interconnected modules and blocks, and simulations will be carried out to view the flow of boxes with 

materials and the functionality of main units and processes. The modelled line contains all the necessary units of the input processes, 

production and output processes, warehouses, materials handling vehicles, and the process flow of packages. Analysis will investigate key 

performance parameters and evaluate the functionality of the line. Production and logistics companies are implementing various software to 

plan and design their materials handling line, internal transports and production processes prior to the implementation and development of 

their plant. This enables them to plan the work, determine influential parameters and identify problems in the functionality. Results will be 

given in the graphical and tabular forms, which will represent the analysis of performance parameters and line efficiency.  
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1. Introduction 

The material handling systems and warehouse management are 

complex processes with many operations and devices that require 

adequate planning, proper design of infrastructure and deep analysis 

for good performance and functionality. Many logistics and 

production companies’ deal with these issues, and search for the 

best solutions in order to increase production parameters. These 

processes can be planned before the development of materials 

handling and production lines and after them, if there are problems 
identified.  

In order to support the companies for planning and analysis of 

materials handling lines, advancements are made towards the 

Industry 4.0 technologies using specialized software that help the 

modelling of these lines and apply simulations of working 

processes. In these software’s, the model designed is a schematic 
representation of materials handling line.  

The methodology in this paper is modeling and simulations of 

materials handling line for design and analysis. I took an example of 

materials handling company in Kosovo that produces canned food 

and has an input and output warehouses and production facilities. 

The line comprises of main structural units, vehicles like trucks, 

forklifts, conveyors, then warehouses, production units, stations and 

travel routes. The units are connected with transfer lines that define 

the entity flows, direction of movement and the interaction between 

main units. Main operations of the processes in the model must be 

exactly defined. Simulations should be carefully planned and tested 

to represent the correct behavior of the line and its units [1], [2]. 

Results will be acquired for Key Performance Parameters [3]. 

Analysis will identify the performance of the line and problems that 
require correction. 

Design of the Materials handling line and simulations will be 

implemented using Arena Simulation software [4]. The software is 

developed from the Company Rockwell Automation, Inc. In the 

Fig. 1 is the view of the Software’s User Interface and its main 

parts. Model design is carried by dragging and dropping modules in 

the Model window. These modules or blocks defines the process 

and are interconnected with connector lines, which represent the 

flow and direction of the entity [5], [6]. An entity is the product or 

package, or both, flowing in the process. Modules in this software 
can be Flowchart Modules and Data Modules.  

Flowchart modules have various shapes depending on the 

functionality or operation. They are placed in the model window 

and interconnected between each other to form a flowchart, 

depending on the logic of the process [4], [5]. Data modules are 

defined in the spreadsheet interface of the Properties window and 

are not placed in the model window.  

 

Fig.1. Arena Simulation software - User interface with main design 

and simulation parts [4] 

Regarding the Literature review, several authors have published 

papers in the topic of modelling and simulation of materials 

handling and processing lines using Arena Simulation or other 
similar software. 

S. Abedinzadeh et al. [1] in their paper present the simulation of 

a warehouse of an automotive company. They created a model and 

simulated it with ARENA software. The results presented bottle-

necks in parts of the warehouse which lead to long waiting time for 

personnel. They presented strategies to reduce the average waiting 

time and improve the performance of the warehouse. Said M. et al. 

[3] identified Key performance indicators which were evaluated 

using Arena software. They developed a new improved production 

line layout a compared with real production line layout. Then 

analyzed the improvement of indicator values of new model 

compared to real model. Ch.Y. Liong et al. [10] in their paper 

presented ARENA simulation models for the loading and unloading 

systems in a warehouse. They analyzed for utilization of workers 

and waiting times at the various processes to identify the bottleneck 

in the system. They identified that the inter-arrival time of 

customers’ trucks, number of forklifts, waiting time at the order 

picking, sealing, and loading process are the contributing factors 

towards the performance of the loading system. A.H. Abdul Rasib 

et al. [11] analyzed a real case study in food industry to construct 

simulation model in ARENA. Based on the issues found, they 

suggested improvements to the smoothness of the manufacturing 
system.  

 

E. Pekel et al. [12] created a warehouse storage simulation 

model by using Arena Simulation Software of a hypothetical 
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company. The aim was how to obtain the best possible result by 

fixing the departure time of the transporter and to determine how 

many pallets will be required monthly with the minimum and 

maximum bounds. Ch. M. L. Rahman et al. [13] created simulation 

model to a batch manufacturing system for process flow 

improvement. The model is an ARENA software of a UPS 

manufacturing line. They determined that the transformer making 

section was the main system bottleneck while other sections were 

running without delay. Changing the level of resources, adding 

extra workers and facilities re-layout have been suggested to 

improve the system performance. J. Saderova et al. [14] created 

simulation model for the receipt of goods into the warehouse. They 

observed and measured the forklift’s work cycle, which unloaded 

pallets from the trucks. To create a simulation model they used 

EXTENDSIM8 software. They analyzed results of 3 experiments 

performed. Th. Wasusri et al. [15] analyzed case study in Arena 

Simulation in footwear warehouses. A. N. A. Ahmad et al. [16] 

present the method to increase the production output by improving 
conveyor layout, based on analysis using ARENA simulation. 

 

2. The Materials Handling Line Model 

 
Configuration of the Materials handling line is presented in 

Fig.2. The model of the Line consists of interconnected modules 

which represents an object, facility, resource or operation, and have 

their corresponding symbols. Modules are connected with wires. 

The model is designed in two rows, starts at the left and flows to the 
right, in one direction. 

Other objects, like numerical results of key parameters are 

presented in gray color squares. There are textual boxes as a 

description of processes, and image description of facilities, loads, 

devices and vehicles. At upper part of the model are two important 

objects: Time of the process which shows the runtime of the 

simulation (Blue squared object), and Hours of the process which 
shows the hours of the line work (Grey color object).    

The line is organized in three main parts: Input processes, 

Production process and Output processes (Fig.2) [2], [10], [12]. 

Units in the Input processes are: 

1. Incoming packages – This is the name of the first module in 

the line, type Create. This module defines the startup processes 

and initiation of the operations (Fig.3). In this module is defined 
the Entity Type that flows in the line. It is named Box.  

Boxes are packages with raw metarial that are brought with the 

truck, and carry it for manufacturing in the factory. One box has 

dimensions 40 cm width, 50 cm length and 30 cm height (Fig.4). 

Max Arrivals = 780 is the number of boxes that can fit in a trailer 

truck and will be unloaded [7], [8]. The boxes arrive every 0.1 

minutes each for discharge from the truck, in Random distribution. 

But boxes are not single handled. They are part of the standard 

pallet to be unloaded, defined in the next module. 

  

Fig.3. Create module symbol and properties 

 

Fig.4. Example of the standard Box with its dimensions, as a 

sample in the model analysis  

2. Second module is Pallets, type Batch. This is a grouping module 

of entities, in this case boxes. The boxes are grouped in one 

standard EURO2 pallet with dimensions 120x100 cm, and height 

 

Fig.2. Model of the Materials handling Line 

INDUSTRY 4.0 2022, WINNTER SESSION, vol 3

269

 



165 cm [9]. This is the most appropriate format of boxes which 

utilizes up to 99% the filling of the EURO2 pallet. One pallet 

consists of 30 boxes (Fig.5). 

 

  

Fig.5. Batch module symbol and Properties 

3. Third module in line is a process type, named Unloading. 

With this module is defined a process, in this case unloading of 

pallets from the truck. Unloading is done with one Forklift, which is 

defined as a Recource, named Forklift1. Delay Type, is the time 

required for the forklift to unload one pallet from the truck, and is 

defined by Uniform dispersion in minutes, between 2 and 3 minutes 

[4], [17] (Fig.6). 
 

  

Fig.6. Symbol and Input parameters of the Unloading process 

 

4. Next module is Route 1 of type Route. The module represents 

the time the pallets are transfered by the forklift to the next station, 

in this case Station1. The route time of forklift travel is estimated 2 

minutes (Fig.7). 
 

 

Fig.7. Symbol and Input parameters of the Route module 

5. Station module, named Station 1 defines a physical location, 

in this case the entry to the Incoming warehouse (Fig.7). 

 

 

Fig.8. Symbol and Input parameters of the Station module 

6. Store module, is used to add boxes to the storage, in this case 

Incoming warehouse. (Fig.8)  

 

Fig.8. Symbol and Input parameters of the Store module 

7. Separate_boxes is the name of the module type Separate, 

used to separate boxes from the previous batch created. In this case 

it means separating boxes from the pallets and sending them to the 

Factory for processing. (Fig.9) 

 

Fig.9. Symbol and Input parameters of the Separate module 

  

Fig.10. Symbol and Input parameters of the Transfer_factory 
module 

 

8. Transfer_factory is the name of the process module that 

represents the time the input boxes will be transfered from the 

Incoming warehouse to the Factory, after being separated in the 

Separate_boxes module (Fig.10). Resource in this process is named 

Transfer_device. It is not defined exactlly, while it can be a forklift, 

INDUSTRY 4.0 2022, WINNTER SESSION, vol 3

270

 



cart or jack handled by workers, or even conveyor. Transfer_device 

is the resource that will transfer one box unit in Uniform dispersion 

in time 1 to 1.5 minutes (defined in Delay Type). This is an 

aproximated time, while Transfer_device can carry more than one 

box. For example, if a cart carries 5 boxes, it will require 6 to 9 
minutes to transfer them to the Factory. 

9. Next module in the line is a process module named Factory 

(Fig.11). This is the main module of the Production process. Here, 

raw material is discharged from the input boxes, products are 

created in the factory, and output boxes are filled with final 

products for output. Conveyor is the main recource as an internal 

transportation device for transfering products from the Factory to 

the Outgoing warehouse. One conveyor is planned for the process. 

There can be more than one conveyors, depending on the 

manufacturing processes. Also, other recources as vehicles can be 
used, like forklifts, cranes and carriages.  

Delay Type means the time spent for filling one box with ready 

made products, sealing the box and transfering it with conveyor to 

the Outgoing warehouse. This time is a function of triangluar 

dispersion, and is estimated to be 10 to 14 minutes (Fig.11). This 

timeframe can vary, depending on the number and  dimensions of 

the products (canns, jars, bottles, bags, etc.), format of the box they 
will fill in and velocity of the conveyor.  

In this case, the manufacturing time starting from the raw 

materials processing to the final product is not included, while it can 

vary heavilly on the type of products processed, number of 

machines, time between machines, packaging process, etc. If 

required, the manufacturing time can be added to the already 

estimated time.  

 

 
Fig.11. Symbol and Input parameters of the Factory module 

 

Next modules in the line are units of the Output processes. The 

modules are: 
 

10. Outgoing warehouse – The module is of type Store, which 

represents the warehouse where the output boxes come from the 

Factory. 

11. Creating pallets – The module is the type Batch, where the 

outgoing boxes are grouped in 30 in one standard pallet EURO2. 

The number of outgoing boxes has the same box format as the 

incoming boxes for the purpose of pallet utilization (Fig.4).   

12. Loading - The module is of type Process, which represents 

the loading of pallets from the Outgoing warehouse. Loading is 

done with one Forklift, which is defined as a Recource, named 

Forklift2. Delay Type, which is the work of Forklift is defined by 

Uniform dispersion in minutes, between 2 and 4 minutes. During 

this time it is estimated the forklift will take one pallet from 

Outgoing warehouse and load it on the truck. 

13. Next module is Route 2 of type Route. The module 

represents the time the pallets are transfered by the forklift to the 

next station, in this case Station2. The route time of forklift travel is 

2 minutes. 

14. Station module - named Station 2 defines a physical 

location, in this case the entry of pallets to the Outgoing truck. 

15. Outgoing truck – The module is of type Store, which 
represents the truck loaded with pallets. 

16. Outgoing Pallets – is the last module in the line, type 

Dispose. This is the ending point of the model, in this case for the 

materials handling line (Fig.12). 

 

 

Fig.12. Symbol and Input parameters of the Dispose module 

   

3. Simulation planning of the process flow in the line   

 
After the model is designed and modules are connected, next 

step is planning the simulation scenario for the process flow.  

The simulation is planned to run until all the boxes and pallets 

of raw materials as the input process are sent to the Factory, and all 

the boxes and pallets of outgoing process are loaded in the Truck. 

The main measuring parameter is the time of the main processes. 

The two timing boxes, first one in blue named Time of process 

shows the actual time of the process flow, and second one in gray 

named Hours of process shows the total hours of the process 
(Fig.13).  

Results of boxes and pallets flow will be shown in the gray 

boxes around the corresponding modules during the simulation run. 

After the simulation, the software will generate report of results. 
 

 

 
Fig.13. Model after the simulations and results in boxes close to the 

modules. Below are shown hours of the process 
 

4. Results, analysis, and discussions 

After the simulation, results are generated in the form of 

numerical results and can be viewed in the gray boxes of the model 
(Fig.13).  

In the first unit of the Input processes, Incoming packages, is 

the truck carrying 780 boxes of raw materials, grouped in pallets 

that can carry 30 boxes each. There are 26 pallets with boxes in the 
truck to be unloaded. 

The main parameter to analyze is the hours of the entire process 

duration or simulation in this case. The number of hours of the 

entire process is 155.56 hours. If we consider that one working  day 

has two working shifts, or 16 working hours, the process will last 

9.72 days. 

The time the first pallet is unloaded from the truck with 
Forklift1 lasts 3 minutes and 32 seconds (0.06 hours) (Fig.14). 
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All 780 boxes (26 pallets) carried by the Forklift1 arrived in the 

Incoming_warehouse for aproximatelly 1 hour and 24 minutes (1.40 
hours, or 84 min) (Fig.15).  

While this is a line with uninterrupted and continuous flow, the 
first box to enter the Factory is after 9 minutes and 36 seconds. 

  

Fig.14. The time of the first pallet is unloaded from the truck 

 

 
Fig.15. The time all the pallets arrive in the Incoming warehouse 

 

The total  time of the Input processes lasts around 16 hours 26 

minutes or 16.44 hours (Fig.16).  During this time, all the 780 boxes 

will exit the Incoming warehouse, are transfered and enter the 
Factory. 

 

 

 

Fig.16. The total work time of the Input processes 

Comparing the time all the pallets arrive in the Incoming 

warehouse (1.40 hours) and total work time of the Input processes 

(16.44 hours), difference is 16.44-1.40 = 15.04 hours. This is the 

time boxes spent in transfer between the Incoming warehouse and 

Factory. This is considered a bottleneck in the process. 

The remaining total time of the process, 155.56- 16.44 =139,12 
hours goes to the Production process and Outgoing processes. 

By the end of Input processes time, 16.44 hours, in the Factory 

there will be in average 346 boxes in the queue for outgoing. There 

are only 82 boxes that exited the Factory and arrived in the 

Outgoing warehouse (Fig.16). 

 

Fig. 17. The time the first box exits the Factory and enters Outgoing 

warehouse 

The initial work in the Outgoing procesess starts after 22 

minutes and 49 seconds (0.38 hours) when the first box exits the 

Factory and enters the Outgoing warehouse (Fig.17). In this time 11 

boxes entered the Factory, and an average of 2.86 are in the queue. 

As shown in Fig. 18, pickup of prepared pallets in 

Creating_pallets module starts after 5 hours and 59 minutes (5.99 

hours), when the first pallet with 30 boxes is assemblled and ready 

to be loaded with the Forklift 2. 
 

  
Fig.18. The start of work in the Outgoing processes – after the first 

pallet is assembled with 30 boxes 

 

Based on last two figures, we can draw a conclusion that the 

time difference beetwen the first box exiting the factory and the first 

outgoing pallet assembled with 30 boxes is aproximatelly 5.99-0.38 

= 5.61 hours (5 hours and 37 minutes). This is a long delay and the 

main drawback of the line, which identifies that transfer from the 

Factory to the Outgoing warehouse is the longest process and a 

bottleneck in the line. 

Following the process flow after the Factory, the pickup of one 

assembled pallet with Forklift 2 from the Outgoing warehouse, 

travell to the Outgoing_Truck and loading it in the truck will last 
aprox. 4.5 min. 

 

4.1. Presentation and Discussion of reported results 

 

After the simulations, the Report with results was generated by 

the software [4]. Results will be shown in tabular form.  

Table.1. Waiting times and Queues of boxes in the processes 

Process name 

and type 

Average 

waiting time 

of boxes 

(hours) 

Maximum 

waiting 

time of 

boxes 

(hours) 

Average 

number of 

boxes in 

queue- 

Max. 

number 

of boxes 

in queue- 

Loading 

(Process) 
0 0 0 

0 

Pallets (Batch) 0.0248 0.064 0.124 30 

Transfer_factory 
(Process) 

7.465 14.936 37.434 720 

Factory 

(Process) 
69.39 138.92 347.94 697 

Creating_pallets 
(Batch)

2.888 5.882 14.84 
30 

Unloading 

(Process) 
0.002 0.0174 0.0003 

1 
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In Table 1, in the first two columns is given the waiting time of 

boxes in the main processes of the line. It can be concluded that the 

longest waiting times are in the Factory, then in the 

Transfer_factory, which proves previous conclusion that 

bottlenecks are present there. Other units show better performance. 

Best performance is in the Loading process.  

In the columns 3 and 4 are given the number of boxes waiting in 

queues. The conclusion is similar; the highest number of queues are 

in the Transfer_factory and in the Factory. Maximum number of 

boxes in the Pallets and Outgoing_pallets is 30, but this is a 

scheduled number, while one pallet has 30 boxes. 

Table.2. Time in hours the boxes spent in the line 

Entity of the 

line 

Average 

Total time 

Average 

transfer 

time* 

Average 

VA time** 

Box 80.178 2.297 6.65 

 

*Transfer Time: It is the time when the box incurs a delay at a 
process whose allocation has been designated as transfer [4]. 

**VA Time: Value added time is the time when a box incurs a 

delay at a value added process [4]. 

Based on the results in Table.2, one box spent in average 80.178 

hours in the line. The time of transfer between units is 2.297 hours. 

This draws a conclusion that boxes spent much more time inside the 

units rather than in transfer between them. 

Table.3. Usage of Resources 

Name of 

Resource 
Usage in % 

Forklift 1 1.47 

Transfer_device 10.4 

Conveyor 99.80 

Forklift 2 1.34 

In Table 3 is given the usage of resources during the total time 

of the process (155.56 hours). It can be concluded that Conveyor 

was busy almost all the time of the process, 99.8% or 155.33 hours 

transferring boxes, Transfer_device was busy 10.4% or 16.17 hours, 

Forklift 1 was busy 1.47% or 2.28 hours unloading 26 pallets, 

Forklift 2 was busy 1.34% or 2.08 hours loading 26 pallets. 

Forklifts are low utilized compared to conveyor and transfer device.  

For this line it is useful to shorten the delays in the transfer to 

the Factory, plan more than one conveyor, or shorten the delays in 

the Factory. 

 

5. Conclusions 

After the results and discussions, it can be concluded that using 

Arena Simulation software is useful to design materials handling 

line and analyze it after performing simulations. It is important to 

design the line, processes it adequately and plan the process flow 

accurately.  

Most important parameter measured and analyzed is the number 

of boxes and pallets in the Incoming processes, Production Process 

and Outgoing processes. This division of processes in the line is 

better for study and analysis. The results gave us a view about the 

performance of the line and possible issues. The bottlenecks in the 

line were identified in the transfer from the Incoming warehouse to 

the Factory, and in the production process, in the Factory. The first 

one happens due to the slow transfer of boxes, and the second one 

mainly due to the long packaging of products, placing them in the 

box and transferring with conveyor to the Outgoing warehouse. 

The Incoming processes and Outgoing processes of the line 

gave good results, while the time of the process flow is considerably 
short and there are no identified blockades. 

With this model, it was possible to analyze also the performance 

of the Resources or vehicles like forklifts for loading and unloading, 

conveyor for transporting products inside the Factory and particular 

transfer devices. Conclusion is that the usage of conveyor was high, 

and Forklifts were used less compared to the conveyor in entire 
process. 

The model design of the line can be further developed with 

addition of various production processes and testing various 

packages. That would increase the complexity of the analysis but 

also contribute to more research and investigation on this the topic. 
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Abstract: Due to the pandemic conditions we have been in in recent years, the need for disinfectant products in the hygiene sector has 

increased considerably. In this context, in order to meet the disinfectant wet wipes demand, the need to make the existing wet wipe 

production machines work with alcohol has arisen. In project scope; Wet wipes packaging machine, which is suitable for working with 

isopropyl alcohol, meets all the necessary conditions and is equipped to prevent the danger of explosion, was built.. Also the equipment to be 

used within the scope of the project and activities to be performed in the context of the new designs that will be revealed thanks to the 

alcohol completely reliable and relevant about working with the institutions and approved and fully ATEX compliant packaging machine, 

wet wipes faster than peers will emerge. By avoiding all possible risks, all possible problems that are undesirable, endanger human health 

and cause work accidents were prevented. 

Keywords: WET WIPES PRODUCTION, PACKAGING MACHINE, ATEX 

 

1. Introduction 

The effect of the pandemic, companies needed raw materials 

and machinery to produce hygiene and disinfection agents. Alcohol 

based solutions became more prevalent. A new packaging machine 

was designed by using the working logic of the existing wet wipes 

packaging machines in order to meet the needs that determine the 

subject of the project and to make the project successful in this 

context. 

A potentially explosive atmosphere exists when a mixture of air 

gases, vapours, mists, or dusts combine in a way that can ignite 

under certain operating conditions. The ATEX directive of 

EU describes what equipment and workspace is allowed in an 

environment with an explosive atmosphere. ATEX derives from the 

French title of the 94/9/EC «Appareils destinés à être utilisés en 

ATmosphères Explosives» The current directive in effect: 

2014/34/EU.   

 

 

 

     Fig. 1 3D Atex Packaging Machine. 

 

The new machine has been designed in accordance with ATEX, 

with the ability to pack wet wipes soaked in isopropyl alcohol. In 

this context, all equipment to be used in the machine was selected 

as ex-proof and the machine design was shaped according to these 

equipments. The risk areas of the newly developed wet wipe 

packaging machine were determined and a risk analysis was made 

and the necessary arrangements were made for the area where the 

machine will be used. An ATEX conformity report was received for 

the machine along with the extracted risk zone map. 

 

The sources of sparks that can create an explosion hazard on the 

machine are specified in the ATEX directive. In accordance with 

the directive According to the EN 13463-1 directive, a risk analysis 

table is created down to the smallest equipment of the machines and 

if there is a risk, the measures to be eliminated are determined 

accordingly.[1] 

Risk factors are; 1- Hot surfaces, 2- Spark sources,                    

3- Electromagnetic sources, 4- Ultrasonics, 5- Electrical devices,          

6- Adiabatic compression, 7- Ionizing radiation [2] 

A machine-wide resistance system has been designed against 

alcohol drips that may occur from stacks of wet wipes soaked in 

isopropyl alcohol before entering the package. In this way, the 

flowing isopropyl alcohol will be collected in various dripping pans 

and removed from the machine by means of a pump. The new 

packaging machine will be completely isolated from the factory 

area, preventing the escape of alcohol vapor from the machine. 

Insulation process was provided by making a special hood for the 

machine. 

The project brought a new development to wet wipes packaging 

machines in the wet wipes packaging industry. In this way, wet 

wipe manufacturer companies produced alcohol wet wipes 

completely safely at the speed of standard wet wipe packaging 

machines. 

A mixture of air and flammable chemical vapor was 

continuously evacuated. Thus, the gaseous accumulation of the 

evaporated liquid was prevented. Vapors of chemicals can be 

heavier than air or lighter than air. The lighter vapors accumulate in 

the ceiling, and the heavier ones in the floor of the machine. 

Ventilation channels are placed on the ceiling or under the machine 

according to the areas where flammable vapors accumulate. 

Detailed measurements were made regarding static electricity 

discharge and device grounding. The machine was monitored with a 

thermal camera to avoid spot temperature increases. Control of the 

ventilation system is done with dry ice vapor if the flammable vapor 

is heavier than air, and with smoke if the flammable vapor is lighter 

than air. 

  

     Fig. 2 Thermal Camera Testing and Smoke Testing 
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2. Materials for Production of Prototype Parts 

All mechanical and electrical equipment used in the machine 

has been selected according to the determined zone map and will be 

special. Passive antistatic elements were used to prevent sparks on 

the machine. In this context, both the body glasses and the 

plexiglass glasses inside the machine will be covered with antistatic 

film and possible dangers are prevented. 

The operability of the machine was optimized according to 

different packaging types, and the situations requiring an operating 

temperature higher than the ignition temperature of isopropyl 

alcohol were equalized, and the system was designed to never 

exceed this temperature and necessary safety measures were taken. 

Motors, electrical equipment, reducers, lightings, pistons, 

valves, etc. used in the production of ATEX wet wipe machines. 

equipments were selected from certified components according to 

the specifications specified in the MSDS document. Since the vapor 

of the chemical mixed with air poses an explosion hazard, 

components produced for the gas are generally used. 

 

 
Table 1: Atex Marking For Gas [3] 

 

After all the precautions in the ATEX directive were taken and 

the design, manufacture and documentation of the machine was 

completed, the certification process was initiated by applying to the 

certification body. As a result of the examinations and 

measurements made by the certification body, the machines that 

met the qualification were given ATEX certificate. 

 

3. Results 
 

The following benefits and outputs were fulfilled in the project; 

• Wet wipes packaging machine that can work with isopropyl 

alcohol was brought to the sector. 

• The new wet wipes packaging machine, which was developed 

thanks to the certificates of conformity to be taken and the safety 

measures to be followed in the machine design, was presented to the 

sector in ATEX quality, thus meeting the demand for disinfectant 

wet wipes production during the pandemic. 

• Existing wet wipe packaging machines were brought into 

compliance with the standards without affecting the efficiency and 

performance parameters, the production parameters were kept 

constant without any loss or reduction, and the production of these 

special wipes continued in the same way. 

 

• Alcohol-based wet wipes are easily produced for the user by 

using the safety precautions taken, equipment selections according 

to the risk zones and spark-preventing mechanisms, preventing all 

possible risks and all problems that may endanger human life. 

 

 

     Fig. 3 Assembled View of the Atex Packaging Machine. 
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Abstract: This study is aimed at the development of active and selective ceria-based catalysts for hydrogen production by methanol 

decomposition. The effectс of ceria modification with different metal oxides and development of mesoporous texture of the composites wере 

illustrated. The microstructure of the obtained catalysts was studied in details by different physicochemical techniques, such as nitrogen 

physisorption, XRD, HRTEM, SEM, various spectroscopic methods and TPR with hydrogen. The bi-metallic spinel oxides revealed 

promising potential for the synthesis of more active and selective catalysts. The catalyst formula was optimized using mesoporous ceria 

doped with iron oxide as catalyst support and deposition of nickel oxide nanoparticles on it. 
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1. Introduction 

The high energy vector of hydrogen and the practically zero 

carbon target during the application identify hydrogen as promising 

alternative fuel in the near future [1,2]. However, the development 

of the hydrogen-based economy requires fast and efficient solving 

of the problems related to the low-cost and safety production and 

storage of hydrogen, without significant changes of the existing 

infrastructure, especially in case of the mobile and portative 

installations. Liquid organic compounds could be appropriate 

hydrogen carrier if they are abundant and cheap enough and also 

possess sufficient H/C balance. Methanol has been considered as 

one of the most suitable candidates, even more, it could be 

produced from diverse sources, including biomass and every waste 

which could be converted to syngas [3,4].  

Among the various technologies for reverse hydrogen release 

from methanol, the catalytic methanol decomposition seems to be 

most effective because of easy operation and possibility for energy 

saving [5,6]. A crucial point of this technology is the efficiency of 

the catalysts. The intensive study in this aspect reveals that the 

behavior of the catalysts could be improved if they are produced in 

nanoscale and by development of porous texture, which ensure high 

active surface area. The optimization of the bi-functional acid-base 

and redox properties of the catalysts and the initialization of a 

synergistic activity between the distinct components in them is also 

needed. Ceria is one of the most promising candidates of catalyst or 

catalyst support because it possesses high surface acidity and 

significant oxygen storage capacity, related to the easy reversible 

Ce3+-Ce4+ transitions [7,8]. It has been reported that the catalytic 

properties of ceria could be improved via development of 

mesoporous texture, using hydrothermal preparation procedure in 

presence of appropriate organic template, and/or by doping it with 

metal oxides [9,10]. 

This study is focused at the evolution of ceria - based catalysts 

for methanol decomposition by modification of ceria with diverse 

mono-and binary metal oxides. The samples were characterized in 

details by different physicochemical techniques, such as nitrogen-

physisorption, XRD, SEM, HRTEM, various spectroscopic analyses 

and temperature-programmed reduction with hydrogen. The relation 

between the microstructure and the optimal formula of the catalysts 

was clarified as well. 

2. Materials and Methods  

2.1. Materials 

Nanosized mesoporous ceria was synthesized by template 

assisted hydrothermal technique using aqueous solutions of CeCl4 

as a precursor and N- hexadecyl- N, N, N-trimethyl ammonium 

bromide (CTAB) as a template according to the procedure 

described in [11]. After the precipitation of the obtained mixture 

with 25% solution of ammonia, the sludge was subjected to 

treatment at 373 K for 24 h in a closed container. The produced 

solid was calcined at 773 K for 10 h in air.  

Aqueous solutions of copper, chromium, iron, zinc and nickel 

nitrates were used for the modification of thus prepared ceria 

support by incipient wetness impregnation technique. After drying 

at room temperature, the solid product was subjected to calcination 

at 773 K for 4 h. For all modifications, the overall amount of metal 

was 8 wt.%. The monometallic materials were denoted as MCe 

(M=Cu, Fe, Cr or Ni). For the preparation of binary spinel oxide 

modifications of ceria, the Cu/Cr and Cr/Fe molar ratio was fixed as 

1:2 and the obtained samples were denoted as CuCrCe and FeCrCe, 

respectively. The ratio between the metals in the ternary CuZnFeCe 

modification was Cu:Zn=1 and (Cu+Zn)/Fe=1:2, respectively. 

Alternatively, bi-metallic 1Fe9Ce and 5Fe5Ce mesoporous oxides 

with Fe/Ce molar ratio of 1:9 and 5:5, respectively, were obtained 

by hydrothermal technique, following the procedure, reported in 

[11]. The corresponding Ni5Fe5Fe modification was obtained by 

incipient wetness impregnation technique, as described above. The 

Ni content in it was 8 wt.%. 

2.2. Methods 

Nitrogen physisorption measurements were performed on a 

Beckman Coulter SA 3100 apparatus. A Bruker D8 Advance 

diffractometer with Cu Kα radiation and a LynxEye detector with 

constant step of 0.02° 2θ and counting time of 17.5 s per step was 

applied for the powder X-ray diffraction analyses. The SEM 

investigation was carried out on a FEI Nova NanoSEM450. A FEI 

Talos F200X transmission electron microscope was applied for the 

HRTEM analyses. UV–Vis measurements were done on a Jasco V-

650 UV-Vis spectrophotometer. Raman spectra were collected on a 

DXR Raman microscope (Thermo Fischer Scientific, Inc., 

Waltham, MA) equipped with 532 nm laser. The XPS 

measurements were carried out on a AXIS Supra electron 

spectrometer (Kratos Analytical Ltd.) using monochromatic AlKα 

radiation with a photon energy of 1486.6 eV. The Mössbauer 

spectra at room temperature (RT) were recorded by Wissel 

(Wissenschaftliche Elektronik GmbH, Germany) electromechanical 

spectrometer working in a constant acceleration mode. A 57Co/Rh 

(activity ≈ 10 mCi) source and α Fe standard were used. The spectra 

were fitted using CONFIT2000 software.  

The TPR/TG (temperature-programmed reduction/thermo-

gravimetric) analyses were performed on a Setaram TG92 

instrument in a flow of 50% H2 in Ar with heating rate of 5 K.min-1.  

2.3. Catalytic tests 

The catalytic tests were carried out in a flow type fixed-bed 

reactor (55 mg of catalyst). Methanol (1.57 kPa) was introduced 

into the reactor from a saturator, thermo-stated at 273 K using argon 

as a carrier gas (50 cm3.min-1). Step-wise increase of the 

temperature in the reactor was done up to 773 K keeping the heating 

rate of 2K/min.  

On-line gas chromatographic analyses were performed on a 

SCION 456-GC apparatus equipped with flame ionization and 

thermoconductivity detectors using PORAPAC-Q column. 
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3. Results and Discussion  

2.1. Monometallic ceria promoted composites 

The texture of the parent ceria and its monometallic 

modifications was studied by low-temperature nitrogen 

physisorption. The physisorption isotherms (Fig. 1) characterize 

with a hysteresis loop between 0.7-0.9 relative pressure and strong 

increase of the adsorption above it, which is typical of materials 

with interparticle meso-macroporous texture. 
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Fig. 1 Nitrogen physisorption isotherms and pore size distribution 

(inset) for selected  samples. 

The parent ceria possesses about 100 m2g-1 surface area and 0.2 

cm3g-1 total pore volume. These parameters decrease of about 10-

20% during its modification with different metal oxides. The 

preservation of the shape of the physisorption isotherms for all 

modifications (Fig. 1) indicates that the observed effects are 

predominantly related to partial pore blocking due to the deposition 

of metal oxide nanoparticles in the pores of the ceria support, 

without significant structural collapse with it.  

SEM and HRTEM techniques were used for the visualization of 

morphology of the obtained composites (Fig. 2). 

  
 

500 nm 

 
Fig. 2 SEM (left) and HRTEM (right) images of NiCe composite. 

It was well-illustrated that the ceria matrix possesses garnullar 

structure of spherical-like nanoparticles. According to the XRD 

measurements, the average crystallite size was about 11 nm. In the 

case of the metal oxide modifications, HRTEM images (Fig.2,right) 

demonstrate presence of metal oxide particles with average size of 

about 5-10 nm, which are almost homogeneously sprreded within 

the ceria matrix. This morphology ensures close contact between 

the ceria support and the loaded metal oxide particles, which could 

affect the electron transfer between them, initiating sinergistic 

support-metal oxide activity as well. 

Fig. 3a demonstrates methanol decomposition activity of pure 

ceria and its monocomponent modifications with the temperature 

increase in the range of 520-770 K. Ceria support exhibits very low 

catalytic activity. Here, methanol decomposition is initiated just 

above 700 K and up to 20% selectivity to CO, due to the formation 

of methane and CO2 as by-products, is detected (Fig.3b). The shift 

of the conversion curves to lower temperatures for the metal-

modified materials indicates improvement of the catalytic activity 

(Fig. 3a). CO selectivity increase is also demonstrated in this case 

(Fig. 3b). 
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Fig. 3 Methanol conversion vs temperature (left) and CO selectivity 

(right) for the monocomponent CeO2 modifications. 

The modification of ceria with copper is less effective with 

respect to the development of active catalysts, despite the improved 

CO selectivity. Just the opposite, significantly higher catalytic 

activity and lower selectivity in methanol decomposition to CO is 

demonstrated for the iron- and chromium containing samples. 

Excellent catalytic behavior, even at relatively low temperatures, is 

observed for NiCe. However, the complex shape of the conversion 

curve with the temperature increase indicates significant changes 

with the catalyst. The additional TPR-TG study clearly 

demonstrates reduction transformations of the active NiO particles 

by the reaction medium.  

2.2. Spinel oxide ceria promoted composites 

In order to improve the behaviour of the Cu and Fe-containing 

catalyst, binary metal oxide modifications were also produced. Cr 

was added as a second metal, due to the possibility to obtain binary 

CuCr and FeCr metal oxides with spinel structure. The superior 

magnetic, optic and catalytic properties of the spinel materials have 

been well-demonstrated [12]. They are probably related to their 

unequal structure, consisted of metal and oxygen ions, arranged 

with different symmetry in two sub-lattices.  

The samples were studied under the conditions of thermo-

programmed reduction (TPR) with hydrogen (Fig. 4).  
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Fig. 4 TPR-TG and TPR-DTG profiles for CuCrCe (left) and FeCrCe 
(right) composites. For comparison, monocomponent Fe, Cu and Cr 

modifications of ceria are also presented. 

The TPR profiles of the individual Cu, Cr and Fe-containing 

samples significantly change after their combination in the binary 

materials. This evidences strong interaction between the distinct 

oxide components, most probably included in the spinel structure.  

In order to characterize the changes with the iron components in 

the binary materials, Moessbauer spectroscopy was also applied. 

The Moessbauer parameters: isomer shift (IS), quadruple splitting 

(QS), hyperfine field (Heff) and full width of half-maxima (FWHM) 

as well as the relative part of each component (G), elucidated by the 

least squares fitting of a set of discrete Lorentzian line shapes, are 

listed in Table 1.  

The Moessbauer spectra of the mono-component FeCe is well 

fitted with sextet and doublet parts. The Moessbauer parameters of 

the sextets (Sx) are typical of Fe2O3 with average crystallite size 

above 10-12 nm. The parameters of the doublet part correspond to 

Fe3+ ions from the “core” and the “shell” of finely dispersed (bellow 

10-12 nm) particles with superparamagnetic behavior (SPM). 

Doping FeCe with Cr provides disappearance of the sextets in 

the spectra. The core/shell ratio of the doublets is close to 1, which 

indicates significant increase in the iron dispersion. 
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Table 1. Moessbauer parameters of FeCe and FeCrCe materials 

Sample Components IS, 

mm/s 

QS, 

mm/s 

Heff,

T 

FWHM, 

mm/s 

G, 

% 

FeCe Sx - Fe3+, γ-Fe2O3 

Db1 - Fe3+,  

SPM Fe2O3 core 

Db2 - Fe3+,  

SPM Fe2O3 shell 

0.34 

 

0.36 

 

0.36 

0.00 

 

0.69 

 

1.15 

49.8 

 

- 

 

- 

0.64 

 

0.44 

 

0.51 

47 

 

27 

 

26 

 

FeCrCe Db1 - Fe3+,  

SPM Fe2O3 core 

Db2 - Fe3+,  

SPM Fe2O3 shell 

0.35 

 

0.37 

0.73 

 

1.17 

- 

 

- 

0.56 

 

0.52 

46 

 

54 

 
 

The increase in the FWHM values for FeCrCe evidences change 

in the environment of the iron ions, most probably due to the 

interaction with the situated nearby chromium ions. 

In Fig.5 the catalytic behavior of all mono- and bi-component 

Cu, Cr and Fe containing samples in methanol decomposition is 

compared. 
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Fig. 5 Methanol conversion vs temperature (left) and CO selectivity 

(right) for the mono- and bi-componnet Cu and Fe modifications of CeO2. 

The methanol conversion is strongly improved for the CuCrCe 

composites with respect to the corresponding ingredients, without 

significant changes in the CO selectivity. The catalytic activity of 

FeCrCe is similar to that one of FeCe, despite the lower content of 

iron in the former. Here, simultaneous increase of the CO selectivity 

is also detected. Considering the Moessbauer results (Table 1), 

these observations could be related to the stabilization of iron and 

copper species in highly dispersed state. Their catalytic behaviour is 

also affected by the easier reduction transformations of the iron and 

suppressed reduction transitions in the copper species under the 

reduction reaction medium (Fig.4). 

The evolution of the Cu- and Fe-ceria modifications after 

doping with zinc oxide, was followed in the obtained ternary 

CuZnFeCe composites. The XRD results show co-existence of 

cerianite and ferrite phases with average crystallite size of 22 and 

16 nm, respectively. The TEM images (Fig.6, left) demonstrate high 

dispersion and close contact between the distinct metal oxide 

species. 
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Fig. 6 TEM image of CuZnFeCe composite (left) and TPR of CeO2 and 

SiO2.supported CuZnFe (right).  

The TPR profiles (Fig. 6, right) show reduction transformations 

with the ferrite phase in the 400-650 K range. Note, that the TPR 

effects of CuZnFeCe are narrower and shifted to lower temperature 

in comparison with the similar CuZnFe modification of the inert 

silica support. This suggests complex influence of the ceria support 

on the loaded spinel particles, which probably improves not only 

their dispersion, but also the electron transfer from the support to 

the loaded spinel oxide particles. 

The ternary CuZnFeCe composite demonstrates higher catalytic 

activity, but about 25% lower CO selectivity as compared to the 

single CuCe modification (Fig.5). In comparison with FeCe, the 

CuZnFeCe sample possesses much lower catalytic activity, but 

about double higher CO selectivity.   

Thus, the spinel oxides provide good oportunity for the 

improvement of the ceria catalytic behaviour in methanol 

decomposition and the catalyst formula could be optimized by 

simple varriation of the spinel oxide composition. 

2.3. Nickel and iron ceria promoted composites: Effect of the 

preparation procedure. 

The preparation procedure is a powerful strategy for the 

regulation of catalyst behavior. In this study, FeCe and 1Fe9Ce 

materials with similar Fe content were prepared by traditional 

incipient wetness impregnation and template assisted hydrothermal 

technique, respectively. The XRD study (Table 2) demonstrates 

higher dispersion of the samples, prepared by the addition of iron 

during the hydrothermal treatment. For this sample, a slightly 

higher BET surface area and pore volume is registered (Table 2), 

which evidences lower effect of pore blocking. Using similar 

hydrothermal technique, the 5-fold increase of the iron content in 

the sample (5Fe5Ce) provides a significant decrease in the BET 

surface area and pore volume combined with a segregation of 

hematite phase with average crystallite size of about 42 nm (Table 

2). For both 1FeCe and 5Fe5Ce samples a deviation in the ceria unit 

cell parameters is observed which indicates that the hydrothermal 

procedure facilitates partial insertion of Fe3+ ions in the ceria lattice. 

Table 2. XRD and N2 physisorption data for Fe and Ni decorated CeO2. 

Sample  Phase 
composition 

Unit cell 
parameters (Å) 

Crystallite 
size, nm 

BET, 
m2/g 

Pore 
volume, 

m3/g 

CeO2 CeO2 5.4126(5) 18 105 0.22 

FeCe CeO2 5.4126(5) 18      90        0.19 

1Fe9Ce CeO2 5.3948(8) 11 99        0.25 

5Fe5Ce CeO2 

  

Fe2O3 

5.374(1) 

a=5.044(1) 

c=13.78(4) 

8 

 

42(3) 

     68        0.37 

NiCe CeO2 
NiO 

5.4119(4) 
4.184(1) 

19(18) 
15 

    41       0.16 

Ni5Fe5Ce CeO2 

Fe2O3 

 
NiO 

5.375(1) 

5.046(1) 

13.781(4) 
4.190(3) 

9(8) 

48(42) 

 
13 

    58       0.27 

 
 

The modification of ceria with Ni and Fe provides significant 

change in the optical properties, which is well-illustrated by the 

changes in the absorption features in the UV-Vis spectra (Fig. 7). 
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Fig. 7 UV-Vis (left) and Raman (right) spectra of NiCe and 
Ni5Fe5Ce composites.  

This could be assigned to significant changes in the 

environment of the cerium ions due to the situated nearby Fe3+ and 
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Ni2+ ions and related with them, oxygen deffects. The Raman specta 

(Fig.7) display strong decrease in the intesity of the typical of ceria 

Raman shifts, especially in case of the Fe-doped materials. This 

indicates changing in the ceria microstructure due to the 

incorporation of Fe3+ and/or Ni2+ ions in it. 
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Fig. 8 TEM image of Ni5Fe5Ce composite.  

TEM images of Ni5Fe5Ce is presented in Fig. 8. It is well 

visible that the Fe particles are finely dispersed within the whole 

CeO2 matrix. Only small number of larger Fe-containing aggregates 

could be distinguished, which is in accordance with the XRD study 

(see above). The Ni-containing particles, which are also with very 

high dispersity, seems to be in close contact both with ceria and 

iron-containing species.  

More information for the surface distribution of all elements in 

various composites was obtained by XPS technique (Table 3). 

Table 3. Data from the XPS analyses for the selected Ni and Fe 

decorated CeO2. 

Samples 

O 1s, 

at % 

Fe 3p, 

at % 

Ni 3p, 

at % 

Ce 3d, 

at % 

Ce3+ 

% 

CeO2 79.5 - - 20.5 22.6 

NiCe 80.8 0.0 6.5 12.7 8.0 

1Fe9Ce 59.4 8.2 - 32.4 34.3 

5Fe5Ce 63.1 11.7 - 25.2 27.7 

Ni5Fe5Ce 77.0 4.5 3.1 15.4 15.0 

 
 

Co-existence of Fe3+, Ni2+, Ce4+ and Ce3+- containing phases is 

detected. The presence of significant amount of cerium in lower 

oxidative state evidences formation of defects in the ceria lattice, 

most probably related to the replacement of Ce4+ ions by Fe3+ and 

/or Ni2+ ones. This ensures higher concentration of the latter on the 

surface as compared to the expected nominal ones. Note, that the 

Ni/Fe ratio is about 1.5, which is close to the theoretic ratio in the 

Ni ferrite. These results could be an indication for the preferable 

location of the Ni ions around the Fe-containing species, most 

probably on the Fe-Ce interface.  

The catalytic behavior of the samples is illustrated in Fig. 9. All 

modifications exhibit higher catalytic activity and CO selectivity as 

compared to the pure ceria support. Among the mono-component 

iron modifications, the impregnation technique facilitates the 

formation of more active, but less selective to CO samples. 

Obviously, the higher extent of insertion of Fe3+ ions in the ceria 

matrix, which is achieved by the hydrothermal preparation 

technique, forms lower number, but highly active in methanol 

dehydrogenation to CO catalytic sites. The segregation of larger 

hematite particles, which is facilitated with the increase in the Fe/Ce 

ratio (sample 5Fe5Ce), improves the catalytic activity, but decreases 

the selectivity to CO.  
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Fig. 9 Methanol conversion and CO selectivity for Ni and Fe-
decorated CeO2.  

As demonstrated above, NiCe modification demonstrates 

superior catalytic activity and CO selectivity at lower temperatures, 

but the catalyst significantly loses its activity above 570 K, most 

probably due to the reduction and segregation of the actve Ni-

species by the influence of the reaction medium. This disadvantage 

is overcome by Fe-doping of ceria during the hydrothermal 

procedure (sample Ni5Fe5Ce). It seems that the localization of Ni2+ 

ions in the vicinity of the Ce/Fe interface stabilizes them in highly 

dispersed state and probably provokes the activity of mixed Ni-Fe-

Ce redox pairs. 

4. Conclusions 

The catalytic activity and selectivity of mesoporous CeO2, 

prepared by template assisted hydrothermal technique, in methanol 

decomposition could be significantly increased after modification 

with Cu, Fe, Ni or Cr oxides by simple incipient wetness 

impregnation procedure. The catalytic behaviour of these 

composites could be improved by development of binary oxides 

with a spinel structure. The Ni modification of ceria provides  

superior catalytic activity in selective decomposition of methanol to 

CO and the catalyst stability could be improved by preliminary 

doping of ceria with iron oxide using hydrothermal prepation 

procedure. 
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Abstract: With the developing food industry applications, the use of gastronorm containers is also increasing rapidly. It is widely used to 

transport, cook, preserve and serve gastronorm containers and food products. In line with international standards (EN 631-1, EN 631-2, 

etc.), the production process becomes more complex as the depth of gastronorm containers increases (from 20 mm to 200 mm / 6 different 

depths) and the process steps increase. Due to the errors arising from the process stages, there is an increase in the number of rejects, and 

thus energy efficiency is adversely affected. An automatic pressure balancing system design has been developed in accordance with the 

workflow in gastronorm container manufacturing with deep drawing technology. Providing the elimination of excess pressure steps and heat 

treatment needed in deep gastronorm containers (sizes and depths respectively: 1/2 200 mm, 1/3 150 mm, 1/3 200 mm, etc.), as well as the 

unique design of the integrated deburring machine, a significant innovation with industry 4.0 application has been imparted. Thus, in 

addition to the increase in product quality, it contributed to reducing unit costs by reducing high waste rates below 5%. 

 

Keywords: GASTRONOMY CONTAINER, ENERGY EFFICIENCY, INDUSTRY 4.0 

 

 

1. Introduction 

With the development of production techniques in recent years, 

results in the field of industry 4.0 are gaining momentum. The 

design principles of Industry 4.0 appear as a collection of necessary 

conditions that enable the digital industrial transformation to offer 

its unique advantages (for example, economy, environment, etc.) [1-

3]. 

Industry 4.0 first emerged in Germany in 2011 to increase the 

intensity and efficiency of the manufacturing industry. With the 

increasing complexity, demands, and competition in the 

international market, customized product requirements are the main 

challenges for companies [4]. 

Industry 4.0 will potentially impact manufacturing systems with 

rapid digitalization developments and technologies such as IoT, big 

data, and artificial intelligence. The scope of industrial revolutions 

is given in Fig. 1 [4]. 

 

Fig. 1 Scope of industrial revolutions [4]. 

 

The advanced use of sensors, programmable devices, and 

industrial robots within the scope of Industry 4.0 is shown in Fig. 2. 

The use of technologies was rated on a 0 to 4 Likert scale (value 0 

indicates not used at all or very little, 4 indicates advanced usage). It 

has been reported that the history of these technologies is at most 15 

years, and their applications are increasing in large companies 

engaged in production [5]. 

 

Fig. 2 Usage level of Industry 4.0 components [5]. 

 

The forming method is widely used due to its high material 

handling efficiency and production speed. Most forming processes 

control the geometry of the final products with tools. With process 

parameters, devices are used to shape/deform the final geometry of 

the workpiece. Therefore, part geometry and surface quality can be 

significantly controlled [6].  

Product properties are affected by the interface between the tool 

and the workpiece. The relationship between the product and the 

tooling is shown in Fig 3 [6]. 

 

Fig. 3 The relationship between the product and the tooling [6]. 

 

Cao and the working group emphasized that an essential feature 

of Industry 4.0, or digital manufacturing, stands out with its 

structure that encourages the development of new solutions and the 

optimization of forming processes, as well as allowing the use of 

product information in real time. They also evaluated the functional 

requirements of the metal forming tool on dimensional accuracy, 

surface performance, wear resistance, fracture and fatigue strength, 

repairability, and cost. A Diagram of the relationship between 

critical elements in tool development for metal forming is given in 

Fig. 4 [6]. 
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Fig. 4 Diagram of the relationship between critical elements in tool 
development for metal forming [6]. 

 

The fifth wave, cyber-physically-enabled circular economy in 

metal forming mitigation activities, is given in Fig. 5. It has been 

interpreted as transforming the economy from a linear path to a 

circular one (design/production-distribution-using-reuse-disposal). 

The realization of this vision in metal forming requires the 

contributions and integrations of various disciplines [7]. 

 

Fig. 5 The fifth wave in metal forming for light weighting—the cyber-
physically-enabled circular economy. [7]. 

 

Many studies have been carried out regarding the parameters 

affecting the deep drawing process of sheet metals [8-15]. Various 

studies on this subject are summarized below. 

Tiwari and his working group evaluated the deep drawing 

method among metal forming processes. They reported that the 

deep drawing method is used extensively in the industry and is the 

most challenging process to obtain a perfect product. However, they 

emphasized that the material waste is shallow if the appropriate 

parameters are determined in the deep drawing process. In this way, 

it is a very cost-effective process. While evaluating various 

parameters (temperature, thickness, friction, blank holder force - 

BHF, pressure, shape of the blank, lubrication, punch speed, 

drawing force, radii) affecting the deep drawing method, other 

factors (drawing ratio, slope of die) are also evaluated. and blank 

holder, deep drawing depth) [8]. 

Ikumapayi and his working group stated that the deep drawing 

process has a wide range of applications compared to other metal-

forming methods. Many industries include beverage and food cans, 

kitchen sinks, cooking utensils, engine oil pans, solenoid 

assemblies, automotive fuel tanks, and fire extinguishers. They are 

reported to be widely used. In terms of defects and disadvantages in 

deep drawing manufacturing, they also explained the defects of 

wrinkling, ironing, tearing, earing, galling, and surface marks [9]. 

 

Deep drawing is a sheet metal forming process widely used in 

industry to produce box-shaped and other complex curved hollow-

shaped sheet metal parts. Parameters affecting the deep drawing 

process and display of various failure forms are given in Fig. 6 [10]. 

 

Fig. 6 Parameters affect the deep drawing process and display of various 

failure forms. (a) Deep drawing process and fundamental parameters, (b) 
Deep drawing of sheet material, and (c) Display of various failure forms 

[10]. 

 

The formability process is defined as the ability of the sheet 

metal to undergo plastic deformation in a certain way without 

defect. Various parameters affecting formability are given in Fig. 7 

[11]. 

 

Fig. 7 Various parameters are affecting the formability of sheet 

metal. [11]. 
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Photographs of stainless steel gastronorm containers produced 

in different sizes according to the EN 631-1 standard are shown in 

Fig. 8.  

 

Fig. 8 Photographs of stainless steel gastronorm containers. 

 

Standard gastronorm contaniers depth dimensions are 25 mm, 

40 mm, 65mm, 100 mm 150 mm and 200 mm. Standard gastronorm 

container sizes are shown in Fig. 9. 

 

Fig. 9 Dimensions of stainless steel gastronorm containers (EN 631-1). 

2. Methodology 

The current production process of stainless steel gastronorm 

containers consists of many stations, and the number of faulty 

products increases with the human factor. In addition, the 

possibility of tearing the products increases with going deeper (for 

example, 150 mm and 200 mm) in gastronorm container products. 

In this case, additional heat treatment should be applied to the 

products. This way, the amount of gastronorm containers obtained 

per unit of time due to the production process is negatively affected. 

To eliminate these negativities, studies were carried out to develop 

an innovative system with a pressure compensation system machine 

and deburring system in line with Industry 4.0. 

AISI 304 stainless steel is the most suitable material for deep 

drawing in terms of the high strength and mechanical properties (% 

elongation) of gastronorm containers. The properties of AISI 304 

stainless steel used are given in Table 1. 

 

 

 

Table 1: The properties of AISI 304 stainless steel. 

 

 

As indicated in Table 1, although the elongation value of AISI 

304 stainless steel material is 55%, it is suitable for deep drawing. 

Still, because the current manufacturing method consists of several 

stages, it is necessary to prevent adverse effects. 

Various defective product images most frequently encountered 

in gastronorm container manufacturing in the current production 

process are given in Fig. 10. 

 

Fig. 10 Gastronorm container production defect types a) material tearing, 

b) wrinkle, c) short edge, d) failure to open, e) Nylon/PVC scrape, f) trace 

(chip mark, mold mark). 
 

There are many defects in manufacturing stainless steel 

gastronorm containers (Figure 10). If these error types are not 

eliminated, the labor, material, and time losses caused by the 

current production method negatively affect product costs. 

3. Experimental procedure 

By Industry 4.0, the production of stainless steel metal sheets 

(AISI 304) and gastronorm containers in different sizes and depths 

according to international standards (EN 631-1 & en 631-2) has 

been carried out on the innovatively developed system with an 

original design, which includes pressure compensation system 

machine and deburring systems as a whole. 

The efficient operation of the innovative system has been 

ensured by simultaneously transferring the data obtained from the 

sensors to the control panel during the effective operation of the 

entire system. 
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Following Industry 4.0, stainless steel gastronorm containers are 

manufactured using digital interaction with sensor systems at all 

process stages. Firstly, the stainless steel sheet material (AISI 304) 

is drawn to a certain depth in the first part of the automatic pressure 

compensation system. After this process, it is possible to go down 

to a greater depth (max. 200 mm) at the second station.  

At the third station, the edges of the gastronorm containers are 

cut automatically with the cutting mold. As a final operation, the 

burrs formed on the edges of the stainless steel gastronorm 

containers are removed and flattened. 

4. Conclusions 

Within the scope of R&D activities, it has been ensured that 

stainless steel gastronorm containers (different sizes and depths), 

which are widely used in the commercial kitchen industry, are 

produced efficiently with an innovative system uniquely designed 

and compatible with Industry 4.0. 

With the pressure compensation system under Industry 4.0 in 

the deep drawing process, producing AISI 304 stainless steel 

gastronorm containers at high depths (150-200 mm) without the 

need for a heat treatment process is ensured. 

With the pressure compensation system, the production of 

stainless steel gastronorm containers has primarily eliminated the 

waste rates (wrinkling tearing, earing, ironing, galling, product 

thickness homogenization, etc.) compared to the many existing 

productions (waste rates below 5%). 

Following international standards (EN 631-1 & EN 631-2), it 

has been achieved to obtain energy-efficient stainless steel 

gastronorm containers in the innovative system. 

With the innovative production system in line with Industry 4.0, 

significant improvements have been achieved in producing stainless 

steel gastronorm containers in terms of quality products and unit 

production times, as well as working opportunities with high 

occupational safety. 
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Abstract: Four types of aluminium alloys (two casting and two plastically deformable) were used in the present study. A special press 

mould for compacting the aluminium alloy chips and subsequent extrusion of the resulting compacts was designed and manufactured. The 

compressive strength of the obtained samples was investigated, in relation to their chemical composition and technological parameters during 

their fabrication. The results of the research are presented in tabular and graphic form. It was established that compacted samples from AW-

6082, AC-48000 and AW-2024 alloy possess high compression strength (in the range of 766 - 866 MPa) under compression loading at 60% 

deformation. It seems that the extrusion process improves compression properties of AW-2024 and AC-48000 alloy but has negative effect 

on AW-6082 and AC-42000. 
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1. Introduction 

The main method of recycling aluminium is through re-melting. 

For many years, this method has been used to recycle metal waste 

from the automotive industry, construction, aircraft manufacturing, 

metal casting and other industries, which are the main suppliers of 

aluminium scrap. However, there is also a significant amount of 

scrap (15-30 %) in the form of chips (shavings) generated by 

metalworking enterprises, the processing of which requires special 

measures. The low density of chips and their large relative surface 

area covered with oxides and contaminated by mechanical 

processing make them inconvenient to handle and transport. Their 

re-melting leads to additional oxidation and burning, and ultimately 

to metal losses reaching 50 % and more. Therefore, for more than 

50 years, an increase in the chips volume density has been applied 

by the so-called “briquetting”. Nevertheless, the loss of metal, 

already during re-melting is about 20 %. If losses during casting, 

cutting and plastic deformation (pressing and rolling) are added to 

this, the yield of the conventional recycling process barely exceeds 

50 % (Fig. 1a) [1]. Besides, conventional recycling poses potential 

explosion hazards as a result of the moisture and impurities 

contained in the compacted chips, as well as environmental 

pollution from fumes and waste during the melting process. That is 

why, in recent years, more and more interest has been drawn by the 

process of so-called direct (solid phase) chips recycling. The direct 

recycling method avoids the energy- and labour-intensive melting 

process and enables the recycling of nearly 95 % of the chip scrap 

(Fig. 1b) [1]. It also provides for significant energy savings (26 % to 

31 %) and labour costs (16 % to 60 %) compared to the process of 

conventional recycling [2].  

The direct recycling process is relatively simple, with low 

energy consumption and harmless to the environment. It consists of 

several basic steps: cleaning and comminution of chips, cold or hot 

compaction followed by hot extrusion or rolling to obtain a final 

semi-finished product. Depending on the state of the raw materials 

and the selected scheme, some of the process steps may be omitted. 

Direct recycling of aluminium chips is still at the stage of 

experimental research and proving its potential for obtaining quality 

products. Despite the obvious economic and "green" effects, the 

adoption of the process by industry is slow and hesitant, mainly due 

to the perception that the improvement of the properties of the 

resulting semi-finished products has not yet been unconditionally 

proven. 

 

                                                (a) 

 

                                                 (b) 

Figure 1. Comparison between conventional (a) and direct (b) 

recycling of aluminium alloy chips [1]. 

 

The current study has two goals: (1) fabrication and (2) 

mechanical testing of compacted and extruded specimens made of 

aluminium alloys chips. Fabrication is done through cold and hot 

compaction, which yields two types of so-called “compacts”. After 

that the compacts are subjected to hot extrusion to obtain the final 

semi-finished products. 
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2. Materials and methods 

The compaction of aluminium chips is a process in which, by 

applying pressure on a mould, a workpiece with a certain shape, 

density and porosity is obtained. To accomplish the chips 

compaction, a special press mould, shown in Fig. 2, was constructed 

[3]. 

 

 

Figure 2.  Special press mould for chips compaction [3]. 

 

Four types of aluminium alloys were used in the experiments: 

- two casting types: EN AC-48000 (AlSi12CuNiMg) and EN AC-

42000 (AlSi7Mg). The first one is eutectic while the second one is 

sub-eutectic. 

- two plastically deformable types: EN AW-2024 (AlCu4Mg1) and 

EN AW-6082 (AlSi1MgMn).  

The alloys are widely used for the production of various details in a 

number of industries, which implies the generation of large amount 

of chips during mechanical processing [4]. Fig. 3 shows the 

specimens obtained after compaction – one specimen from each 

alloy type.  

 

 

Figure 3. Specimens obtained after chips compaction. 

The compacted specimens were subjected to hot extrusion at 

450°C using the same press mould, on which an extrusion nozzle 

was installed. The obtained specimens are shown in Fig. 4. 

 

 

Figure 4. Specimens obtained after extrusion. 

Samples with cylindrical (Ø 10 x 15 mm) and prismatic (10 х 

10 х 15 mm) shape were prepared from all specimens for 

mechanical testing (Table 1). 

Compression tests were performed on a Zwick-Roell HA-250 

servo-hydraulic testing machine at room temperature. Software for 

compression tests according to ASTM E9 and fixed plates for 

compression tests up to 100 kN were used. Test speed was set at 

0.01 s-1 for all tests and testing stages, and deformation was 

measured using piston displacement. Experiments were carried out 

up to 60% compressive deformation. Elastic modulus was 

determined with linear regression in the interval 30 MPa – 70 MPa.   

 

 

Table 1: Materials and samples 
 

Designation Material description 
Sample  

shape 

G-AlSi7Mg EN AC-42000 (EN AC-AlSi7Mg) 

 

Cylindrical 
 

G-AW6082 EN AW-6082 (EN AW-AlSi1MgMn) Prismatic  

G-2024 

 

EN AW-2024 (EN AW-AlCu4Mg1) 

 

Prismatic 

G-AlSi12 
EN AC-48000 (EN AC-

AlSi12CuNiMg) 
Prismatic 

E-AlSi7Mg 

 

EN AC-42000 (EN AC-AlSi7Mg) 
 

Cylindrical 

E-AW6082 EN AW-6082 (EN AW-AlSi1MgMn) Cylindrical 

E-2024 

 

EN AW-2024 (EN AW-AlCu4Mg1) 

 

Cylindrical 

E-AlSi12Cu 
EN AC-48000 (EN AC-

AlSi12CuNiMg) 
Cylindrical 

 

3. Results and discussion 

The average values obtained for mechanical properties of tested 

materials under compression loadings are presented in Table 2.  

 

Table 2: Mechanical properties 
 

Designation 
Elastic 

modulus, GPa 

Yield 

strength 

(0.2%), MPa 

Compression  
strength, MPa 

G-AlSi7Mg   6.4 ± 0.2  93± 2  555 ± 31 

G-AW6082   9.3 ± 2.3  142 ± 10  829 ± 55 

G-2024   6.6 ± 2.0  155 ± 20  800 ± 21 

G-AlSi12   12.5 ± 0.7  130 ± 5  804 ± 4 

E-AlSi7Mg   14.8 ± 1.1  93 ± 1  461 ± 43 

E-AW6082   16.6 ± 1.5  96 ± 2  366 ± 90 

E-2024   18.5 ± 0.5  221 ± 2  1072 ± 53 

E-AlSi12Cu   18.0± 1.5  134 ± 6  945 ± 29 

 

The strain-stress curves of compacts and tested (G) samples are 

presented in Fig. 5 and Fig. 6, respectively.  

 

 
Figure 5. Stress-strain diagrams of compacted samples (G) 

 

As it can be seen the best results in compression strength for 

compacted samples are obtained for compacted AW-6082 (samples 

G-AW6082), followed by AC-48000 (G-AlSi12Cu) and AW-2024 

(G-2024). As a matter of fact, these three types of materials have 

shown very close results, in the range of 766 - 866 MPa. These 

results were anticipated, because two of the materials are plastically 

deformable wrought alloys (AW-6082 and AW-2024) and thus the 

process of compacting leads to production of denser semi-finished 

products with homogenous distribution of chips. The other two 

materials are casting alloys and that is why it isn’t surprise that AC-

42000 show poor strength result (533 - 577 MPa), compared to the 

other materials. In fact, according to the EN 1706 standard 

“Aluminium and aluminium alloys. Castings” AC-42000 alloy 

possess lower mechanical properties than AC-48000 [5] alloy and 
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thus obtained results from compression testing are in good 

compliance with it. The behaviour of other casting alloy, AC-

48000, is quite interesting for revealing strength characteristics, 

comparable with plastically deformable alloys (801 - 807 MPa). 

This effect is probably due to the solid-solution hardening of AC-

48000 alloy caused by the presence of both alloying elements 

cooper (precipitation-hardening by AlCu2 phase) and magnesium 

(precipitation strengthening of matrix by Mg2Si) in addition to the 

silicon that leads to the increase in hardness and strength, even at 

elevated temperatures [6]. The small amounts of Ni in the alloy also 

lead to increase in strength [6].  

There are three samples that showed quite different results from 

the others of the same series – one of the samples from the series G-

2024, G-AlSi7Mg and G-AlSi12. Those samples demonstrate 

behaviour, close to the non-porous materials, by reaching maximum 

stress after pore closing under compression and then drop in the 

stress, followed by fracture. The fracture occurs by forming shear 

faces, type of fracture that is usually observed in ductile materials 

[7]. This is the reason why these three samples are to be excluded 

from further analysis. 

 

  
a) AW-2024 

 

b) AW-6082 

  
c) AC-48000 d) AC-42000 

 

Figure 6. Compacted samples (G) tested under compression load  

 

In order to obtain higher mechanical characteristics, compacts 

are additionally extruded at 450°C and tested under compression 

load (fig. 7). In fig. 8 it can be seen that best results in compression 

strength (over 1000 MPa) are observed for extruded AW-2024 

(samples E-2024), followed by extruded AC-48000 (samples E-

AlSi12Cu).  

 

  
a) AW-2024 

 

b) AW-6082 

 
 

c) AC-48000 d) AC-42000 
 

Figure 7. Extruded samples (E) tested under compression load  
 
 

 

 
 

Figure 8. Stress-strain diagrams of extruded samples (E) 
 

 

Worst compression properties, not only among extruded 

samples, but of all tested ones are observed for extruded AW-6082 

(samples E-AW6082) and AC-42000 (samples E-AlSi7Mg). 

Fracture that is observed (fig. 7) for these materials reveals the 

presence of chips without good bonding in the volume of the 

samples, which are orientated along the loading axis. As can be 

seen in fig. 9a the fracture in samples E-AW6082 started from a 

crack in the centre of the samples. Microstructural study using 

Computer Tomography (CT) revealed a crack in the centre of the 

observed sample of extruded AW6082 material, spreading through 

the whole length of the sample. CT analysis also proved the 

presence of concentric cracking close to the periphery in extruded 

AC-42000 alloy, which explains the fracture that occurred in these 

samples (fig. 9b). These observations suggest that the extrusion 

process parameters need to be further adjusted in order to obtain 

better results for these alloys. The results of the microstructural 

study of compacted and extruded samples using micro-CT and 

scanning electron microscopy (SEM) will be published in a separate 

paper. 

 

  

Figure 9a. Sample AW-6082 before and after testing 

 

   

Figure 9b. Fracture in extruded AC-42000 sample after testing 

 

It is proven, that extrusion process leads to the improvement in 

compression properties of AW-2024 (fig. 10) and AC-48000 

(fig.11) alloys, but it has negative effect on AW6082 (fig. 12) and 

AC-42000 (fig. 13). When a close look on fig.11 and 13 is taken, it 

may be concluded that the additional extrusion process has little 

effect (positive in fig. 11 and negative in fig. 13) on both AC-48000 

and AC-42000, which is probably connected with their 

characteristics as casting alloys.  

 

 
 

Figure 10. Comparison of compacted and extruded AW-2024 alloy 

properties 

 
 

Figure 11. Comparison of compacted and extruded AC-48000 alloy 

properties 
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Figure 12. Comparison of compacted and extruded AW6082 alloy 

properties 

 

 

Figure 13. Comparison of compacted and extruded AC-42000 alloy 

properties 
 

It should be noted, that both type of samples – compacted and 

extruded show sufficient density of the produced semi-finished 

products, which is concluded from missing drop in strength curves 

after reaching the yield point. Even though, upon deformation of 

60% all tested materials show typical behaviour of porous materials 

with continuously rising of withstood stresses.  

 

4. Conclusions 

1. Compacted materials from AW-6082, AC-48000 and AW-2024 

alloys possess high compression strength (in the range of 766 - 866 

MPa) under compression loading at 60% deformation. 

2. Extrusion process improves compression properties of AW-2024 

and AC-48000 alloys,) but has negative effect on AW6082 and AC-

42000. 

3. Extrusion process does not show noticeable effect on the casting 

alloys (AC-48000 and AC-42000).  

4. Both types of samples, compacted and extruded, show sufficient 

density of the produced semi-finished products, which is concluded 

from missing drop in strength curves after reaching the yield point. 
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Abstract: Additive manufacturing approach is thought to be a key element to meet the needs of Industry 4.0. Selective laser melting (SLM) is 

a powder bed fusion additive manufacturing method for producing fully functional components. It is critical to determine the fatigue 

behavior of components produced by selective laser melting in order to fulfill the needs of industries with rigorous norms and criteria, such 

as the aviation industry. However, the rapid heating and cooling cycle caused by the nature of the SLM process has a negative mechanical 

effect on the components manufactured by this process.. Mechanical properties such as hardness and fatigue behavior should be disclosed 

for Co-Cr-Mo alloy manufactured by SLM technique. In this study, hardness and fatigue tests were performed on Co-Cr-Mo alloy 

components manufactured by SLM, and microstructure images were acquired and evaluated. When the microstructure of the samples was 

analyzed, tiny precipitates localized at the grain boundaries were discovered, along with the dominating γ phase. The average hardness 

value of the samples subjected to the Vickers microhardness test was 482±10. The fatigue life of the samples at the maximum stress of 800 

MPa was 47,351 cycles. At the minimum stress of 400 MPa, the fatigue life exceeded 107 cycles. When fatigue fracture surfaces were 

examined, flat fracture surfaces similar to semi-cleavage were detected. The results will contribute to the literature on the mechanical 

characterization of SLM manufactured Co-Cr-Mo alloy components. 

Keywords: SELECTIVE LASER MELTING, CO-CR-MO, FATIGUE 

 

1. Introduction 

Industry 4.0 encourages the integration of intelligent technology 

with manufacturing systems. Among these technologies, additive 

manufacturing is crucial to meet some of the fourth industrial 

revolution's most pressing needs. Continuous and efficient 

communication between machines, robots, and devices is essential 

for additive manufacturing. This is only achievable with the proper 

digitalization of production processes. As a result, businesses are 

investing more in digital and IoT, which is a necessity for Industry 

4.0.  

When compared to traditional subtractive manufacturing 

technologies, additive manufacturing evolves in the other direction. 

In contrast to processes like milling or turning, additive 

manufacturing involves adding the material layer by layer to 

manufacture components. As a result, it provides less waste and 

conserves resources and also building prototypes faster, simpler, 

and less expensive. It produces less waste, conserves resources, and 

makes prototyping quicker, easier, and less expensive. Other 

manufacturing processes, such as milling, have high setup and 

material costs. Because prototyping is less expensive and takes less 

time, it is feasible to manufacture, test, and make necessary 

adjustments without too much difficulty. Furthermore, it gives very 

quick verification of the changes produced.  

The simplification of the manufacturing process, particularly 

product assembly, is another advantage of additive manufacturing 

in Industry 4.0. Traditional parts are intricate and need several 

manufacturing stages. Due to this, it now takes more time and cost 

to manufacture and assemble the various components. However, 

AM enables you to print the group in a single piece [1]. 

Additive manufacturing, often known as three-dimensional (3D) 

printing, has many applications in the industry and is becoming 

increasingly popular. Additive manufacturing technologies have 

emerged as a natural result of competitive conditions with the need 

for rapid prototyping and flexible production. Because of the 

technological benefits that may be obtained in product design, 

development, and production processes, this manufacturing method 

is attracting interest. Additive manufacturing is the subject of 

research and development studies with increasing interest all over 

the world due to its advantages such as remote 

production/prototyping and the production of parts with complex 

geometries that are not possible with traditional manufacturing 

method. 

Selective laser melting (SLM) is a prominent way for 

manufacturing Co-Cr-Mo alloy components, and it has become 

critical to reveal the material's mechanical behavior for this 

manufacturing process. In a study undertaken for this aim, distinct 

behaviors in the fatigue behavior of samples manufactured from 

Co-Cr-Mo alloy material in high cycle fatigue and short cycle 

fatigue were found as a consequence of topological optimization 

intended to simulate bone [2]. In a study achieved by Ko et al., it 

was discovered that there was no significant difference in the 

fatigue life of the parts in all axes that were held at 1150 °C for one 

hour among the crochet parts made in different heat treatment and 

manufacturing orientations [3]. In another study investigating the 

effect of ceramic coating on the fatigue behavior of Co-Cr-Mo alloy 

materials produced with different manufacturing techniques, it was 

determined that Co-Cr-Mo alloy crowns manufactured by selective 

laser melting showed better fatigue behavior than milled crowns 

after casting [4]. Due to the large number of internal defects and 

residual stresses, Razavi et al. reported that components made by 

selective laser melting exhibit particularly poor fatigue behavior [5]. 

In a study by Dong et al., the fatigue behavior of samples 

manufactured by casting and selective laser melting were 

investigated, and it was discovered that the fine-grained structure 

and precipitates formed in the parts manufactured by selective laser 

melting caused secondary cracks reducing stress concentrations and 

the growth rate of fatigue fractures [6]. In the study by Schweiger et 

al., traditional casting clamp parts were manufactured by selective 

laser melting technology, and it was found that the fatigue behavior 

of the parts was more advanced with reduced volume and 

homogeneously dispersed pore distribution [7]. Haan et al. 

employed co-pressure hot pressing to eliminate pores in the 

components and improve the fatigue behavior of the parts in 

addition to the selective laser melting approach for knee implant 

production [8]. In another study exploring the influence of 

manufacture orientation on fatigue behavior, it was shown that parts 

made horizontally have superior fatigue behavior than those 

manufactured vertically [9].  

In the selective laser melting method, which is the main subject 

of this study, manufacturing takes place with a three-stage cycle as 

shown in Figure 1. In the first stage, with the upward movement of 

the powder table, which is filled with metal powder, the powder is 

carried upwards on the ground surface, and then the processing 

table is moved downwards at the desired layer thickness. In the 

second stage, the metal powder above the ground of the powder 

storage tray is swept with the horizontal movement of the powder 

spreader and the metal powder is laid in the layer space of the 

processing tray. In the third stage, the desired profile on layer is 

melted using a laser system. These three procedures are repeated in 

each layer, resulting in three-dimensional manufacturing. 

In this study, the mechanical properties of Co-Cr-Mo alloy 

which manufactured by selective laser melting was investigated. 

For this aim, microstructure examinations, hardness measurements 

and fatigue tests were performed and the obtained results were 

discussed. 
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Fig. 1 SLM manufacturing cycle schematic representation. 

2. Material and methods 

Material 

In this study, Co-Cr-Mo alloy metal powder named ―Puresphere 

43055‖ produced by Sentes-BIR company in Türkiye. The powder 

shown in Figure 2 was produced in spherical form by gas 

atomization method.  

 

Fig. 2 SEM image of Co-Cr-Mo metal powder used 

The physical and mechanical properties of the metal powder 

used are given in Table 1 and its chemical composition is given in 

Table 2. 

Table 1: Properties of the Co-Cr-Mo alloy used 

Measurement (Unit) Puresphere 43055 

Density (g/cm3) 8,64 

Ultimate strength (MPa) 1285 

Yield strength Rp0.2% (MPa) 1085 

Elongation at break (%) 9 

Youngs modulus (GPa) 200 

Hardness (HV) 430±30 

Melting range (oC) 1410-1450 

 

 

Table 2: Chemical composition of Co-Cr-Mo alloy (% of weight) 

Co Cr Mo W Si Mn 

Bal. 23,3±0,5 5,47±0,02 5,33±0,07 0,89±0,01 0,22±0,002 

Specimen preparation 

The specimens utilized in the mechanical tests conducted as part 

of the investigation were manufactured using EOS M290 selective 

laser melting machine. Specimens were manufactured on the table 

as cylinders (Ø11mm x 48mm), illustrated in Figure 3, and were 

removed from the table using the wire erosion process. Samples 

removed from table were machined for fatigue tests in accordance 

with the BS ISO 1099:2017 [10] standard, whose geometry is 

shown in Figure 3. 

 

Fig. 3 Manufactured specimens (left) and fatigue test specimen geometry 

(right) in accordance with BS ISO 1099:2017 standard [10] 

Microstructural and mechanical characterization methods 

The fatigue specimen was cut parallel to the face surface with a 

low speed diamond cutting tool to observe the microstructure. Then, 

the samples were molded and sanded using waterproof sandpaper 

(400-800-1200-2500) and polished with a broadcloth using a 3 

micron diamond solution. Electrolytic etching was performed in an 

H2SO4/CH3OH (5:95) solution with a potential difference of 16-20 

V between electrodes. The samples' microstructure was inspected 

using an optical microscope. The surface roughness measurement 

instrument Mitutoyo SJ-301 was used to characterize the surface 

features in accordance with ISO 468:1982 [11]. Hardness tests were 

performed using a Shimadzu HMV-2 micro Vickers hardness tester 

in accordance with ASTM E384-17 [12] standard.  

Fatigue tests were carried out on Shimadzu EHF-LV020K2-020 

fatigue test instrument at 20 Hz frequency values under 

tensile/tensile constant amplitude loading and R=0.1 stress ratio. 

Wöhler curves (S-N curves) are used to express fatigue test 

findings, which are graphs of the stress magnitude and the number 

of cycles required to cause material deterioration. Fatigue tests were 

terminated after 107 [16] cycles, and the tests were performed in 

two repetitions at six different stress levels in accordance with 

ASTM's publication ―Manual on statistical planning and analysis 

for fatigue experiments‖ [13]. Following the fatigue testing, the 

fracture surfaces were assessed using a stereo microscope, and 

comprehensive investigations were carried using a SEM. 

3. Results and Discussion 

Microstructure and hardness 

Figure 4 depicts images obtained with an optical microscope at 

various scales of the sample manufactured using SLM. The molten 

pool boundaries were clearly observed in the microstructure images.  

A melt pool forms when the laser moves over the powder bed, 

and the pool grows longer as the laser moves. With rapid 

solidification of adjacent laser scan traces, cellular melt pool traces 

typically showed a regular and semi-elliptical appearance. Co-Cr-

Mo alloys exhibit ε (hexagonal tight-packed) and γ (surface-

centered cubic) structures, according to the literature. [14]. When 

the phase diagram is analyzed, the ε phase is the low temperature 

phase and it is seen as the equilibrium phase at room temperature. 

[15]. As seen in Figure 3, although the γ phase is dominant, there 
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are small condensed precipitates at the grain boundaries formed 

during the solidification of the liquid interfaces [16]. 

 

Fig. 4 Microstructure image of the sample fabricated with SLM 

When the Vickers microhardness values were examined, 

average hardness values of 482±10 were obtained. 

Fatigue 

The S-N curves of the Co-Cr-Mo alloy manufactured by 

selective laser melting are shown in Figure 5. The fatigue life of the 

specimens (approximately 74% of yield stress) at 800 MPa whic is 

the maximum stress, was 47,351 cycles. At the minimum stress of 

400 MPa, the fatigue life (approximately 37% of the yield stress) 

exceeded 107 cycles. 

 

Fig. 6 S-N curve (average value) of the samples produced by selective laser 

melting 

The S-N diagram containing the fracture images of the 

fatigue specimens is shown in Figure 5. 

 

Fig. 6 S-N diagram with fracture images of fatigue samples 

Figure 7 presents the typical fatigue crack initiation region 

(7A), crack propagation region (7B), and ultimate fracture region 

(7C) in fracture images investigating the macro-morphology 

following the fatigue test. Cracks form lines that propagate forward 

during a period of the fatigue cycle. In the samples, cracks generally 

spread from the outer region to the interior region. When the crack 

propagation region is inspected, it can be seen that the cracks spread 

radially [17]. There was no obvious evidence of plastic deformation 

in the crack region, suggesting that a brittle fracture mode 

predominates during crack initiation and propagation 

[17].

 

Fig. 7 The image of the macro fracture morphology of the crack initiation 

region (A), crack propagation region (B) and final fracture region (C) of the 
fatigue tested specimen. 

Crack initiation in metals are prone to defects. General internal 

defects (mostly owing to inadequate melting) were discovered in 

the fracture images examined after the fatigue test, as illustrated in 

Figure 8. As shown in Figure 8A, the fatigue fracture morphology 

was characterized by flat fracture surfaces with a quasi-cleavage 

(i.e., a fracture that occurs when stress is above a critical level 

covering a critical area in front of a crack tip and results in a stable 

fracture) [18]. Similar fracture surfaces were also detected in the 

other samples. Material fatigue life may be reduced due to the hills 

seen in Figure 8B and faults caused by inadequate melting depicted 

in Figure 8C, increasing the likelihood of crack initiation. Unmelted 

metal powder grain with the size of 21 µm was discovered, as 

illustrated in Figure 8D. The images of the fracture surfaces 

acquired were found to be consistent with the literature [19]. 

 

Fig. 8 SEM image of the fracture morphology of the fatigue tested specimen 
(A) and general internal defects (B,C,D) 

4. Conclusion 

Our study's main goal is to describe the mechanical 

characteristics of a Co-Cr-Mo alloy manufactured utilizing SLM. 

The following conclusions can be drawn from the experimental 

data: 

1) When the samples' microstructures are examined, the typical 

melt pool traces seem semi-elliptical due to the rapid solidification 

of the adjacent laser scan traces. Despite the fact that γ phase 

dominates the microstructure, condensed tiny precipitates were seen 

near the grain boundaries. 

2) Vickers microhardness test results showed that the mean 

hardness value was 482±10. 

3) In the fatigue tests, it was observed that the fatigue life was 

47,351 cycles at the maximum stress of 800 MPa, and it exceeded 

107 cycles at the minimum stress of 400 MPa. 

4) When fatigue fracture surfaces were inspected, flat fracture 

surfaces similar to semi-cleavage type fracture were detected. In the 

samples, cracks generally spread from the outer region to the 
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interior region. Crack propagation region showed the cracks spread 

radially. 

The data obtained in the study have valuable findings for the 

mechanical characterization of the Co-Cr-M alloy manufactured 

with SLM, and will shed light on the studies to be carried out using 

different parameters (manufacturing parameters, secondary 

processes, etc.) in this context. 
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1. Introduction 

The application of various thin-layer coatings in the production 

of various products represents an effective technological approach 

[1-4], ensuring the expansion of the operational characteristics of 

the materials and the possibilities of their application. The main 

fields of application of the obtained products [5-23] are thermal 

engineering, energy, machine building, automotive, shipbuilding, 

aviation, construction, optics, electronics, medicine, etc. 

Fundamentally different technological methods with different 

productivity have been developed for the partial or complete 

deposition of thin layers [1-5,10,13,18,19,22,23,24-36]: 

electrochemical deposition, chemical vapor deposition (CVD), 

physical vapor deposition (PVD), thermal oxidation, thermal 

annealing, plasma spraying, atomic layer deposition, electron-beam 

evaporation, spray pyrolysis, pulsed laser deposition, pressing 

techniques, sputtering, sol-gel and others. Various 

[2,4,5,6,11,13,28,23-26,37-39] thin-film coatings (silicate, titanate, 

stannate, aluminate, nitride, zirconate) have been prepared in 

laboratory and industrial conditions by various deposition 

techniques , niobate, tantalate, oxide and a number of others). The 

structure of samples obtained in the thin film/substrate systems and 

complex multilayer «stack» structures formed with the participation 

of nanocomposite, hybrid, polymer, metallic, amorphous, 

crystalline and other materials was studied [2,3,4, 

10,14,17,18,29,40-42]. 

The use of some of the existing coating deposition methods 

requires the availability of expensive high-tech equipment and a 

specific production environment, which is why in many cases their 

application is inexpedient and unprofitable. At the same time, the 

sol-gel technology [7-9,19,26,29-32,34-36] represents a promising 

and ecological approach for the synthesis of monophasic and 

polyphasic materials and the deposition of coatings with a diverse 

structure and suitable functional parameters. Due to its productivity 

and energy efficiency, the method provides a number of significant 

advantages: use of accessible precursors, standard instrumentation, 

effective control of the reaction environment and the stages of the 

technological process, use of heat treatment at relatively low 

temperature values compared to traditional high-temperature 

methods, obtaining materials with planned performance indicators, 

etc. On the other hand, the development [19,36] of sol-gel 

technology continues through the use of alternative raw materials, 

non-conventional complexing agents and catalysts, the application 

of new original laboratory methods for obtaining the reaction 

products and the use of experimental modes of thermal treatment 

for the synthesis of the intended phases. 

For the purposes of electronics, the characteristics of thin films 

obtained by the sol-gel method formed from different phases were 

studied: PbTiO3, BaTiO3, PbZrO3, LiNbO3, NbO3, LiTaO3, as well 

as PMN, PMNT, PZN, PZNT, SBN, PBN, PZT, PLZT and others 

[1,3,37]. The theoretical analysis and interpretation of the obtained 

experimental data was carried out on the basis of classical theories 

[1,3] or original modern hypotheses. 

The main factor for the intensive development of modern 

electronics is the development of a wide assortment of electronic 

components (transistors, diodes, capacitors, integrated circuits and 

others) and the production of complete and competitive products 

based on them. In a number of products, a specific structural 

element [3,4,11-13,19,23] is represented by various thin-layer 

coatings with conductor, semiconductor or dielectric characteristics. 

The development of innovative materials for electronics and 

fundamentally new concepts for the creation of electronic 

components represent [11-13,19,23,41,43-45] potential 

opportunities for application of the obtained experimental data from 

the performed research activity. This enables next-generation 

electronic devices with an extended functional range to operate 

under increasing operational loads. 

At the same time, due to the ban introduced in a number of 

regions on the use of materials containing lead, due to its proven 

toxic effect, there is an additional need to develop alternative 

products to replace the classic materials (with the presence of Pb) 

that became widely used in the 20th century. 

 

2. Experimental part 

In laboratory conditions, a sol-gel synthesis was carried out to 

obtain a stable BaTiO3–BaSnO3 sol. The key to the sol-gel method 

was to prepare separate solutions of BaTiO3 and BaSnO3. First, 

Ti(C4H9O)4 was dissolved in citric acid solution at pH 5–6, where 

the molar ratio of citric acid to Ti4+ ions was 2:1. A clear yellow 

organic solution (called sol I) was obtained after a water bath at 

80◦C for 3 h. Then, Ba(CH3COO)2 and stannous acetate were dosed 

stoichiometrically according to the nominal compositions and 

dissolved in acetic acid, respectively. Third, the solutions were 

mixed, followed by the addition of citric acid. Ammonia solution 

was then added to adjust the pH value of the mixed suspension to 

5.5. The mixed suspension was washed with water to obtain a clear 

aqueous solution (called sol II). Finally, the sols were mixed to 

obtain a stable homogeneous sol. After obtaining a stable sol, the 

pretreated metal samples were dried in a desiccator, and 8 thin films 

were subsequently deposited on them by the dip method. Dip-

coating (hand made) equipment was used for this purpose. The 

obtained samples are tempered in a laboratory furnace at 450°C 

with a delay of 20 minutes. 
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3.Results and discussion 

X-ray phase analysis was performed with an apparatus (XRD, 

Bruker D8 Advanced) and scanning electron microscopy (SEM, 

HITACHI S-4800). An XRD  represents an overlay of the 

individual radiographs characteristic of the finished part. 

 

 

Fig. 1 X-ray pattern of the deposited BaTiO3–BaSnO3 layers and 

substrate 

The peaks of the substrate and the deposited layers of BaTiO3 

and BaSnO3 are presented. 

Thickness measurement with a profilometer occupies one of the 

first places among thickness measurement methods, both due to the 

simplicity of its implementation and due to the accuracy and 

reproducibility of the results. This method is particularly suitable 

for the measurement of thin-film elements, since the requirements 

for the properties of the measured objects are reduced to a 

minimum. When measuring the thickness of a thin layer applied to a 

substrate, it is necessary to form a step in advance, so that the 

thickness is determined as the difference in the records when the 

needle moves on the surface of the substrate and on the surface of 

the thin layer. A step can be formed either by masking a portion of 

the substrate during deposition or by removing a portion of the layer 

through lithography. Suitable off-the-shelf microstructures can also 

be used.  

In order to obtain dielectric permittivity (ε) the layer 

capacitance C was measured by bench type digital multimeter 

UT801 (UNI-TREND). Permittivity measurements as a function of 

temperature were carried out by keeping the sample in a 

temperature controlled hot stage (Mettler FP82) with accuracy ± 

0.1ºC. The dielectric permittivity was calculated according to the 

relation 

                       ε= Cd /A ,                                        (1) 

 

where C, d and A are, respectively, the capacitance, film thickness, 

and electrode area of the sample surface. 

The temperature dependence of the dielectric permittivity 

ε was investigated by measuring capacitance of the BaTiO3 + 

BaSnO3 thin ceramic layer (thickness 4μm) sandwiched between the 

conductive substrate and cupper plate with dimensions 

1.4mm/1.4mm. The stack was tighten by clips for better electrical 

contact.  Under the experimental conditions within temperature 

interval from 20ºC to 160ºC, the ε shows constant value of 7.2 

pF/m. Such a value results in a total capacitance for the whole 

dielectric layer area of 6 cm2 equal to 21.6 pF/m. 

 

4. Conclusions 

Sol solutions of BaTiO3 and BaSnO3 were synthesized. 

Subsequently, the two solutions were combined into one common 

sol. From the thus obtained solution, thin layers were deposited on a 

multilayer substrate. After annealing at 450oC, the results were 

characterized by X-ray phase analysis, the thicknesses of the layers 

were determined and the relative dielectric permittivity of the 

material was calculated. From the research conducted in this way, it 

was concluded that the obtained sample has a suitable application 

for a capacitor. 
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Abstract: Dip coating is a common liquid deposition technique used in research and also for industrial production to produce polymeric, 

hybrid, and inorganic thin films of controlled thickness. During liquid deposition, the substrate withdrawal rate allows, in principle, easy 

tuning of the deposited film thickness. However, experimentally, unexplained thickness irreproducibility or strong fluctuations of sol-gel 

films are often observed when coating large substrates, which is a critical problem for optical coatings such as anti-reflective/reflective 

coatings. In this study, we present improved coatings obtained by sol gel-like multilayer structures composed of ZrO2-Y2O3 coating. The 

phase composition and morphology were analyzed by X-ray diffraction spectroscopy (XRD), X-ray photoelectron spectroscopy (XPS), 

scanning electron microscopy (SEM) suitable for characterizing the surface properties of the obtained materials. 

 

Keywords: DIP-COATING, SOL-GEL, THIN FILMS, MONOLITIC SUBSTRATES 

1. Introduction 

Solution dip coating is a widely used method for depositing thin 

films on various substrates. With this liquid coating process, a 

homogeneous layer is easily deposited on the surface of the 

substrate and evaporation of the solvent leads to the formation of a 

solid film with good control over structure and thickness [1–4]. In 

principle, both organic and inorganic thin films can be obtained by 

this method and explored for many applications ranging from 

electronics [5–8], optical coatings [9], photocatalysis [10, 11] and 

more [12–14 ]. Despite the widespread use of sol-gel coatings both 

in industrial production and in research laboratories, 

physicochemical phenomena such as location during the coating 

process are still not fully understood. The first definition of the 

drain and drag phenomena involved in dip coating was published by 

Landau and Levich (LL) in 1942 for polymers[15], which built a 

theoretical model to describe the film formation mechanism and 

predict the final thickness under certain conditions. Solvent 

evaporation significantly affects the deposition process, its rate 

becoming a critical parameter that radically affects the thickness of 

the deposited film. Capillary mode enables the preparation of thick 

films with highly dilute solutions at ultralow withdrawal rates and 

can be used when the deposition species cannot be dissolved or 

dispersed in high concentrations.[10-15] 

The present publication is aimed at the deposition of sol-gel 

coatings by the dipping method on composite substrates. 

2. Experimental part 

Eight multi-layer zirconia-yttria protective coating systems were 

deposited by the sol-gel method on 2 neobium-aluminum alloy 

substrates. Zirconium-based coatings are obtained from Zr 

butoxide; Zr(OC4H9)4, a small amount of nitric acid was dissolved 

in 2-propanol. Acetic acid and acetylacetone were added as 

complexing agents. Finally, 5 wt.% polyethylene glycol added as a 

structural directing agent is added. The substrates were each 

immersed in the solution and withdrawn at a speed of 40 mm/min. 

After each deposition, the samples were sequentially dried at 100°C 

for 1 hour. The dipping-drying procedure is repeated three times. 

The deposits were then immersed in a yttrium solution. The final 

treatment of the samples was carried out at 400°C with a heating 

rate of 5°C/min. 

 

3. Results and discussion 

The phase composition of the samples was investigated by X-ray 

diffraction (XRD) with CuKα-radiation (Apparatus Philips PW 

1050). Chemical composition and morphology were investigated by  

 

 

 

 

SEM analyses. X-ray photoelectron spectroscopy (XPS) was 

applied.  

 

 
 

Fig. 1 X-ray diffractogram of deposited layers ZrO2-Y2O3 

 

Figure 1 shows an X-ray diffraction pattern. Angle 2θ 

varies in the interval 20-80oC. Peaks at approximately 38.5O, 40.1O 

correspond to Nb1.11 ZrO23 Al0.67 are illustrated. 

The peaks at 39.1O and 45.1O show the link between Al2Ti, while at 

31O, 51O and 60O the presence of ZrO2 is proved. This study proves 

the deposition of the layer on the substrate despite the non-uniform 

structure of the substrate. 
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c) 

Fig. 2 XPS analysis a),b),c)ZrO2 modificran s Y2O3 prepared by zol-

gel method and immersion deposition 

The XPS analysis corroborates the results of the X-ray study. XPS 

spectrum of ZrO2 modified with Y2O3 prepared by zol-gel method 

and dip deposition on monolithic Nb/Al sample. The sample was 

found to contain indeed ZrO2, Y2O3 Figure 2(b) and (c). The Y2O3 

peak at about 158.8 eV for sample N1 is more pronounced 

compared to sample N2. The second peak at 282.5 eV can be 

attributed to a characteristic peak for ZrO2. 

SEM (scanning electron microscopy) fig. 3 was conducted on a 

Scanning Electron Microscope (SEM) is “HIROX SH-5500P” with 

EDS analysis attachment included “Energy-Dispersive X-Ray 

Spectroscopy” (EDS) system “QUANTAX 100 Advanced” –Bruker 

a) b) 

Fig. 3 SEM images of ZrO2-Y2O3 thin layers 

Fig. 3 a) and b) shows SEM images of yttria modified 

ZrO2 thin films with eight deposits. It can be observed that these 

films are not uniform, have very low porosity and not very good 

adhesion to the substrate. Poor coverage is observed in places, 

which is due to the fact that the pad does not have a smooth surface. 

To overcome this problem, when applying the layers, an aging time 

of about 24 hours will be given, after which the next layer will be 

applied. 

4. Conclusions

A stable sol of ZrO2 - Y2O3 was synthesized and thin films 

deposited by the dip-coating method. X-ray Diffraction 

Spectroscopy (XRD), X-ray Photoelectron Spectroscopy (XPS), 

Scanning Electron Microscopy (SEM) studies were presented to 

characterize the results, which provided a clear insight into the 

preparation of the coatings and their deposition on a neo-alumina 

substrate. 
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Abstract: The phase and petrographic analysis of a part of previously prepared test samples of coloured petrographic materials coloured 

with different contents of CuO, SnO2, CoO, Cr2O3 were studied. The raw materials are based on metamorphic rocks - dolomite marbles from 

the village of Ustrem and the village of Mramor, processed by melting at 1450°C, so that after crystallization, petrographic phases are 

obtained, which are confirmed by X-ray phase and petrographic analysis. The main characteristics of the colouring aggregates and their 

effect on the mineral composition and crystal structure are described. 

Keywords: PETRURGICAL PHASES, COLORED PETRURGICAL MATERIALS, METAMORPHIC ROCKS 

 

1. Introduction 

Experimental samples of colored petrographic materials were 

prepared based on dolomite marble with the addition of quartz sand 

so that the composition of the raw material includes the diopside of 

the CaO-MgO-SiO2 system. Those materials should have high 

physico-mechanical indicators that meet the standard of BDS EN 

1344 [1, 2, 3]. The mineral phases were achieved as a result of a 

crystallization process of the melt. The coloring of the samples was 

achieved by introducing different amounts of coloring oxides, alone 

or in combination, considering the modifications of the phases, 

mainly the diopside, by isomorphous inclusion of some oxides in 

the composition of the diopside and replacement of the magnesium 

phase [4, 5, 6, 7, 8]. Various experimental regimes of heat treatment 

and cooling were made, which affect the crystallization and 

structure of the crystals. 

2. Researches 

     Sample II.11 has the addition of copper oxide and tin dioxide, 

the color is white as the small amount of copper has no effect. Phase 

analysis does not show a change in the mineral composition as a 

consequence of the coloring additives, but shows the presence of 

post-crystallization petrurgical phases, basic diopside and small 

amounts of fluorite (Fig. 1). 

 

 

 Fig. 1 Phase analysis of post-crystallization petrurgical material with the 

addition of CuO and SnO2 reveals a presence of 80-90% diopside mineral 

phase. 

       The petrographic analysis is confirmed a characteristic diopside 

structure and the presence of small amounts of fluorite. A micro-

grained structure is observed in which diopside dominates, which is 

in the form of long-prismatic to needle-like crystals or radially 

radiating aggregates with a size of about 200 – 500 µm. Spherical 

voids or those with regular crystallographic shapes (rectangular, 

pseudo-octahedral, etc.) partially filled with fluorite are also 

observed. Gaps can also show completely irregular outlines. 

      Diopside crystals are shown typical crystal optical 

characteristics: colorless to pale brown, birefringence about 0.04, 

oblique obscuration angle ~ 40°, positive elongation and positive 

optical character. Diopside is represented in two generations. 

Diopside I shows prismatic crystals (Fig. 2), and diopside II is 

represented in the base mass and shows signs of very rapid 

crystallization - comb crystals, spheroidal aggregates, "swallowtail" 

type intergrowths (Fig. 3). 

              

  Fig. 2 Radial-rayed, highly prismatic crystals of diopside, nicoli +. 

                     

    Fig. 3 Diopside from the main mass with the comb structure and 

spheroidal-radiated aggregates or those showing "swallow tail" (top left), 
nicoli II.  

          Fluorite is rarely preserved in microscopic preparations and 

usually occupies the periphery of voids in the specimen. It is 

colorless, of low relief, and shows relatively well-formed crystals 

(Fig. 4).    

                   

  Fig. 4 Fluorite occupying the periphery of the voids, nicoli II. 
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     Sample II.18 has an addition of cobalt oxide and dichromium 

trioxide, the color is from light to gray-green as the cobalt content 

in the coloring lightens the intense coloring from chromium. The 

mineral phases after post-cristallization are diopside and fluorite, as 

well as the presence of a very small amount of silicate phase (Fig. 

5). And in this sample, the phases are not affected by the coloring 

oxides, only the type and structure of the diopside is changed. 

 

 Fig. 5 Phase analysis of a CoO- and Cr2O3-stained sample of petrurgical 

material. The presence of about 80-90% diopside and 10-20% distributed 
between fluorite and monticellite are observed. The silicate phase is in very 

small amounts and is not confirmed by petrographic analysis. 

        The petrographic analysis of the sample is shown a fine-

grained structure made up of long prismatic diopside crystals, which 

are sometimes semi-parallel and resemble a magmatic spinifex 

structure (Fig. 6). Less commonly, they also form rough spheroidal 

unweathered aggregates (Fig. 7). Numerous oval to perfectly 

spherical inclusions, sometimes partially filled by fluorite (Fig. 8) 

or diopside (Fig. 9), are present in the specimen. These formations 

most likely represent caverns left unfilled during the faster cooling 

and crystallization gave their spherical shape. Sometimes these 

voids are irregularly shaped and represent possibly leached 

material. Spheroidal voids with fluorite sometimes intersect the 

diopside crystals and can be interpreted as resulting from liquation 

(Fig. 10). 

         

 Fig. 6 Semi-parallel diopside crystals forming a spinifex structure. Nicoli 
+. 

        
 Fig. 7 Spherulitic structure in diopside. Nicoli +. 

                

  Fig. 8 Spheroidal cavity with fluorite. Nicholas II.       

                     

 Fig. 9 Caverns partially filled with diopside (center). Nicholas II. 

               
 Fig. 10 Spheroidal voids formed before prismatic diopside. Nicholas II. 

        
 

     3. Conclusion 

     Based on the research, a change in the structure of the diopside 

phase is observed under the influence of coloring additives, as they 

enter the composition of the diopside and replace the magnesium 

phase. The petrographic analysis is confirmed a change in the shape 

and size of the diopside crystals, as well as the presence of fluorite 

patches. The structure of the crystals is also related to the cooling 

time, as the petrographic analysis is shown the different degrees of 

crystallization in different parts of the polished petrurgical samples 

according to the cooling processes. In the X-ray phase analysis, an 

inhomogeneous structure is observed in some of the samples, which 

is also confirmed under a microscope of the samples. 
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Abstract: The research is related to the creation of new compounding formulations for the production of “yellow” paving stones. This was 

necessary due to denied access to a potential source of suitable raw material from the deposit near the village of Svetlen, Popovo 

municipality. Marlstone raw material from this deposit has the necessary qualities for such production, as a result of which, after high-

temperature liquid-phase synthesis, new petrurgic phases with high physicochemical and mechanical properties can be formed. The new 

compounding formulation of the molding mass was developed on the basis of marlstone sedimentary rock from the Alexandra deposit, 

located near the village of Lovets, Targovishte district. The use of this compounding formulation makes it possible to obtain appropriate 

physicochemical and mechanical properties and a yellow coloring equivalent to that of the reference samples. 

Keywords: “YELLOW” PAVING STONES, SEDIMENTARY ROCKS, PETRURGIC PHASES 

 

1. Introduction 

The first prototype samples of Bulgarian “yellow” paving 

stones were made on the basis of marlstone sedimentary rock from 

a deposit near the village of Svetlen, Popovo municipality [1]. Due 

to lack of access to this deposit, it was necessary to explore suitable 

raw materials from alternative sources. For this purpose, marlstone 

sedimentary rocks from the area of the town of Opaka and the 

village of Lovets, Targovishte district, were studied. The marlstone 

sediments from the Alexandra deposit near the village of Lovets 

showed better results [2]. Based on the preliminary analyzes of the 

raw material and the laboratory samples of the new compounding 

formulation, an amount of 1 t plastic mass was prepared, sufficient 

for the production of 100-200 pieces of paving stones which are 

identical in shape and size to the standard ones. The stages of 

implementation of the technological regulation from the starting 

raw material to the high-temperature liquid-phase synthesis of the 

finished product are as follows: 1. Study of the chemical and 

mineral composition of the starting marlstone sediment rock in 

order to establish the presence of an appropriate proportion of 

individual oxides and minerals; 2. Preparation of experimental 

samples with modifying additives to obtain the necessary color and 

optimization of the temperature mode of the synthesis, as well as 

examination of the obtained experimental samples; 3. Establishing 

the indicators necessary for the production of molding equipment, 

such as compressibility of the mass after synthesis; 4. Production of  

model and molding equipment for pressing the plastic mass; 5. 

Preparation of the mass according to the established compounding 

formulation based on sedimentary rock with modifying additives 

sufficient to form a prototype batch of “yellow” paving stones [3]; 

6. Forming process - pressing of blanks from the plastic mass; 7. 

Drying of the molded products applying an experimentally tested 

drying mode; 8. Programming and carrying out a number of 

experimental temperature modes of liquid-phase synthesis until 

establishing a suitable one, at which well-baked and fault-free 

paving stones with the required yellow color are obtained [4,5,6]. 

The researches include mineral compounds, appropriate glass and 

mineral phases [7,8,9], suitable modifying aggregates [10], etc.  

2. Experiments 

     According to Step 1, a study was carried out on the chemical 

composition (Table 1), the mineral phases and their percentage ratio 

(Table 2), and the results of the differential thermal analysis (DTA) 

of a sample of the raw material heated to 1,140°C with a heating 

and cooling rate of 3°C/min and isothermal holding of 80 min 

(Table 3). It was found that the color was darker than that of the 

reference samples and that the sintering temperature range was 

80±5°C. This necessitated the addition of modifiers to lighten the 

color and extend the sintering temperature range. For this purpose, 

samples were made with different percentage ratios of modifying 

additives such as ZnO, Zr2O, kaolin and raw material based on a 

sedimentary rock whose color lightens when fired. The ZnO 

samples did not give the required result as they not only did not 

lighten the color but darkened it even more and did not widen the 

sintering temperature range; ZrO2 lightened the color to the required 

shade but did not stabilize the sintering temperature; the addition of 

kaolin gave the necessary color and extended the sintering 

temperature range, but at the same time it also reduces plasticity, 

thus hindering the molding process. The best results were obtained 

from the samples including an additive of clays that lighten when 

fired, such as clays containing mineral phases kaolinite, quartz and 

muscovite. The chemical composition of the used modifying clay is 

shown in Table 4.   
 

Table 1: Chemical composition of sedimentary rock from the Alexandra 
deposit, Lovets village, Targovishte district. 

Component Percentage 

SiO2 35.19 

Al2O3 11.36 

Na2O 0.7 

K2O 2 

MgO 2.24 

CaO 19.58 

TiO2 0.47 

Fe2O3 4.85 

MnO 0.11 

LOI 23.21 
  

Table 2: Percentage content of the phases of a fired sample of pure 

marlstone rock only from the Alexandra deposit, Lovets village, Targovishte 

region. 

Mineral % 

Chlorite 29 

Mica (Muscovite-type) 26 

Calcite (Mg-containing) 14 

Quartz 13 

KFs (potassium feldspar)  8 

Plagioclase 6.5 

Gypsum 2 

Kaolinite 1.5 
 
 Table 3: Percentage content of the phases of a fired sample of pure 

marlstone rock only from the Alexandra deposit, Lovets village, Targovishte 

region. 

DTA From MS – dehydration and decarbonization are 

observed. 

There are two carbonate phases: the lower-temperature 

one corresponds to Mg-containing calcite, the higher-

temperature phase is calcite. Concerning weight losses, 

the amount of carbonate phases is about 22-25% 

The water probably originates from gypsum and chlorite. 
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Table 4: Chemical composition of Ukrainian clay type "Vesko-Prima" that 
lightens when fired. 

Component Percentage 

SiO2 63.10 

Al2O3 31.00 

Na2O 0.30 

K2O 2.10 

MgO 0.60 

CaO 0.40 

TiO2 1.60 

Fe2O3 1.00 

LOI 8.500 

At stage 2, to modify and stabilize the mass, experiments were 

carried out on test samples with different ratios of chamotte and 

clay, as well as lightening additives such as ZrO2, ZnO, kaolin, 

glass and clay which whitens when fired (Table 5). The best 

indicators correspond to sample XX with weight parts of clay, 

chamotte and kaolin  of correspondingly 30%, 55% and 15%. This 

component ratio contributes to achieving good plasticity of the 

mass, this making it suitable for the molding process of plastic 

pressing. Residual moisture after vacuum extrusion is 20-25%. The 

addition of kaolin stabilizes the liquid phase and lightens the mass 

until a sample corresponding in color to the standard one has been 

obtained. However, with the addition of kaolin, the mass is still 

lean, therefore the plasticity is adjusted with the addition of clay 

that lightens when fired - sample IIa. The mineral phases after 

synthesis of sample XX (with the addition of kaolin) were studied, 

and the presence of anorthite, diopside, wollastonite and quartz was 

established. The mineral phases after synthesis of sample sample IIa 

(with the addition of clay that lightens when fired) were also 

studied. Its phase composition is presented in Fig. 1; a DTA was 

made to establish the temperature mode of sample XX (Fig. 2). The 

amounts of the modifying additives leading to an equivalent yellow 

color and high physic-chemical and mechanical indicators were 

established (Table 5). The mineral composition of the modified 

samples showed the presence of suitable petrographic phases 

anorthite and diopside. 

Table 5: Chemical composition of Ukrainian clay type "Vesko-Prima" that 
lightens when fired. 

Sample II III VI VII XX IIa 

Chamotte 55 55 50 50 30 50 

Marlstone 40 40 40 40 55 30 

ZrO2 5 - 5 - - - 

ZnO - 5 - 5 - - 

SiO2 - - 5 5 - - 

Kaolin - - - - 15 - 

Clay type 

"Vesko-Prima" 

- - - - - 20 

 

 

 Fig. 1 Phase analysis of sample IIa with the addition of clay that lightens 

when fired type "Vesko-Prima", developed in laboratory conditions with the 

presence of petrographic phases anorthite, diopside, wollastonite and quartz 
as a result of the modification. 

       At stage 3, a firing temperature range of 20-30°C was 

established, as well as fire shrinkage between 15% and 18%, 

depending on the humidity of the plastic mass and the sintering 

temperature. The best results were found for a temperature synthesis 

at 1130°C, water content in the plastic mass of 20% and fire 

shrinkage of 17%. A DTA was performed on the modified sample 

XX with chamotte and kaolin. The analysis indicated several basic 

steps for sustaining the temperature, on the basis of which 

experimental modes of high-temperature synthesis were developed 

(Fig. 2). 

 

 Fig. 2 DTA of modified sample XX. 

       Stage 4 includes the development of model and molding 

equipment for pressing ceramic blocks of different shape, size and 

weight, which after sintering acquire a color similar to the “yellow” 

paving stone standard. Two models were made for molding ceramic 

blocks with an increase of 17% - a reduced model on a scale of 1:2 

and a model in real size. Accordingly, two types of matrix 

structures were developed for pressing ceramic blocks from plastic 

mass - one for reduced ceramic blocks (Fig. 4a) and another for 

block of the original size (Fig. 4b). The two developments differ in 

their respective constructions as regards their manner of molding, 

depending on the size of the products. The first one is for pressing 

reduced-size ceramic blocks and is a metal structure with a mold of 

polymer modified gypsum mixture that forms the pressing surface. 

The second is a development for pressing ceramic blocks of the 

original size and consists of a metal structure and two punches 

made of composite material which press the mold. Both 

constructions are proprietary developments and have a number of 

advantages over traditional matrices, as they reduce the cost of the 

matrix structure several times compared to an all-metal one. They 

also have an advantage from the point of view of determining the 

thickness of the pressed form, adding textures of a decorative and 

functional nature, etc. 

 

               a     b 

 Fig. 4 View of the installed new matrix structures of the pressing facility: 

for molding reduced-size blocks in scale of 1:2 (a) and for molding 

“yellow” paving stones of a shape (b). 

     At stage 5, about 1 ton of mass is prepared for the production of 

a prototype batch of “yellow” paving stones according to the new 

compounding formulation. For this purpose, the services of external 

subcontractors were used, as they possess the equipment necessary 

for obtaining a large amount of mass: a furnace for firing chamotte 

from marlstone clay, a ball mill for grinding chamotte with a sieve 

residue below 0.200 mm, a mixer - a ball mill for water grinding 

and homogenization of a water colloidal dispersion system (slicker), 

a filter press for removing part of the water content from the slicker, 

a clay mixer for homogenizing the plastic mass and a vacuum 

extruder to vacuum the plastic mass. The process of mass 

preparation is presented in Fig. 5. 

INDUSTRY 4.0 2022, WINNTER SESSION, vol 3

301

 



 

 Fig. 5 Diagram of the preparation of the plastic mass, according to a new 
compounding formulation, used for the production of a prototype batch of 

“yellow” paving stones. 

        At stage 6, plastic molding is performed. For the reduced-size 

blocks, the pressing is done using a two-part cast made of polymer 

modified gypsum. The two parts of the cast split the mold down the 

middle and form the top and bottom of the product. Separation of 

the pressed product is done by means of air using a hose installed in 

both parts of the cast (Fig. 5). With the paving stones of the original 

size and shape, the process is carried out by pressing the product 

between two punches. In the metal structure is embedded a negative 

die, forming the sides of the product, the lower punch forms one 

front part of the product and presses the mold with a pressure of 13 

t/cm2, and the upper punch sinks 10 mm into the die and forms the 

other front part of the product (Fig. 6 ). 

 

Fig. 6 Molding process of reduced-size ceramic blocks with the following 
steps: loading with a the plastic mass blank weighing 680 g, pressing with a 

pressure of 6 t/cm2, successive release of the two parts of the cast by 

supplying air with a pressure of 6 bar. 

 

 

 Fig. 7 Plastic molding process with the following steps: loading a plastic 

mass blank with a weight of 5.100 kg, pressing with a pressure of 13 t/cm2, 
separating the pressed product by pushing it out from the lower punch. 

      Stage 7 involves drying. The entire cycle lasts no more than 50 

hours with a slow increase in temperature from 0 to 100°C for a 

gradual removal of the water content from the plastic mass and 

avoiding deformations and destruction of the structure by thermal 

shock. 

     a   b 

Fig. 8 Dried blocks ready for high-temperature synthesis: a – reduced (in 

scale 1:2) ceramic blocks and b – blocks of the same size and shape as the 

original “yellow” paving stones. 

       Stage 8 consist of high-temperature liquid-phase synthesis. 

Various modes were experimented in order to determine the optimal 

one. Capsules are made to shield the ceramic blocks in the firing 

process. It was established that the direct radiation of temperature 

from the heaters causes defects in the structure and deformations of 

the products with a larger volume and mass. To avoid this, mullite-

quartz ceramic capsules are made to screen the products from all 

sides. With small paving stones, sintering takes significantly less 

time, due to their smaller volume and mass, and the above 

mentioned problems in the firing process are absent. 

 Table 6: Temperature mode of experimental high-temperature liquid-phase 
synthesis in furnace No 1 with ceramic paving stones of a shape, size and 

weight equivalent to the standard ones. 

Temperature mode in furnace No 1 

Step Temperature, 
oC 

Retention 

time, min 

Time to reach 

the set 

temperature, min 

Total 

time, h    

1 100 480 360 14  

2 250 240 240  8   

3 650 480 360 14  

4 850 480 360 14  

5 950 120 360  8  

6 1130 480 360 14  

Total sintering time, h 72  

Note: A 72-hour temperature regime was carried 

out; 12 paving stones were placed on a plate 

smeared with Al2O3; the furnace embrasures 

are opened during cooling. 
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Results: Thermal shock probably occurred when the 

embrasures were opened; stuck to the 

refractory plates, as a result of which, when 

shrunk, all have faults, but are well sintered 

and of good equivalent colour. 
 Table 7: Temperature mode of experimental high-temperature liquid-phase 

synthesis in furnace No 2 with ceramic paving stones of a shape, size and 
weight equivalent to the standard ones. 

Temperature mode in furnace No 2 

Step Temperature, 
oC 

Retention 

time, min 

Time to reach 

the set 

temperature, 

min 

Total 

time, h  

1 100 480 360 14  

2 250 240 240  8   

3 650 480 360 14  

4 850 480 360 14  

5 950 120 360  8  

6 1132 480 360 14  

7 1030  20 120   2  

8  930  20 120   2  

9  830  20 120   2  

Total sintering time, h 72  

Cooling time, h   6  

Note: The samples are screened from above and below 

and placed on a thin layer of Al2O3 powder (with a 

grain size greater than 120µ); with three steps of 

cooling; A temperature mode of 72 hours sintering 

and 6 hours cooling was carried out. 

Results: Good scrap, well sintered, holds its shape, does not 

stick, deformed by its own weight on the side it lies 

on - most likely the temperature is 2-4°C higher. 

 

Table 8: Temperature mode of experimental high-temperature liquid-phase 
synthesis in furnace No 3 with ceramic paving stones of a shape, size and 

weight equivalent to the standard ones. 

Temperature mode in furnace No 3 

Step Temperature, 
oC 

Retention 

time, min 

Time to reach 

the set 

temperature, 

min 

Total 

time, h 

1 100 480 360 14  

2 250 240 240  8   

3 650 480 360 14  

4 850 480 360 14  

5 950 120 360  8  

6 1128 480 360 14  

8  830  20 450 7.5  

9  100    5 900 15  

Total sintering time, h 72  

Cooling time, h 22.5  

Note: 2 pcs. shielded from the top, sides and bottom 

placed on a thin layer of Al2O3 powder (with a 

grain size greater than 120µ); 1 pc located on the 

side unshielded on a refractory plate sprinkled with 

a thin layer of the same Al2O3 powder. 

Results: The unscreened sample is cracked at the bottom 

and with a large deformation; the shielded samples 

are cracked at the bottom and have a small 

deformation - they retain their shape, have a good 

color, are well sintered. 

Conclusion: To switch to sintering in capsules. 
 

Table 9: Temperature mode for sintering of ceramic blocks reduced at a 

scale of 1:2 compared to the original ones. 

Temperature ᵒС Retention time, min 

150 60 

650 60 

840 180 

1140 180 

     3. Conclusion 

     The new composition based on marlstone sedimentary rock from 

the Alexandra deposit, located near the village of Lovets, with 

added chamotte from the same raw material and clay that lightens 

when fired, shows good molding capabilities for pressing both 

reduced-size paving stones, as well as paving stones identical in 

size, shape and color to the reference ones. The experiments carried 

out cover a complete process for making a prototype batch of 

“yellow”     paving stones. Additional tests should be done on 

samples of the newly obtained products, such as X-ray phase 

analysis, petrographic analysis, structural analysis with computer 

tomography, tribological tests for wear against various contact 

bodies, etc.    
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Abstract: In this paper a new technology of forging workpieces in a new design of crossing bikes, which ensure the implementation of 

additional alternating deformations in the entire volume of the deformable metal, is investigated. Studies have shown that forging in a new 

design of crossing strikers contributes to a better closure of the internal axial defect and a more intensive and uniform processing of the 

initial structure compared with forging in a previously known design of crossing strikers, as well as compared with forging in conventional 

cut-out strikers. 
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Уже не одно десятилетие ученые всего мира, 

занимающиеся вопросами повышения уровня свойств 

металлических конструкционных материалов с помощью 

обработки их давлением, особое внимание уделяю таким 

способам обработки металлов давлением, которые позволяют в 

процессе деформирования, реализовывать интенсивные 

пластические деформации, и за счет этого измельчать 

структуру до ультрамелкозернистого состояния. Как известно, 

получить массивные заготовки и поковки в большей степени 

возможно, только ковкой. При этом чаще всего (кроме 

всесторонней ковки) ковкой невозможно добиться получения 

ультрамелкозернистой структуры во всем объеме 

деформируемого металла. Но в тоже время ковкой, за счет 

реализации в деформируемом металле, дополнительных 

сдвиговых или знакопеременных деформаций [1] возможно 

получить поковки и заготовки с равномерной мелкозернистой 

структурой по всему объему. Легче всего достичь развития 

дополнительных сдвиговых или знакопеременных деформаций 

во всем объеме деформируемого металла возможно за счет 

специальной конструкции рабочего инструмента – бойков. 

Исследованиями в данном направлении занимаются во всем 

мире и в том числе и в Казахстане. В настоящее время 

опубликовано большое количество научных работ в данном 

направлении, и вот только некоторые из них [2-10], в которых  

доказывали преимущество технологий ковки, реализующих 

сдвиговую или знакопеременную деформацию в процессе 

деформирования по сравнению с действующими технологиями 

ковки в традиционных кузнечных инструментах: плоских, 

вырезных и комбинированных бойках.  

Эта работа также посвящена исследованию новой 

технологии ковки заготовок в скрещивающихся бойках новой 

конструкции, позволяющих реализовывать дополнительные 

сдвиговые деформации. Для достижения данной цели были 

поставлены следующие задачи: 

1) изучение формоизменения заготовок; 

2)исследование закрытия внутреннего осевого дефекта;  

3) анализ влияния новой технологии ковки на эволюцию 

микроструктуры стали 60. 

Отличие предлагаемой конструкции скрещивающихся 

бойков от ранее известной конструкции [11] заключается в том, 

что в новой конструкции скрещивающихся бойков, во-первых, 

дополнительно предусмотрен рабочий блок в виде плоских или 

вырезных (комбинированных) вставок (рисунок 1), наличие 

которого позволяет без дополнительного обжатия получать 

поковки и заготовки заданного поперечного сечения, а во-

вторых, между скрещивающимися и плоским или вырезными 

вкладышами, как верхнего, так и нижнего бойков 

предусмотрен зазор, который позволит избежать перерезания 

заготовки в процессе ее деформирования. Именно такой дефект 

наблюдался при деформировании заготовок в скрещивающихся 

бойках, которые не имели зазора между вкладышами. 

  

 
Рис. 1. Скрещивающиеся бойки новой конструкции 

 

Для решения первой, а именно для изучения влияния 

фактора формы инструмента на формоизменение заготовок, 

были  подготовлены свинцово-сурьмянистые заготовки 

размерами Dl = 35200 мм. Эксперимент был проведен на 

гидравлическом прессе усилием 100 тонн.  
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Деформирование заготовок осуществляли в 

скрещивающихся бойках двух конструкций:  

- в скрещивающихся бойках новой конструкции, имеющих 

дополнительный рабочий блок в виде вырезных вставок (рис. 

1) с угол выреза  = 120°; 

- в скрещивающихся бойках, не имеющих дополнительный 

рабочий блок в виде вырезных вставок, но также имеющих 

зазор между скрещивающимися вставками. 

Деформирование заготовок в скрещивающихся бойках 

новой конструкции, имеющих дополнительный рабочий блок в 

виде вырезных вставок и не имеющих данный блок, 

осуществляли следующим способом:  заготовку подавали в 

скрещивающиеся бойки и производили протяжку с величиной 

абсолютной подачи равной 20 мм и относительным обжатием 

6%. При воздействии на заготовку боковыми поверхностями 

происходит пластический сдвиг одной части заготовки 

относительно другой. После деформирования по всей длине, 

заготовку кантовали на 90° и осуществляли второй проход  с 

теми же значениями абсолютной подачи и относительного 

обжатия. За счет наличия в данной конструкции участка с 

треугольным вырезом, после нескольких проходов с кантовкой 

заготовки на 90° получили поковку с ровным поперечным 

сечением, приближенным к кругу диаметром D=28,7 мм. Уков 

при деформировании цилиндрических заготовок в 

скрещивающихся бойках новой конструкции, имеющих 

дополнительный рабочий блок в виде вырезных вставок с угол 

выреза  = 120° составил 1,49. 

Аналогичные заготовки, так же деформировали в 

скрещивающихся бойках, не имеющих дополнительный 

рабочий блок в виде вырезных вставок, но также имеющих 

зазор между скрещивающимися вставками, с тем же уковом, 

что и в бойках предлагаемой конструкции. Но в отличие от 

заготовок, откованных в скрещивающихся бойках новой 

конструкции, данные заготовки имели не ровную поверхность. 

Поэтому для получения заготовки круглого сечения с ровной 

поверхностью заготовку приходилось дополнительно 

обжимать в вырезных бойках с угол выреза  = 120°, что 

приводило к увеличению цикла деформирования в два и более 

раза. 

Для решения второй задачи, а именно для изучения 

влияния фактора формы инструмента на закрытие осевого 

дефекта, были  подготовлены заготовки уже из стали 60, так же 

с размерами Dl = 35200 мм, которые имели по центру 

сквозные просверленные отверстия диаметром 2,4 мм, что 

составляет 6,86% от диаметра заготовки. Это сквозное 

отверстие моделирует одни из основных дефектов слитка – 

осевую пористость, условный диаметр которой, в среднем, 

составляет 7% от диаметра слитка [29].  

Деформирование заготовок в данном случае осуществляли 

в скрещивающихся бойках новой конструкции, имеющих 

дополнительный рабочий блок в виде вырезных вставок (рис. 

1) с угол выреза  = 120°, а также просто в вырезных бойках с 

углом выреза  = 120°. Эксперимент также проводили на 

гидравлическом прессе усилием 100 тонн, только перед 

началом деформирования все заготовки нагревали в печи 

сопротивления до температуры 1100  50°С. 

Деформирование первой партии заготовок с внутренним 

осевым дефектом в скрещивающихся бойках новой 

конструкции осуществляли по выше приведенной схеме 

деформирования с уковом 1,49. 

Вторую партию заготовок с внутренним осевым дефектом 

деформировали в стандартных вырезных бойках с угол выреза 

 = 120°, до диаметра D=28,7 мм, т.е. также с уковом 1,49. 

Проведенный макроструктурный анализ 

продеформированных заготовок показал, что при 

использовании скрещивающихся бойков новой конструкции, 

имеющих дополнительный рабочий блок в виде вырезных 

вставок, при укове 1,49 внутренний дефект закрылся в среднем 

на 97%, а при использовании обычных вырезных бойков при 

таком укове закрытие дефекта произошло в среднем только на 

82%.  

Для решения третьей задачи была подготовлена еще одна 

партия стальных заготовок из стали 60 размерами Dl = 35200 

мм, но уже без осевого дефекта. Эта партия заготовок была 

продеформирована по выше приведенным схемам, но уже в 

трех различных кузнечных инструментах: в скрещивающихся 

бойках новой конструкции, имеющих дополнительный рабочий 

блок в виде вырезных вставок и не имеющих данный блок, а 

также в вырезных бойках, с углом выреза  = 120°. Перед 

деформированием все стальные заготовки были подвергнуты 

отжигу при температуре 780°С. 

Из исходных (не деформированных) и всех 

продеформированных заготовок были подготовлены 

микрошлифы для металлографических исследований. 

Микроструктуры исходного образца и образцов, 

продеформированных в трех различных кузнечных 

инструментах представлены на рисунке 2. 

Металлографический анализ показал, что микроструктура 

исходных образцов (после отжига) имеет феррито-перлитную 

структуру, средний размер зерен составляет 45 мкм (рис. 2а). 

Перлит характеризуется пластинчатым строением.

  

 

 
а 
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Рис. 2. Микроструктура стали 60, увеличение х200: а – структура до деформирования; б,в – после деформирования в скрещивающихся бойках 

новой конструкции, имеющих дополнительный рабочий блок в виде вырезных вставок; г,д - после деформирования в скрещивающихся бойках; е,ж – 

после деформирования в вырезных бойках, с углом выреза  = 120°; (б,г,е - в продольном направлении; в,д,ж - в поперечном направлении) 

 

 После ковки в скрещивающихся бойках обоих 

конструкций структура образцов демонстрирует 

преимущественно перлитную структуру и ферритную сетку 

вдоль границ зерен, полученную под действием сдвиговых 

деформаций (рис. 2б-д). Размер зерен в образцах полученных 

после деформирования в скрещивающихся бойках новой 

конструкции одинаков как в поперечном, так и продольном 

направлениях и составляет 20 мкм (рис. 2б-в). При 

деформировании в скрещивающихся бойках, без 

дополнительного рабочего блока в виде вырезных вставок, 

размер зерен в продольном и поперечном сечениях немного 

отличается, в продольном направлении составляет 25 мкм (рис. 

2г) и 30 мкм в поперечном направлении. Структура перлитных 

колоний претерпела изменения, пластины цементита стали 

искажены и изогнуты, а в некоторых случаях разбиты на 

отдельные части.  

Деформирование в вырезных бойках приводит к тому, что 

ферритные зерна становятся определенной формы, а не 

расположены в виде сетки по границам перлитных зерен. 

Средний размер зерен в продольном направлении составляет 

27 мкм (рис. 2д), а в поперечном 40 мкм (рис. 2е). 

Проведя анализ микроструктуры можно сделать вывод о 

том, что с помощью ковки в скрещивающихся бойках 

предлагаемой нами конструкции можно получить наиболее 

мелкозернистую и однородную микрострукту по всему объему 

деформируемой заготовки по сравнению с ковкой в ранее 

известной конструкции скрещивающихся бойков, а также по 

сравнению с ковкой в обычных вырезных бойках. 
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Вывод: Проведенные исследования показали, что: 

-  использование дополнительных вырезных вставок в 

конструкции скрещивающихся бойков не требует 

дополнитьльного обжатия заготовок в вырезных бойках для 

получения поковки с ровным поперечным сечением, 

приближенным к кругу; 

- при использовании скрещивающихся бойков 

предлагаемой конструкции, имеющей дополнительный 

рабочий блок в виде вырезных вставок, обеспечивает при укове 

1,49 закрытие внутреннего осевого дефекта в среднем на 97%, а 

при использовании обычных вырезных бойков при 

аналогичном укове закрытие осевого дефекта произходит в 

среднем только на 82%; 

- ковки заготовок в скрещивающихся бойках предлагаемой 

нами конструкции обеспечивает получение наиболее 

мелкозернистой и однородной микрострукту по всему объему 

деформируемой заготовки по сравнению с ковкой в ранее 

известной конструкции скрещивающихся бойков, а также по 

сравнению с ковкой в обычных вырезных бойках. 

 

Данное исследование финансировалось Комитетом науки 

Министерства образования и науки Республики Казахстан 

(Грант № AP09057965). 
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Abstract: The ability to forecast the annual crop production is of crucial benefit for any country by providing the capability to define their 

import and export policies, as well as to estimate the economic gain of their agriculture planning. The weather conditions during the year 

significantly influence the growth of the crop, and the crop yield quantity is highly affected by the climate conditions in the different 

development cycles of the plant. Recently, the availability of historical climate data benefits the studies in the sector of agricultural sciences 

and food, and in particular the use of Artificial Intelligence methods in the big data analysis offers a significant opportunity to provide 

practicable information and actions. The present work aims to develop Machine Learning (ML) model to forecast the wheat yield based on 

historical climate data in a specific time frame in the Pelagonia valley in North Macedonia, as one of the most important regions for wheat 

production in the country. After pre-processing and selecting the input features, LS Boost regression model was employed as a ML method 

for estimation of the wheat yield from climate data, which resulted in high accuracy of wheat yield prediction even with limited dataset, both 

on the training and on the testing dataset. The research study proved the feasibility of using ML methods to complement the existing models 

for accurate wheat yield forecasting, providing significant advantage due to the ease of calibrating the ML model parameters. 
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1. Introduction 

The weather conditions during the year are crucial factors 

influencing the growth of the crop, and the crop yield quantity is 

highly affected by the climate conditions in the different 

development cycles of the plant. Recently, the availability of 

historical climate data benefits the studies in the sector of 

agricultural sciences and food, and in particular the use of machine 

learning methods in the big data analysis offers a significant 

opportunity to provide practicable information and actions. Machine 

learning (ML) utilizes empirical modelling techniques to detect 

meaningful correlations and patterns from input data, therefore it is 

a suitable choice for crop yield estimation. ML algorithms attempt 

to build a model function that corresponds to the relationship 

between the input features and the output crop yield, which is a 

complex task to be solved with the rigorous assumptions of 

statistical modeling due to the underlying nonlinear patterns of the 

phenomenon. 

Lately there are numerous research papers dealing with crop 

yield estimation employing ML algorithms, as well as literature 

reviews summarizing the methods and results. Klompenburg et al. 

[1] concluded that the most used models are the random forest, 

neural networks, linear regression, and gradient boosting tree, 

although no specific conclusion can be drawn as to what the best 

model is. They also concluded that models with more features did 

not always provide the best performance for the yield prediction. 

Numerous types of ML models for crop prediction have been 

studied in the literature. Artificial neural networks (ANN) are most 

commonly used ML algorithm in the literature [1]. Rao et al. [2] 

used ANN to predict the crop yield and recommend suitable 

fertilizer to gain high yield of crops. Wang et al. [3] applied deep 

neural networks for reliable crop yield prediction in Argentina and 

Brazil using remote sending data. Random forest, gradient boosting 

and support vector machines are ML methods that are also widely 

adopted for the purpose. Filippi et al. [4] combined data over 

multiple years and fields in Western Australia into one dataset and 

successfully utilized random forest to build predictive model of 

crop yield. Sagar et al. [5] performed cotton yield prediction with 

fertilizer recommendation based on location, acreage and fertilizer 

data employing gradient boosting. Gandhi et al. [6] utilized climate 

parameters for predicting the rice yield in India with support vector 

machines. Lately, literature works include research on ensembles of 

several ML methods into one model which was proved to increase 

the prediction accuracy [7–9]. Kundu et al. [10] performed an 

ensemble approach synthesizing several ML models for better 

overall prediction of crop yield, using different data elements 

including weather, soil, farmers, irrigation and fertilizer. 

The present work aims to develop a Machine Learning (ML) 

model to forecast the wheat yield based on historical climate data in 

a specific time frame in the Pelagonia valley in North Macedonia, 

as one of the most important regions for wheat production in the 

country. The advantage of using ML methods for crop forecasting is 

to avoid utilizing numerous parameters used today in the WOFOST 

(WOrld FOod STudies) [11] and other biophysical crop models, as 

well as to avoid the manual calibration of these parameters for 

different regions. Osama et al. [12] conclude that data from 

biological nature is typically complex and vague and machine 

learning techniques can be utilized as adaptive learning methods to 

analyze this data more accurately. The result of this research work 

evaluates whether using ML methods is feasible for this aim, and 

whether it provides any advantage over the currently employed 

methods for wheat yield prediction. 

 

2. Definition of model inputs and output 

The feasibility of employing machine learning for predicting the 

annual wheat yield was analysed and validated in the Pelagonia 

valley in North Macedonia. The prediction of the wheat yield was 

performed based on the historical climate parameters; thus, the 

model input is the climate data taken in a specific timeframe, 

whereas the model output is the estimated wheat yield. In the 

specific investigated region, seven climate parameters per day were 

provided in the year range 2005 – 2019, as follows: maximum daily 

temperature (Tmax), minimum daily temperature (Tmin), average 

daily temperature (Tavg), vapour pressure, precipitation, reference 

evapotranspiration (ET0), and radiation.  

The input parameters in the model are defined as the climate 

parameters calculated as average in a moving window of 10 days 

with an overlap of 5 days, between 01st of January and 27th of June 

of every year. Thus, there are 43 separate time windows (see Fig. 

1), and per each of them the average of the climate data is 

calculated using the equation: 

𝑝 =
 𝑝(𝑛)𝑛+9
𝑛

10
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where n represents the date index, p(n) is the considered climate 

parameter on the date n, and  𝑝  is the average of the climate 

parameter in the 10-day window investigated. 

 
 

Fig. 1 Definition of time windows and their corresponding dates, used for 

model input definition 

 

The output parameter of the model is the annual wheat yield in 

kg per hectare. 

2.1. Selection of model input 

The influence of the variability of the climate parameters to the 

variability of the output was investigated in order to select the 

model inputs which are significantly relevant to the output. To 

perform this investigation two different methodologies were used: 

univariate feature ranking for regression using F-tests, and 

Neighbourhood Component Analysis (NCA). 

 

    

a) 

 

b) 

Fig. 2 Feature importance ranking based on: a) univariate feature ranking 
for regression using F-tests; b) Neighbourhood Component Analysis (NCA) 

With the univariate feature ranking using F-tests, the individual 

importance of each input feature to the output is analysed based on 

F-tests. Each F-test examines the hypothesis that the response 

values grouped by predictor variable values are drawn from 

populations with the same mean against the alternative hypothesis 

that the population means are not all the same. A small p-value of 

the test statistic indicates that the corresponding predictor is 

important. Therefore, a large score value indicates that the 

corresponding predictor is important. The resulting scores of the 

individual features considered are shown on Fig. 2 a), where the test 

ranked the precipitation, vapour pressure, and minimum daily 

temperature as features with highest importance to the output.  

The NCA algorithm is a non-parametric method for selecting 

features, where it is performed feature selection with regularization 

to learn feature weights for minimizing an objective function that 

measures the average leave-one-out regression loss over the training 

data [13]. Unlike the univariate feature ranking, NCA analyses and 

considers the mutual significance between the input features to the 

output variable. The result from the NCA feature ranking is 

presented on Fig. 2 b) where the higher score value denotes feature 

with higher importance. It can be concluded that employing both 

analyses, identical results were achieved: proving that the 

precipitation, vapour pressure, and minimum daily temperature are 

input features with the predominant important to the wheat yield. 

The impact of these significant features can be explained 

evidently. North Macedonia has water-limited agriculture, therefore 

crop production relies on the water amount. Thus, precipitation 

represents an important factor for the plant, especially in its 

growing season. Furthermore, the temperature at which the plant is 

subjected to has significant impact on the crop production since if 

the slope of the temperature accumulation is too steep, the crop 

growing stages will be shorter than usual, thus the period for 

biomass production will be shortened and lower amount of biomass 

will be accumulated during the stage/s. The vapor pressure is 

important driver for evapotranspiration. The reduced 

evapotranspiration rate will utilize less of the readily available 

water into the soil thus there will be available water for a longer 

period (between two rainfall events) what is of high importance in 

water limited agriculture. 

2.2. Selection of time frame 

As aforementioned, the input in the model are the climate data 

taken and averaged in a specific range of dates. Each time frame is 

ten days long, with an overlap of five days, resulting in a total of 43 

time frames starting from 01st January until 27th June. 

Agrometeorological parameters are frequently presented and 

elaborated for the decade (10 days period). The decadal periods 

give better view on the crop response to the weather variations and 

anomalies. Moreover, the values from the current decade can be 

meaningfully compared to its long-term averages, minimum and 

maximum, normalized by the historical range of values for the same 

decade, thus used for early season crop yield forecasting. To select 

the appropriate time window for predicting the wheat yield, the 

correlation of each window to the output was investigated 

employing the Pearson method. The Pearson correlation measures 

the strength of the linear relationship between two variables. It has a 

value between -1 to 1, with a value of -1 meaning a total negative 

linear correlation, 0 being no correlation, and 1 meaning a total 

positive correlation.  

The significant input features obtained in Section 2.1. were 

correlated to the output through the Pearson method, up to their 

third mutual interaction, and their correlation was calculated. The 

absolute values of the correlation coefficients are graphically 

demonstrated on Fig. 4, shown with a colormap where the darker 

color represents higher absolute value of the correlation coefficient. 

The theoretical results show highest correlation in the 29th and 40th 

period. However, when the process was modelled with machine 

learning methods (described below in Section 3) and their 

prediction accuracies were tested, the model with the highest 
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accuracy was obtained in the time frame number 24 which 

corresponds to the dates from 3th until 12th  

 

   Fig. 3 Pearson correlation colormap of input features in separate time 
windows 

 

April. Furthermore, this model as input contained only the three 

most significant features (precipitation, vapour pressure, and Tmin), 

without any mutual interaction between them. The period between 

3th and 12th April is in fact the phase of the late vegetative and early 

generative growth of the plant in North Macedonia. Thus, as water-

limited agriculture, evidently the amount of precipitation in the crop 

late vegetative and early generative growth stage contributes to the 

amount of the annual production of winter wheat. 

 

3. Estimation of output – modelling and results 

The modelling of the process, i.e., the correlation of the input 

and output features is performed using Least Squares (LS) boosting 

algorithm which fits regression ensembles by creating and growing 

weak learners (decision trees) using the boosting method to build a 

robust model [14]. The ensemble sequentially fits a new learner to 

correct the prediction error between the observed response and the 

aggregated prediction of all learners grown previously, until the 

mean-squared error is minimized. This particular model was chosen 

for its accurate performance when the dataset is limited: in this case, 

only one output parameter per year.  

The model is trained using historical datasets, where the 

outcomes are represented based on past experience. During the 

training phase, the parameters of the model are determined and 

progressively optimized such that the predictive ability of the model 

is gradually improved. On the other hand, part of the historical data 

which has not been used for training is used to evaluate the 

performance of the model. Therefore, the data set was separated in 

training and testing set, where 80 percent of the data was used as a 

training set to determine the model parameters, and 20 percent was 

used to test the model prediction accuracy.  

The model is trained in the period of late vegetative and early 

generative growth of the wheat: 3 April – 12 April. The model 

inputs are the three significant features, as selected in Section 2.1. 

The training set from 2005 until 2016 was used to train the model, 

whereas for the testing phase the years 2017, 2018 and 2019 were 

applied. The model prediction accuracy on both known (training) 

and unknown (testing) dataset is visualized in the graphs on Fig. 4, 

where the measured data is presented with red dots and the 

estimated data with the model is with blue dots. Small errors 

between the measured and estimated data are noticeable, proving 

the model precision. 

Using machine learning LS boosting method proved to be 

efficient for modelling the wheat yield based on the annual weather 

conditions. 

 

 

 

 

a) 

 

b) 

Fig. 4 Performance of the LS boosting model when using significant features 

as input on: a) training dataset, b) testing dataset 

 

4. Conclusion and future work 

The ability to predict the annual crop production is of crucial 

benefit for any country by providing the capability to define their 

import and export policies, as well as to estimate the economic gain 

of their agriculture planning. Machine Learning methods offer the 

capability to extract meaningful information and identify 

correlations from raw data, without the assistance of human 

intellect, therefore are particularly suitable for constructing 

prediction models based on historical datasets. 
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The research study proved the feasibility of using ML methods 

to complement existing models for accurate wheat yield prediction, 

providing significant advantage and convenience due to the ease of 

calibrating the ML model parameters. By using two different 

feature selection methods, univariate feature ranking for regression 

using F-tests, and Neighbourhood Component Analysis (NCA), it 

was demonstrated by both that the precipitation, vapour pressure, 

and minimum daily temperature significantly influence the wheat 

yield. LS Boost regression model was employed as a ML method 

for estimation of the wheat yield based on climate data, which 

resulted in high accuracy of wheat prediction even with limited 

dataset, both on the training and on the testing dataset. Further 

research will be done on testing the model in different regions in the 

country, increasing the rather modest dataset by using historical 

data prior to 2005, as well as developing more sophisticated 

machine learning models. 
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Abstract: The main objective of this paper is to get an accurate result of the mechanical characteristics of welded joints of structural steel 

performed with two different types of filler material, wire, which are characterized by: simple welding technology, low structural changes of 

the basic materials, as well as lower cost of welds. The whole research is conducted in accordance with European standards for welding. 

Research has been conducted on two standard plates made of constructive steel S355J2 + N Z15, with a thickness of 15mm, according to 

standard EN ISO 15614-1. Both plates are welded with solid wire and metal cored wire under the protection of a gas mixture based on argon, 

and the whole process is supported by standard documentation. Destructive tests have been performed to determine the welded joints' quality 

and influence of different filler materials, such as tensile test, impact test, and hardness test in the weld and heat-affected zone. The 

experimental results confirm that the gas metal arc welding of structural steel in the protection of inert gas with solid and metal cored wire is 

a procedure that ensures the quality and safety of welded joints and retention properties of the base material after the welding process. 

Keywords: ARC WELDING, SOLID WIRE, METAL CORED WIRE, HEAT–AFFECTED ZONE, DESTRUCTIVE TESTING, 

MECHANICAL TESTING, WELDING TECHNOLOGY, TEST SPECIMENS 

1. Introduction  

Today's globalization is characterized by accelerated technical 

and technological development. As a part of mechanical 

engineering, welding has not been lagging in technological 

development, new welding techniques and technologies are 

constantly being introduced, resulting in reduced production costs, 

and improved technical characteristics of the welded joints [1]. The 

conventional joining process Gas Metal Arc Welding – GMAW is a 

widely used process for welding of structural steel in a number of 

engineering fields such as shipbuilding, civil construction, mining 

equipment and metallurgy [2]. Consequently, several innovations 

appear in this welding process that contribute to its improvement. 

One of the improvements is the semi-automatic welding process 

Metal Cored Arc Welding – MCAW, which uses continuously fed 

wire/ electrode as consumable with different flow ratios of inert and 

active gas. Although there are many common features between the 

two processes, there are also several fundamental differences, most 

notably the fact that MCAW operates over a wider range of 

shielding gases and offers more flexibility with alloy compositions 

than solid wire for MIG/MAG. In metal cored arc welding 

processes, the slag levels are low as compared to solid wire welding 

processes. The lack of slag makes welding easier, and 

mechanization allows for higher productivity, representing a good 

advantage over the GMAW. 

Structural steel is the most used type of material in mechanical 

engineering and is usually welded by GMAW. The structural steel 

belongs to the group of ferritic steels, and its main division is based 

on mechanical characteristics [3]. The structural steel welded joint 

quality should meet the base material's mechanical characteristics, 

which are determined by mechanical testing. 

Mechanical tests are a primary indicator that determines the 

mechanical properties of welded joints, and they can be done 

destructively and non-destructively [4]. The mechanical testing of 

the welded joints can be performed in two ways, on a fully welded 

structure or test pieces – test specimens made from a part of the 

welded structure, and the second way, laboratory test specimens 

prepared and made under the general conditions of welding in 

production, which they shall represent. The production of the test 

pieces - welded specimens must be carried out in accordance with 

the prescribed norms and standards for the welding procedure as 

well as the type of material, which is welded, while taking care that 

they are fully prepared and made under conditions that correspond 

to the production or assembly of the welded structure [7, 8]. 

In GMAW and MCAW, shielding gases play a fundamental 

role in arc characteristics, transfer mood and process stability and 

consequently affect the weld quality, while the type of the welding 

material is directly linked with the weld microstructure and its 

mechanical characteristics.  

This paper aims to research the influence of two types of filler 

material, solid wire and metal cored wire, on the mechanical 

characteristics of welded joints of structural steel. Therefore, 

GMAW and MCAW welded joints on structural steel under 

protection of a gas mixture based on argon were performed. 

Destructive tests, such as tensile test, impact test, and hardness test 

were carried out in the weld and heat-affected zone to determine the 

welded joints' quality and its mechanical characteristics.  

 

2. Materials and methods  

2.1 Material  

In this study, the base material is 15mm thick EN 10025-2 

S355J2+N-Z15 structural steel, that is thermomechanical rolled 

with a ferrite-pearlite microstructure suitable for application under 

the 0 oC., with toughness of 24 J at - 20 oC.  It has a minimum yield 

strength and according to standard ISO/TR 15608:2017 belongs to 

the group 1.2 with a range of 275 N/mm2 < ReH ≤ 360 N/mm2 yield 

strength. A commercial solid AWS A5.18 ER 70S-6/ EN ISO 

14341-B-G 49A 3 C S6 and metal cored AWS A5.18 E70C-6M H4/ 

EN ISO 17632-A T46 3 M M 2 H5 welding wires were selected, 

both with a diameter of 1.2 mm. The base material has a carbon 

equivalent value of maximum 0.40% (CEIIW = C + Mn/6 + (Cr + 

Mo + V)/5 + (Cu + Ni)/15) and C ≤ 0,22 % representing good 

weldability without additional heat treatment process. The base 

material and filler wires chemical compositions and mechanical 

properties are shown in Table 1 and Table 2 respectively.   

Table 1. Chemical composition (%) of the steel and the welding 

wires according to mill certificate values  
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Table 2. Mechanical properties of the steel and the welding wires 

according to mill certificate values  

 

2.2  Preparation and welding   

The preparation of the elements is carried out according to the 

European standards. From a sheet plate with dimensions 15 x 2050 

x 5900, 4 plates with dimensions of 155 x 355 mm were cut by 

thermal process. According to standard EN ISO 15614-1, the HAZ 

of the thermal process must be machined off, and they were 

machined to a dimension of 150 x 350 mm and used to form a 15 x 

300 x350 mm weld plate. Both plates were one-sided welded with 

the joint preparation  symbol “Y”, with 60o angle, 3 mm gap and 2 

mm gap height according to standard EN ISO 9692-1. In order to 

limit the gap, two blocks of the same material were welded on 

either side of the plate and used as start and stop points outside the 

main plate. 

The plates are welded by a certificated welder in PA position 

in an indoor environment with + wire polarity and M2-1 gas 

according to EN ISO 14175 containing 82% Ar and 18% CO2., at a 

flow rate of 20 l/min. Welding plates were accomplished in 4 

welding passes, the first pass of solid and two passes of metal-cored 

wires were performed with a Miller Axcess 450 CE W/ RMD 

power supply and an Axcess 40V wire feeder, while for other 

passes ESAB OrigoTMMIG 502cw power supply and 

OrigoTMFeed 304 wire feeder were employed. Before each 

welding pass, the slag is cleaned by grinding for better application 

of the next welding pass. The welding parameters of both plates are 

presented in Table 3. These parameters were selected for obtaining 

a stable process and formation of visual acceptable weld.  

2.3 Testing 

According to standard EN ISO 15614-1 with aiming to 

determine the quality of welded plates and their mechanical 

properties, destructive and non-destructive testing after the welding 

process should be carried out. Therefore, non-destructive testing 

was performed before the destructive testing and no defects were 

detected. Mechanical evolution of the GMAW and MCAW welded 

joints was performed by tensile, impact and hardness testing of test 

specimens. The welded plates were sufficient in size to produce all 

the required test specimens and their locations are shown in Figure 

1. 

 
Fig. 1. Location of test specimens for a butt joint in plate [5] 

Cross-weld tensile testing was performed based on EN ISO 

4136 using the standard specimen dimension and geometry [6]. 

Two tensile test specimens were taken from each welded plate and 

marked with 1-3, 1-6 for GMAW weld and 2-3, 2-6 for MCAW 

weld. The specimens' thickness was equal to the base material, 

while the root and face side of the weld were not machined. 

The Charpy impact test was performed according to ISO 6019 

with standard specimen dimensions of 55 x 10 x 10 mm and the 

standard V-notch type geometry [7]. Three sets with three test 

specimens from three locations were taken; one with the notch 

located in the weld metal center, one positioned at the FL and one in 

the base material. All test specimens were performed at – 20 oC and 

marked with 1 for GMAW weld and 2 for MCAW weld. 

Vickers hardness test (HV5) was performed with a test load of 

49,03 N according to standard ISO 9015-1 [8]. The surface test was 

polished and etched and the measurements were made in two rows, 

one below the weld face and one from the root side at a depth of < 

2mm. Three areas were covered in each row, the weld metal, the 

HAZ and base material and 3 individual indentations were taken in 

each area.    

 

 

 

 

Table 3. Welding parameters used for GMAW and MCAW welds  

Structural steel 

EN 10025-2   

S355 J2 +N Z15

Solid wire    

AWS A5.18 ER 

70S-6

Metal cored wire   

AWS A5.18            

E70C-6M H4

C 0.160 0.070 0.040

Si 0.260 0.880 0.610

Mn 1.200 1.460 1.420

P 0.019 0.009 0.011

S 0.005 0.006 0.025

Al 0.027 0.002 -

N 0.008 - 0.007

Cr 0.050 0.027 0.040

Cu 0.400 0.076 -

Ni 0.100 0.037 0.020

Ti 0.001 - -

V 0.001 0.002 0.020

Mo 0.001 0.010 -

Nb 0.001 - -

Fe Bal. Bal. Bal

Structural steel 

EN 10025-2   

S355 J2 +N Z15

Solid wire    

AWS A5.18 ER 

70S-6

Metal cored wire   

AWS A5.18            

E70C-6M H4

Yield strength ReH, 

MPa 411 451 510

Tensile strength Rm, 

MPa 558 556 582

Elongation A5, % 18.5 31 27

Toughness, Impact 

test at -20 C 93 73 107
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3. Results and discussion  

From each welding joint was submitted to two tensile test 

specimens. Figure 2 shows the good tensile strength of the welds, 

reaching at least 410MPa yield strength and 540MPa ultimate 

tensile strength, exceeding the strength of the base material, 

resulting in failure at the BM. These results were considered 

satisfactory.  

 
Fig. 2. Tensile test specimens after testing   

 
Fig. 3. Tensile strength of weld joints   

Visual inspection can observe elongation in the HAZ and a 

clear fusion line between the base material and the weld metal 

after tensile testing. Due to the slightly higher amount of heat 

input in the GMAW weld, there is a solid melting of the base 

material edges and a complete mixing of the base and filler 

material. On the other hand, in the MCAW welded joint, a lack 

of fusion can be observed with the sidewalls, Figure 2. Generally, 

the tensile strength is reduced with increasing heat input due to 

microstructure and the possibility of larger grains. The results in 

Figure 3 show a slightly higher tensile strength among the 

MCAW weld joints compared to GMAW weld joints.  

The Charpy impact test results are presented in Table 4 and 

5. Despite the fact that there is a large difference in toughness 

between the base material and weld metal, all welds provide an 

acceptable toughness of  >27 J at -20 oC. The GMAW weld joint 

is characterized with a higher toughness in the weld metal zone 

and increased plasticity and reduced brittleness compared to the 

MCAW weld joint. The higher toughness of the GMAW weld 

joint was achieved as a result of higher heat input and its more 

uniform distribution leading to slower cooling rates and a softer 

microstructure. However, excessively high heat input can result 

in detrimental toughness, especially in the HAZ, due to very 

large grains and unfavorable microstructure [9]. 

Table 4. The Charpy impact test results of GMAW weld joint 

 
 

Table 5. The Charpy impact test results of MCAW weld joint 

 

In Figure 4 are presented the indentation locations of both 

weld joints, while Figure 5 shows the measured Vickers hardness 

HV5 in the two rows, the face and the root of the weld. It can be 

seen that higher hardness values were found in the weld metal, 

especially in the weld face, as a result of more intensive heat 

removal and normalization of the previous weld pass with the 

next one. However, the measured hardness in all zones is not 

critical and is within an acceptable value. Post-weld heat 

treatment can result in a more positive microstructure and lower 

hardness [10]. 

    a 

 

 

 

Аmperage, А Voltage, V Type Poliarty 

GMAW 1 1.2 90-100 17-18 DC (+) 160-200 4.7 0.72

2 1.2 230-245 25.5-27 DC (+) 250-300 8 1.74

3, 4 1.2 250-260 26.5-28 DC (+) 260-320 9 1.82

MCAW 1 1.2 80-90 17.5-18 DC (+) 140-180 5 0.67

2 1.2 235-245 27-27.5 DC (+) 240-290 9 1.63

3 1.2 260-270 28-28.5 DC (+) 250-300 11 1.74

4 1.2 250-260 28-28.5 DC (+) 250-300 10.5 1.68

Line energy 

input, kJ/mm 

Arc welding 

process

Welding 

pass

Wire 

diameter, mm

Current parapmetars Welding speed, 

mm/min

Wire feed 

rate, m/min

Mark of test 

specimens

Temperature 

testing , C Toughness, J 

Average 

touqhness, J

1-1 -20 121

1-2 -20 91

1-3 -20 106

1-4 -20 106

1-5 -20 84

1-6 -20 95

1-7 -20 99

1-8 -20 59

1-9 -20 94

Location GMAW weld joint 

Base 

material 106

Heat 

affected 

zone 
95

Weld 

metal 84

Mark of test 

specimens

Temperature 

testing , C Toughness, J 

Average 

touqhness, J

2-1 -20 116

2-2 -20 101

2-3 -20 92

2-4 -20 78

2-5 -20 73

2-6 -20 89

2-7 -20 46

2-8 -20 49

2-9 -20 58

Weld 

metal 
51

Location MCAW weld joint 

Base 

material 103

Heat 

affected 

zone 
80
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Fig. 5. Location of indentation for Vickers hardness test, GMAW 

weld joint (a); MCAW weld joint (b)   

 
Fig. 6. Measured values of Vickers hardness test HV5 

4. Conclusions 

In this work, 15 mm – thick structural steel in quality 

S235J2 was successfully welded with two types of filler material, 

solid and metal cored wire, under protection of a gas mixture 

based on inert gas – argon. In general, the presented results show 

a good quality and safety of welded joints, in accordance with 

European standards for welding. The most important conclusions 

of the work are the following: 

 The mechanical characteristics of both welded joints are 

perfect. The tensile strength of the welds is above the base 

material strength while the toughness of the GMAW weld 

joint is higher compared to the MCAW weld joint, 

especially in the weld metal due to the higher heat input and 

slower cooling rate. The toughness of the MCAW weld 

metal can be increased with pre-heat treatment of the base 

material or post-weld heat treatment. 

 In terms of hardness, its values increased continuously from 

the base material towards the weld metal. The measured 

values are acceptable for both weld joints, post-weld heat 

treatment can be used in order to reduce the brittle, 

especially in the MCAW weld joint, which occurs as a result 

of a higher cooling rate.  

 The best aesthetic appearance of the weld is produced by 

metal cored wire by spray transfer mode, thereby 

contributing to higher productivity compared to solid wire 

which causes more spatter and less deposit of filler material. 

 In the GMAW the less deposit of filler material results in a 

minimally reduced productivity, but provides a more 

affordable microstructure of the welded joint due to slower 

cooling rate, that is represented through the GMAW weld 

joint toughness. 

 Due to the smaller metal cross-sectional area of the metal 

cored wire, compared to the same diameter of solid wire, at 

the same welding current, the melting rate of metal cored 

wire is significantly higher, thus the wire feed rate and 

speed of welding are higher, but they should be controlled 

for the stability of the process. 

The experimental results confirmed that the gas metal arc 

welding of structural steel in the protection of inert gas with solid 

and metal cored wire is a procedure that ensures the quality and 

safety of welded joints and retention properties of the base 

material after the welding process. 
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Abstract: The use of renewable sources for energy purposes is very important from the global environmental perspective. Biomass is 

part of this group of fuels. This article focuses on the characteristics of wet biomass, a typical fuel source in the Albanian rural areas and 

not only. Thus, the most significant factor of biomass combustion is its moisture content in natural conditions. This property significantly 

influences the burning quality of biomass. Drying of this fuel using conventional methods or energy intensity processes aims to decrease the 

moisture content in biomass and meantime increase of its calorific value. The techniques of drying wet biomass vary significantly. Energy 

utilization of wet biomass is the main goal of this paper, considering it an important fuel source especially during winter season in Albanian 

rural areas. The variation of heating value to moisture content and other significant parameters have been investigated.  

Keywords: MOISTURE, BIOMASS, ENERGY, HEATING VALUE.  

1. Introduction 

Naturally, biomass is one of the oldest resources that man has 

used to meet his needs [1]. Likewise, the technology of converting 

this fuel into useful energy is one of the most well-known and 

studied, but improvements and increased efficiency bring new 

challenges in this field as well [2l. Albania is situated in the 

Mediterranean with relatively small arable land [3]. Thus, the 

biomass resources of the country are limited. It is known that the 

main sources of biomass   are forest waste, agricultural waste 

derived from processes, animal waste, urban waste, as well as 

energy crops [4]. The studies on the use and exploitation of biomass 

in general and fuel wood in particular in Albania were limited. In 

the cases where they have been carried out, they were partial, 

without taking into account the demographic developments, 

ownership changes, economic and political changes that our country 

experienced during the recent years [5]. In Table 1 is presented the 

biomass potential in the country. Firewood (biomass) represents 

about 52% of the renewable share in the Albanian energy 

consumption, where the other 48 % is electricity. It is widely known 

that the Albanian electricity production is largely based on 

hydropower [6]. The use of firewood is mostly dominant in rural 

areas of the country. In recent years the institutions have initiated 

actions in controlling the unlimited cuts of forests [7]. Although the 

situation has changed there is still poor progress in full control of 

the country’s forest by legal authorities. Thus, except firewood 

other biomass resources have been used for heating purposes or 

processes requiring heat. Herbs, agriculture crops, olive mill waste, 

medicinal herbs etc., have been seen as a useful energy source. 

These typical biomass sources are commonly found in natural 

condition, and their energy utilization requires pre-processing such 

as drying, which results in cost increase for the end consumer. 

Therefore, the investigation of wet biomass parameters, such as 

moisture content, calorific values, ash content is seen as highly 

important in this article.   

Table 1. Biomass energy potential in Albania [ 8] 

 

 

Biomass 

Theoreti

cal  

potential 

(ktoe) 

Share in 

national 

energy 

balance (%) 

Technical 

potential 

(heat ktoe) 

Technical 

potential 

(electricity 

ktoe) 

Forest 263.6  1.07  234.4 70.3 

Agriculture  1521.1  6.17 979.8 293.9 

Urban Waste 1576.4 6.39 1276 382.8 

Waste from trees 168.1 0.68 142.9 42.9 

Livestock waste 585.25 2.37 521.6 156.5 

Energy crops 62.3 0.25 57.1 17.13 

Total 4176 16.9 % 3212 936.6 

 

 

2.  Energy utilization of wet biomass  

Moisture content has a significant influence in the energy utilization 

of biomass [9]. Thus, in normal conditions the moisture content can 

vary from 15% found in dry straw up to 80% in wood or other 

products such as agricultural waste or various residues [10]. High 

water content will negatively affect in the calorific value. The 

dependency of moisture content and calorific value is given 

according to [11] by the relation (1) where the increase of water 

content causes the decrease of calorific value.  

 rrhu HWHH  92453    [kJ/kg]   (1) 

From the moisture content point of view wood chips are 

considered relatively in high water content. However, in rural 

areas were the consumtion of fuel wood is very high and the 

storage infrastructure is poor, it is expected that the water 

content of biomass for fuel purposes to reach higher values. 

Some agriculture waste result in high water content where 

from the analysis the below results were taken.  

 
Moisture  Wr = 79,7 % 

Ash  Ar = 1,21 % 

Volatile matter  hr = 19,09 % 

Calorific value Hu = 1,46 MJ/kg 

Wet biomass is commonly found in many sectors in Albania. 

Particularly the olive processing industry, medicinal herbs sector, 

has shown key potential in biomass production for energy purposes. 

Thus, in recent years the olive processing industry has reached a 

significant increase. The amount of olive mill waste resulting from 

the respective companies operating in the market has significantly 

increased the capacities of wet biomass production. Currently for 

the drying of wet olive mill waste is used open sun drying process 

resulting in less cost for the end consumers. However, the increase 

of the demand for this product will lead to more energy intensity 

processes in this sector. A view of fresh wet olive mill waste is 

given in Figure 1.  

 

Fig.1 Typical wet olive mill waste in Berat, Albania.   

The moisture content of around 80% is related to the low calorific 

value of 1.46 MJ/kg, practically excludes the possibility of stand-

alone burning.   
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Table 2. Chemical properties of different biomass type 

Chemical Analysis Wood 

chips 

Straw Herbs 

Parameter Unit Typical Typical Typical 

Moisture Wr
 %. 20-60 7,7-23 10.5-21 

Ash Ad
 %  0.3-6 2-7 3.8-8 

Volatile 

matter  

hd % 70-85 75-81 74-82 

Calorific Value  MJ.kg-1 5.9-15.1 11.8-16.1 11.1-
15.2 

 

Fig. 2 Relation of calorific value and heat of combustion to 

moisture content 

The reason for that is, of course, the large amount of heat needed 

for the evaporation of moisture from the biomass before ignition 

and also the large amount of water vapor in the combustion gases 

that are released in this case. Both of these influence on the 

temperature reduction in the combustion chamber below the 

permissible limit, which is necessary to ensure continuous 

combustion. The influence of the moisture content on the calorific 

power for wet biomass is presented in Figure 2.  

At a moisture content of 55%, the calorific value is slightly above 

the limit of 6 MJ/kg, which can be estimated as the possible limit of 

the single burning of this biomass in the relevant energy 

technologies. From the graph, it is clear that with the decrease of 

water content, it is possible to obtain fuel with more calorific value, 

that is, better quality, regardless of the improvement of ignition and 

stability during its combustion process.  

When the moisture drops below 35%, the biomass will have a 

calorific value similar to lignite coal, but with the advantage that it 

releases less SO2 and ash residue. Fig. 3 shows the influence of 

moisture content on biomass for the theoretical flame temperature. 

Its calculation was carried out for excess amount of air α=1.3, for 

different preheating of air. From the figure it is clearly shown that it 

is not possible to use biomass with high humidity for combustion, 

because the flame temperature is too low. For temperatures up to 

600oC, flame ignition will most likely not occur. For slightly higher 

temperatures, up to 1000°C, the combustion would be very unstable 

and with a high CO content in the combustion gases.  

From the graph, it is clear that with the decrease in humidity, it is 

possible to obtain fuel with more calorific power, that is, better 

quality, regardless of the improvement of ignition and stability 

during combustion. When the humidity drops below 35%, the 

biomass will correspond a calorific value similar to lignite, but with 

the advantage that it releases less SO2 and ash residue. 

Only after decreasing the flame temperature to approximately 1100 

to 1200 oC, we can expect a stable combustion and almost perfect 

continuation of the burning mass. This adiabatic flame temperature 

corresponds to a moisture content of about 55%, which is consistent 

with experiences of burning wet fuels. The situation can be 

improved if we preheat the air to higher temperatures. Moisture 

content significantly affects the volume of combustion gases during 

biomass combustion. Figure 4 shows the dependence of the volume 

of combustion gases and water vapor in them, in relation to the 

water content of the biomass we are studying. Meanwhile, the 

volume of gases released during the burning of 1 kg of biomass 

decreases with increasing moisture, while the volume of water 

vapor in it increases. It is interesting to compare the volume of 

combustion gases for 1 MJ of calorific value. To achieve the 

required thermal power in the heat generator, it is important to add 

another amount of heat to the fuel. The quantity of this amount of 

heat depends on the efficiency of the heat generator, which varies 

slightly with the characteristics of the fuel, in this case the biomass. 

The relation of flue gas volume to water content if shown in Fig.4. 

 

 

Fig.3 Adiabatic temperature variation to moisture content and air 

temperature 

 

 

Fig.4 Volume of flue gases and water vapor to moisture content of 

biomass  

Having this into consideration comes out that heat generators which 

burn drier biomass will release less combustion gases, so this heat 

generator will be smaller than those that burn wetter biomass. The 

graph in Figure 5 is presented the variation of water vapor 

saturation temperature in flue gases to moisture content of wet 

biomass.  The excess amount of air is estimated α=1.3. 

 

 

 

 

 

 

 

 

 

Fig.5 Saturation temperature variation to moisture content of wet 

biomass.  
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Another important aspect related to the moisture content in the 

biomass is the influence on the dew point temperature of the 

combustion gases. The temperature of the dew point of the gases 

corresponds to the saturated state of the vapors, thus the beginning 

of the condensation of water vapor in the combustion gases. Its 

scale is proportional to the content of water vapor in the gases, that 

is, the moisture content of the fuel. This is mainly divided by the 

temperature of saturated water vapor that responds to the partial 

pressure, although its real value is greater due to the presence of 

solids, mainly SO2 gases in the combustion gases. In Figure 2 is 

shown the relationship between water vapor saturation temperature 

and biomass moisture (fuel), the actual dew point temperature 

would be 10 to 15 oC higher. Having into consideration that we do 

not want condensation on the end surface of the generator, we 

choose the temperature of the exhaust gases from the heat generator 

with a certain margin above the dew point temperature. From the 

above it follows that the cooling of the combustion gases and the 

use of heat in the dry biomass can be better than in the wetter 

biomass.  

The content of combustion gases and the amount of water vapor in 

them affects the change in dew point temperature and losses in the 

heat generator chimney. The heat losses in the chimney, or in other 

words the apparent heat losses of the combustion gases, are the 

most important losses in the generator and significantly determine 

its performance. The method of their calculation is not the same. In 

order to express this the relation (2) is used in this case, where: 

Zm- the mechanical losses from unburned mass; 

hgdj is the enthalpy of flue gasses during the temperature t0, and air 

excess α0, after the heat generator; 

hair- is the outdoor air enthalpy; 

 
n

airfg

t

fg

mO
Q

hh
ZZ




00 ,

1            (2) 

In Figure 6, is presented the relation between chimney losses to 

moisture content of the biomass. In order to estimate the other 

losses value is shown the relation with generator efficiency.  

 

Fig. 6 The relation between chimney losses, heat generator 

efficiency to moisture content of biomass  

From the graph above, it can be observed that for the same values of 

combustion gases and excess air, the efficiency of the generator 

progressively deteriorates with the increase of moisture content of 

the biomass product. The decline may reach several percent. The 

graph also shows the imaginary burning limit of biomass with 55% 

moisture content.   

3. Drying of wet biomass  

In order to utilize the wet biomass energetically it is necessary 

moisture must be removed before entering the heat generator. This 

can be achieved in two ways: 

 Mechanical drainage; 

 Drying, or the combination of these two methods.  

Mechanical drainage of biomass can be carried out in many ways. 

The most widespread of them is mechanical pressing and centrifuge 

applying the centrifugal force on it. From the literature review it is 

obtained that the use of quality biomass presses leads to a moisture 

content of about 65%. These devices are of course expensive and 

the removal of moisture is found energetically difficult. The main 

reason why this high-water content biomass cannot be drained 

further is that the water is bound in the cells, where it can be 

released after the destruction of their walls. The drying of biomass 

in convective dryers utilizing hot air or combustion gases from 

different processes represents the most widespread method in the 

drying industry today. During the production of sawdust "pellets" or 

"briquettes" with this method, pre-heating is performed before the 

pressing process. Hot air-drying method has the advantage that the 

air holds more water than the combustion gases which are saturated 

with vapors from the combustion process. On the other hand, it is 

necessary to heat the air for drying in a special combustion gas-air 

heat exchanger or in steam heaters, which complicates and increases 

the cost of this method. Most industrial drying applications use 

combustion gases.  

 

 Fig. 7 Principle of open convective dryer for wet biomass  

Drying of biomass with extraneous flue gases obtained by burning 

e.g. gas only for drying purposes is already well studied. Therefore, 

the attention will be focused primarily on convective drying with 

flue gases obtained by burning pre-heated biomass in a boiler that 

would produce steam for energy purposes. This variant corresponds 

to the common way of preparing fuel for combustion by drying its 

own flue gases in the so-called open circuit, where the dryer is 

integrated as part of the combustion equipment and partial or full 

flow of flue gas generated in the boiler by burning pre-heated 

biomass. The diagram is shown schematically in Fig. 7. The 

designation of the drying circuit as open means that the gases 

referred to as edges are removed from the dryer to the atmosphere 

and do not pass through the boiler. This has a favorable effect on 

the temperature in the hearth and the total volume of the generated 

flue gas will be smaller, however, the separation of the flight of 

solid fuel particles from the dryer must be addressed. The 

temperature of the drying biomass can be slightly high due to the 

high-water content in the material. It is important to observe the 

condition that the temperature of the drying medium behind the 

dryer (e.g. in the chimney) lies above the dew point temperature 

with a margin. The low temperature would lead to the condensation 

of water vapor on the cooler walls of the channels or in the 

chimney. In general, it can be said that the greater the drying and 

the smaller the flow of the drying medium, the higher the 

temperature will be needed after the drying process and also before 

the drying process. Experience with biomass drying shows that 

when drying to a moisture content lower than 30%, the temperature 

of the drying medium at the entrance to the dryer must be taken into 

account and chosen so that charring does not occur, i.e. partial 

gasification of biomass. If we were to answer the question of the 

drying temperature of raw wet biomass with the above-defined 

input moisture by the own flue gas, the following facts should be 

stated: 

  

Flue gases + H2O  
  

  

  
Boiler   

  
  

Dryer 
  

Wet biomass   
    

Dried biomass     

  
Flue gases    
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 The heat used in the boiler when burning wet biomass, 

regardless of their degree of drying, will be approximately 

constant and will depend only on the temperature of the flue 

gas behind the boiler or for dryness and excess air in the 

outgoing flue gas (relative to the minimum amount of 

combustion air). 

 The flue gas temperature after drying will be the same in all 

cases, because the flue gas after drying will always have a 

humidity determined by the moisture of the wet biomass used. 

The dew point temperature of the flue gas will therefore be 

unchanged.  

 A better drying scale will contribute to an increase in the 

temperature in the combustion chamber, which will 

simultaneously increase the temperature potential of the heat 

released in the boiler and thus improve the conditions for its 

use (smaller heat exchange surfaces for the same output), and 

also improve the conditions for ignition and burning of 

biomass in generally. 

 A higher degree of drying will require a larger amount of heat 

for drying, i.e. a higher temperature of the flue gas taken from 

the boiler to the dryer. With a high initial moisture content of 

the biomass and extensive drying, this temperature may 

exceed the technically acceptable limit from the point of view 

of the safe operation of the dryer. This problem can be 

partially solved by recirculating the cold flue gas taken after 

the dryer to its inlet. 

 

4. Conclusions  

The promotion of renewable energy in Albania in recent has known 

significant progress, which includes various initiatives from high 

penetration of solar photovoltaic system, high efficiency 

cogeneration, energy efficiency in building, etc. Nevertheless, the 

country remains a large consumer of biomass for heating purposes. 

More than 50% of the population is using wood as fuel to meet their 

demand in winter period. This has created very strong relations 

between the community and the forests. For many years forests 

have been the main source of firewood causing unlimited use and 

degradation in specific areas. Therefore, wet biomass properties 

such as moisture content influence on calorific value was 

investigated in this paper. The results obtained demonstrate a 

combustion limit up to 55% moisture content in biomass. Another 

interesting result was the variation of chimney losses and efficiency 

compared to moisture content on biomass. The results obtained 

show significant drop on combustion efficiency with the increase of 

water content in biomass. The topic might be developed further in 

specific types of biomasses with high interest for the Albanian rural 

communities, especially in wood burning regions such as Korça. 

Investigation of firewood properties in non-conventional technology 

might be of great interest considering the energy efficiency of 

combustion techniques and environmental impact in this region 

where the intensity of biomass burning is very high. However, this 

issue might be the task for another study in near future.  
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Abstract: This paper presents experimental investigations using a vibration method by impulse excitation of free flexural oscillations of 

composite beams. The purpose of the study is to establish the sensitivity of the method and technique used for defect detection and 

localization. To realize the objective, rectangular groove type defects were simulated at different distances and depths. The influence of the 

location and depth of the artificial cracks on the dynamic properties of the beams was investigated. The resonance frequencies were 

determined by frequency analysis. A decrease in the resonant frequencies of the flexural oscillations is observed. The experiments conducted 

show a change in the dynamic characteristics of the beam depending on the dimensions and location of the defects.  

Keywords: IMPULSE EXCITATION, FREE FLEXURAL OSCILLATIONS, COMPOSITE BEAMS, RECTANGULAR GROOVE TYPE 

DEFECTS, FREQUENCY ANALYSIS   

 

1. Introduction 

The frequency method is one of the most common methods for 

detecting delamination and cracks in composite structures by 

determining the modal shapes and natural frequencies of the 

structures [1.2.3, 4]. Frequency analysis of composite materials with 

defects has been developed by researchers [7,8, 9,10] who 

concluded that the natural frequency of the beam changes in the 

presence of a defect. Experimental and simulation studies to 

determine the frequency characteristics and dynamic behavior of 

composites are published [10,11,12]. The effects of fiber 

orientation, fiber types, measurement methods, and matrix materials 

on the dynamic properties of composites were investigated in 

[6,12].  Frequency analysis of composite plates were conducted by 

[10,12,13].  

From the literature studied, it is seen that a reliable indicator for 

the detection of defects or damage obtained in service is the change 

in resonant frequencies. However, unlike modal shape based 

methods, identification of the location of the damage is not easily 

achieved when using frequency measurements.  Many authors have 

also studied different types of cracks  [ 13,14]. Important factors 

influencing fracture behavior and mechanisms are fracture depth 

and length [2,15].  

Pulsed free oscillation excitation is a popular technique for 

diagnosis of various materials.   The earliest research on the subject 

analysed fundamental frequencies; however, due to measurement 

errors and noise, natural frequencies in such mode shapes are not 

sensitive to structural damage [4, 9]. Other approaches have been 

developed to detect and monitor cracks and damage in various 

structures – for example, crack growth detection by ultrasonic 

methods [16].  

The presence of a defect leads to a local reduction in the 

stiffness of the structures, resulting in changes in the dynamic 

properties, alteration of the natural frequencies, modal shapes and 

an increase in the damping decrement. 

 In this work, the applicability of free-bending oscillation 

methods for the identification of rectangular channel type cracks is 

investigated. The parameter used to identify the cracks is the natural 

frequency.  The influence of the location and depth of artificial 

cracks on the dynamic characteristics of composite beams is 

investigated. 

2.  Materials and Experimental Procedures  

2.1 Materials  

A sheet of epoxy fiberglass with a thickness of five millimeters 

was selected for the study. The plate was fabricated by hot pressing 

layers of glass fabric impregnated with thermosetting phenolic and 

epoxy resins.  A sufficient number of beam-type specimens were 

cut from the composite slab with dimensions L=0.25m length, 

b=0.025m width and h=0.005m thickness.  The threads of the glass 

fabric are parallel and respectively perpendicular to the x-axis 

/fig.1/. 

 

Fig. 1. Specimen with an artificial rectangular channel type crack 

 

To establish the sensitivity of the pulsed excitation vibration 

method for defect detection, rectangular groove type defects were 

simulated at different distances from the edge of the specimens (xi), 

namely on 0.1L and 0.2L. The dimensionless parameter is used 

when presenting the results хi /L, The slits are transverse, arranged 

perpendicular to the stacked layers of glass fabric. The simulated 

rectangular channels have different depths a=0.2 h and a=0.4 h,. A 

schematic of the specimens with the artificial defects is given in 

Fig. 1. A sufficient number of specimens were made and examined 

to investigate the location of the artificial defects at a fixed defect 

depth.   

2.2 Free Vibration Impact Test   

According to the Euler-Bernoulli theory, in flexural transverse 

vibrations of a beam of constant cross section and thickness, there 

are innumerable many natural frequencies, which are determined by 

the dependence: 

𝜔𝑛 =
𝜋2𝑛2

𝑙2
 
𝐸𝐽𝑦  (𝑧)

𝜌𝐴
 

Where A is the cross section of the beam, Jy(z)  is the moment of 

inertia, a characteristic of the cross section, ρ- the density of the 

material, E is the modulus of elasticity of the composite material. 

For n=1,2,3,4… the natural frequencies depend on the initial 

conditions, i.e. the way the oscillations are excited, as well as on the 

boundary conditions.  At n = 1 the beam bends one half wave, at n = 

2 there are 2 half waves and so on. The forms of bending 

oscillations of a beam with free ends are shown in Fig. 2. 

 

 

Fig. 2. Shapes of bending oscillations of a beam with free ends 
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For the fundamental frequency realization at first mode ( n=1), 

the fixed points are at a distance of 0.224 from the ends of the 

beam. Initially, the fundamental resonant frequency (n = 1) was 

calculated by the relation: 

𝑓 =  
𝜋2𝐽𝑦  𝐸 

4.𝜌.𝐴. 𝑙4
 

The area of cross-section A is 1,25.10-4 m2. The moment of 

inertia is Jy=2,60417-10 m4 . The density is  ρ = 1820 kg/m3, and the 

modulus of elasticity Е is 20.109  Pa 

 

Fig.3. Schematic of experimental setup for the free vibration impact test 

 

A pulse excitation in the middle of the specimen was used to 

excite transverse bending oscillations in the specimen using a 

rubber mallet. A Superlux ECM-999 type microphone located at the 

top of the specimen was used to record the mechanical oscillations. 

A computer, PC USB 16-bit two-channel sound card 20~20kHz , 

data logger -Real Time Acoustic Analyzer is used for registration, 

recording and subsequent signal processing. 

The beam was suspended horizontally on elastic rubber strands 

at two points located at a distance of 0.224 of the length from each 

end, which are the nodal points for the first mode of flexural 

oscillations. 

To realize "out of plane" bending, in which the direction of 

displacement is perpendicular to the large plane of the specimen, 

the diagram in fig. 4а. To excite in-plane oscillations, the scheme 

given in Figure 4b is used. The microphone is placed close to the 

specimen above the anti-node point. The specimen is lightly struck 

in the centre of the specimen. The test is recorded and repeated five 

times. Five readings of the resonant frequency shall be recorded and 

the average value taken.    

          

a   b 

Fig.4. Schematic representation of the beam attachment under excitation 

of free flexural vibration. a: out of plane flexure; b: in-plane flexure; 1 - 

impulse point; 2 - microphone point  

3.  Results and discussion 

The test procedure was repeated for different beams made of the 

same material and geometry, but with different notch locations. The 

signal obtained from the defective and nondefective beams are 

compared both in time and spectrum. The natural frequencies and 

their corresponding amplitudes for the excited first mode of the 

bending oscillations were obtained. 

In Fig. 5 initial results are given for the study of beams bending 

oscillations out of plane for healthy beams and beams with a defect 

at distance x=0.1 L. It can be noticed that the presence of a defect 

leads to a decrease in the natural frequencies of the beams, but this 

change is negligible. 

The offset of the resonant frequency in the presence of a defect 

is noted by the parameter ∆f: 

∆f =
f1,о−f1,d

f1,o
 

Where f1,о  is the first natural frequency of a healthy beam 

under excitation of flexural oscillations, and f1,d   is the natural 

frequency of a beam with a crack. 

 

Fig.5. Initial results of the experimental modal analysis of a 

composite beam with a rectangular channel type crack located at a 

distance x=0.1 L from the beam origin. /Out of plane vibrations/ 

From the results given in Table 1, columns 5 , 6 and 7 , 8 

respectively, the effect of defects on the values of resonant 

frequencies of out of plane oscillations and in plane oscillations 

respectively is observed.  

 

Table 1: Table 1. Results of the experiments for out of plane  and in-plane 

flexure  

 

N 

 
Description 

 
x/L 

 
a/h 

1st mode 

Natural 

frequency, 

Hz 

 
∆f,% 

1st mode 

Natural 

frequency, 

Hz 

 
∆f,% 

 Out of plane 

flexure 

In plane flexure 

1 Undamaged 

beam 

0 0 302.33 0 1443 0 

2 defect 0,1 L 

to the left 

0.1 0.2 301.67 -0.2 1440.8 -0.15 

3 defect at 0,1 

L to the left 

0.1 0.4 301.45 -0.3 1447 -0.98 

5 without 

defect 

0 0 304.688 
 

0 1426.7 0 

6 defect 0,2 L 
to the left 

0.2 0.2 301.44 -1.1 1422.5 -0.28 

7 defect 0,2 L 

to the left 

0.2 0.4 299.67 -1.7 1420.7 -0.41 

 

 

Fast Fourier Transform of the vibration signals for undamaged beams a 

damaged with notches 

Fig.6. x=0.1L with depths 

a=0.2h,a=0.4h 

Fig.7. x=0.2L with depths 

a=0.2h,a=0.4h 

 

For out of plane oscillations, as the distance to the defect 

increases, i.e., as the parameter x/L is varied by 0.1 and 0.2 for 

Undamaged beam 

Crack at 25 mm, a=1 mm 

Crack at 25 mm, a=2 mm 
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crack depth a=0.2h, a relative decrease in natural frequency by 

0.2% and 1.1%, respectively, is observed. When increasing the 

depth a= 0.4h, the resonant frequency is reduced to 1.7% . The 

Fourier spectra of the signals from the investigated beams are given 

in Figure 6 and Figure 7. 

Changes of resonance frequencies in in-plane vibrations in the 

presence of defects are less than 1% and therefore are not presented 

graphically. In the process, it was found that the suspension location 

of the specimens had no noticeable effect due to the large difference 

between the elastic moduli of the specimens and the suspension 

strands being on the order of 20.103. 

3. Conclusion 

In this work, the capabilities of the vibration method and the 

available technique implementation of the method for the 

identification of defects in epoxy fiberglass composite beams have 

been investigated and verified. The influence of the ratio of the 

location of the notches to the length of the beam, as well as the ratio 

of the splitting of the crack to the thickness of the beam has been 

investigated. The results show a variation of the dynamic 

characteristics of the composite beams depending on the dimensions 

and location of the defects.   

Further research is to be carried out to quantify the defect 

location and the variation of resonance frequencies; and to 

investigate other types of defects; the anisotropy caused by the 

location of glass layers in composite beams. 

The results obtained do not give any real possibilities for direct 

practical application of the methodology used. For practical 

application and realization it is necessary to investigate and 

systematize the influence of defects on the dynamic properties of 

beams under excitation of different modes of oscillations. 
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Abstract: In the study, experimental studies were made to obtain quantitative values for dynamic modulus of longitudinal deformations of 

polymer concrete composite. It will be used for structural material for bodies and hulls. A standardized test method ASTM E1876-09 was 

used. 
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1. Introduction 

 Dynamic loads cause dynamic deformations in the housing 

elements of machines and equipment, caused by mechanical 

oscillations with certain frequencies and amplitudes. These 

deformations directly affect the working accuracy of the production 

equipment. To increase static and dynamic stability minimization of 

deformations at the machine designing phase, through the correct 

sizing and optimization of the relevant elements has been required 

[1]. 

 Global trend recently is the replacement of gray cast iron as a 

construction material (in part of engineering production) with 

polymer concrete composites. The application of polymer concrete 

composites in the production of bodies is particularly relevant. 

Usage of polymer concrete composite materials is becoming a way 

to solve difficult and multifaceted tasks related to dynamic impacts 

[4]. 

Polymer concrete composites are alternative, non-metallic, 

viscoelastic, quasi-isotropic structural materials. They have 

satisfying strength-deformation parameters, according to the 

requirements for construction material and very good damping 

properties [2, 3]. 

     The research and practical implementation of these construction 

materials and effective technologies is a modern trend for 

engineering production, both globally and for our country. 

Therefore the purpose of the present study is: Conducting a study to 

determine the dynamic modulus of linear deformations caused by 

longitudinal vibrations during  hardening of polymer concrete 

mixture, using experimental modal analysis. 

2. Methodology of the experiment 

The procedure for determining a basic longitudinal resonance 

frequency, according to the standard ASTM E1876-09 [5]: 

 Support the specimen at the midpoint of its length and width 

(fig1), or brace the specimen at its mid length, the fundamental 

longitudinal nodal position. 

 Locate the detecting transducer at the center of one of the 

end faces of the specimen. 

 Strike the end face of the specimen opposite to the face 

where the transducer is located. 

 Record the resultant reading, and repeat the test, until five 

consecutive readings are obtained that lie within 1 % of each other. 

Use the average of these five readings to determine the fundamental 

longitudinal resonant frequency. 

 

Fig.1 Rectangular Specimen Tested for Longitudinal Vibration 

For the fundamental longitudinal frequency of a slender bar 

with rectangular cross-section: 

2

2
16 l
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               ( 1 ) 

where: 

fl = fundamental longitudinal frequency of bar, Hz 

K = correction factor for the fundamental longitudinal 

mode: 
2 2 2

2
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             ( 2 ) 

 where:  

μ = Poisson’s ratio 
2 2

2 2
3

e

b t
D


           ( 3 ) 

where: 

b = the width of the rectangular cross-section, mm 

t = the thickness of the rectangular cross-section, mm 

 

3. Experimental results 

      The experimental samples have shape of a rectangular 

parallelepiped (beam type) with dimensions of 30x30x370 mm, in 

accordance to standardization norms. 

3 samples were cast to minimize random errors. (fig 2.) 
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Fig. 2. Casted samples. 

 

The experimental setup for determining the dynamic 

modulus E is shown in Fig. 3. 

 

 
Fig. 3. Experimental setup 

 

The obtained experimental results for values of the modules 

of the linear deformations of the experimental polymer concrete 

composition by days after the calculations are presented in table 1. 

Values for the fundamental longitudinal frequencies were 

determined from the frequency spectra obtained during pulsed 

excitation of the experimental samples, Fig. 5 - 9. 

 
Table 1:  Experimental results for the modules  

№ 
f l  

[Hz]

L

[m]

E 

[Pa]

1 4210 0.37 1.88E+10

2 4204 0.37 1.87E+10

3 4204 0.37 1.87E+10

1 4191 0.37 1.86E+10

2 4196 0.37 1.86E+10

3 4183 0.37 1.85E+10

1 4245 0.37 1.91E+10

2 4247 0.37 1.91E+10

3 4245 0.37 1.91E+10

1 4253 0.37 1.91E+10

2 4237 0.37 1.90E+10

3 4274 0.37 1.93E+10

1 4247 0.37 1.91E+10

2 4242 0.37 1.90E+10

3 4252 0.37 1.91E+10

Day 5

Day 7

Day 13

Day 18

Day 21

 
 

 

 

 

 

The percentage change between the maximum and 

minimum value of the module is determined. The results are 

presented in Table 2. 

 

 
Table 2: Change of the modulus 

4.1 4.2 4.3

Day 5 1.88E+10 1.87E+10 1.87E+10

Day 7 1.86E+10 1.86E+10 1.85E+10

Day 13 1.91E+10 1.91E+10 1.91E+10

Day 18 1.91E+10 1.90E+10 1.93E+10

Day 21 1.91E+10 1.90E+10 1.91E+10

3.0% 2.5% 4.4%
Delta

3.28%  
 

The obtained results are presented graphically in fig.4 

 

Fig. 4. Dynamic modulus 

 
Fig. 5. Frequency spectrum (sample 1,day 5) 

 

1,84E+10

1,85E+10

1,86E+10

1,87E+10

1,88E+10

1,89E+10

1,90E+10

1,91E+10

1,92E+10

1,93E+10

1,94E+10

Day 5 Day 7 Day 13 Day 18 Day 21

E 
[P

a]

4.1

4.2

4.3
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Fig. 6. Frequency spectrum (sample 1, day 7) 

 

 
Fig.7. Frequency spectrum (sample 1, day 13) 

 

Fig. 8. Frequency spectrum (sample 1, day 18) 

 
Fig. 9. Frequency spectrum (sample 1,day 21) 

 

 

 

 

 

 

 

 

 

 

 

4. Analysis of the obtained results  

An analysis of the results obtained for the dynamic modulus of 

linear deformations from longitudinal vibrations was made and the 
following conclusions are drawn: 

 Change is between 2.5% ÷ 4.4%. 

 The possibilities of obtaining reliable information about the 

modules for this type of composites with the proposed methodology 

and measuring equipment are real and adequate 

 When determining the dynamic modulus, the fundamental 

longitudinal frequencies of the examined samples were taken into 

account from their frequency spectrum. 
 

As a conclusion from the conducted experiments, it is necessary 

to conclude that during the hardening of the polymer concrete 

mixture, the modulus remains significantly constant. Its average 

variation is 3.28%, which can be assumed to be a measurement 
error. 
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1. Introduction 

When preparing state of art or benchmark, R&D research, 

review of industry, etc. is useful to know the behavior of people 

searching in internet on key words. This information formed as 

statistics may give the researcher, regardless of which field the 

research is done – science, industry, bench marker, etc. information 

on trends in the researched field. 

The development needs of Research opportunities to improve 

the quality of welding technologies through real-time process 

analysis require a better understanding of the needs of all users of 

welding - welders, manufacturers and dealers of welding equipment 

and consumables, an industry in which welding is applied, etc. This 

information can be obtained through various methods – 

questionnaires, official statistics, catalogues, official financial 

reports, industry reports, national level reports. This information is 

based on what is offered and agreed upon by manufacturers, 

companies and laboratories, but does not include the needs of users. 

User needs can be monitored by their queries. The behavior of 

people on the Internet, and more precisely their searches, can give 

us insight into the needs of welding users. 

The free tool Google trends[1] is used to study people's internet 

search behavior. This tool provides keyword search statistics for 

specific time periods. The information is presented in graphs. The 

number of searches is given in absolute values, where 100 is the 

maximum value of the searched keyword or keywords for the 

period, and the remaining values are proportional to the maximum 

value. With this tool we can compare up to 5 keywords at once. The 

downside is that the values are relative and we cannot see the actual 

number of each search. 

2. Search results of the most popular welding 

positions keywords 

For the needs of the research are reviewed several keywords 

which are the most common and most used welding positions, their 

codes are specified in ISO 6947[2] and AWS A3.0[3] standards. 

Compliance between welding positions according to ISO 6947 and 

AWS A3.0 standards is shown on Fig. 1[4]. 

 

Fig. 1 Compliance between welding positions according to ISO 6947 and 

AWS A3.0 standards 4. 

 

The research is done for welding positions PA, PB, PC, PD, PE, 

PF and PG according to ISO 6947 standard and 1G, 2G, 3G, 4G, 

2F, 3F and 4F according to AWS A3.0 standard. 

On Fig. 2 is shown the comparison of searches between the 

welding positions PA, PB, PC, PD and PE for the period of two 

years (from 01.01.2020 to 31.12.2021) for the whole world. Each 

point of the graphic shows the distribution as proportional values of 

each searched keyword by weeks. The mean distribution is given in 

next to the graphic. By pointing to the graphic is shown the 

distribution for the ween 20-26.06.2021. 

 

Fig. 2 Comparison of searches between welding positions PA, PB, PC, PD 

and PE for the period of two years1. 

 

On Fig. 3 is shown the comparison of searches between the 

welding positions PA, PF and PF for the period of two years (from 

01.01.2020 to 31.12.2021) for the whole world. Each point of the 

graphic shows the distribution as proportional values of each 

searched keyword by weeks. The mean distribution is given in next 

to the graphic. 

 

Fig. 3 Comparison of searches between welding positions PA, PF and PG 

for the period of two years1. 

 

On Fig. 4 is shown the comparison of searches between the 

welding positions 1G, 2G, 3G and 4G for the period of two years 

(from 01.01.2020 to 31.12.2021) for the whole world. Each point of 

the graphic shows the distribution as proportional values of each 

searched keyword by weeks. The mean distribution is given in next 

to the graphic. 
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Fig. 4 Comparison of searches between welding positions 1G, 2G, 3G and 
4G for the period of two years1. 

 

On Fig. 5 is shown the comparison of searches between the 

welding positions 2F, 3F and 4F for the period of two years (from 

01.01.2020 to 31.12.2021) for the whole world. Each point of the 

graphic shows the distribution as proportional values of each 

searched keyword by weeks. The mean distribution is given in next 

to the graphic. 

 

Fig. 5 Comparison of searches between welding positions 2F, 3F and 4F for 
the period of two years1. 

 

On Fig. 6 is shown the comparison of searches between the 

welding positions PA, 2F and 3G for the period of two years (from 

01.01.2020 to 31.12.2021) for the whole world. Each point of the 

graphic shows the distribution as proportional values of each 

searched keyword by weeks. The mean distribution is given in next 

to the graphic. This comparison is made for the purpose of finding 

correlation between ISO 6947 and AWS A3.0 standards welding 

positions. 

 

Fig. 6 Comparison of searches between welding positions PA, 2F and 3G for 

the period of two years1. 

3. Conclusions 

For the needs of Research possibilities for improving quality of 

welding technologies through real time processes is made analysis 

on searches with Google trends on the most popular welding 

positions for the period of two years. The results are given in 

graphical view and can be downloaded as .cvs file. The values are 

proportional to the most popular search value of the searches in the 

period. Comparison is made for welding positions defined in ISO 

6947 and AWS A3.0 standards. 

The review shows that the most popular key word as defined in 

ISO 6947 standard is related to welding position PA. 

The review shows that the most popular key words as defined in 

AWS A3.0 standard are related to welding position 2F and 3G. 

The review shows that the most popular key words related to 

welding position is defined by ISO 6947 standard. 
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Introduction  

The management of the ship’s hull condition is always among 

the most important activities related to marine transport because 

hull management, if properly done, will guarantee trustful and long-

time marine vessel exploitation.  In general, the hull inspection of 

the large marine vessels for material wear, cracks, corrosion, or 

other structural damage aims to guarantee that the ship corresponds 

to the growing safety standards. 

Other critical operation in the marine cargo transportation is 

the accurate planning and preparation of the cargo hold for the 

specifics of the next load. If the cargo hold is not properly cleaned 

can lead to complains for contamination of the transported goods 

and to charter contact dispute.  

 

Expose  

It is known, that there are international shipping standards that 

are applied during the exploitation of the marine cargo vessels. 

These standards require regular inspections and assessment of the 

ship’s hull with aim to be guaranteed a safe and reliable exploitation 

of the vessel.   Among the inspections are:  intermediate „Bottom 

survey afloat“  of ships in exploitation, „Clouse up Survey“ of 

ballast tanks  and tankers etc.. The inspection of the ship’s hull is 

done based on scheduled period of time (normally 3 to 5 years) by 

certified inspectors from the so-called classification organisations.  

When „Bottom survey afloat“  of ship in exploitation is 

performed it replaces the assessment for recovery of the ship’s 

classification, or intermediate assessment, when the vessel must be 

stopped of exploitation and placed inside a dry dock for easy access 

to the hull structure. Because of this, at certain conditions the 

classification organisations allow the performance of  „Bottom 

survey afloat“. The most important condition for this type of 

inspection is that during the building of a new ship, or during its 

repairmen to be fulfilled the necessary requirements (equal for the 

different classification organisations) for underwater hull 

assessment. In general, the underwater assessment is done under the 

supervision of inspector from classification organisation and is 

documented in electronic form, that later can be used for further 

assessments.   

The inspection type „Clouse up Survey“ of ballast tanks 

and tankers is done at ships with с DW + 30 000, which ballast 

tanks have dimensions that require building of scaffolding in a 

closed space, that on other hand is very difficult and risky work.   

During the assessment a registered of the condition of the 

following is made: 

 The “frames” – these are the frame rims, situated between 

the external liner the longitudinal partition and along the hight of 

the double bottom of the main deck. The “frames” are taking the 

main load of the hull work in open sea and can have plastic 

deformation and material wear that can lead to lack of stability. This 

makes them the major object of assessment;  

 The longitudinal rims – along the longitudinal liner and 

the outer board that are deformed and lack of stability as well as in 

the places with deformation in the “frames”, but in the wear of the 

metal in combination with overall bending of the hull during transit.  

The inspection „Clouse up Survey“ of the longitudinal 

liners at the area of the central cargo tanks is performed with 

balancing the tank and with observation for deformations.  

Many research organisations and companies that work in 

the field of marine technologies are working on different remotely 

controlled and autonomous systems for hull inspection and 

observation. Only a few of them had reached acceptable for 

commercialisation results. The apparatus HullBUG, ( Fig.1) 

developed by   

 

  
Fig.1 

 

 

SeaRobotics and funded by U.S. Navy Office is among 

them [1]. The apparatus HullBUG is an underwater robot for 

traveling along the hull and execution of sensors based inspection as 

part of the maintenance and is expired by the biotechnologies in the 

form of small autonomous vehicle with weight of 30 – 40 kg..  The 

robot uses 4 wheels and connects to the hull by device for negative 

pressure that creates vortex between the robot and the hull. The 

apparatus HullBUG travels along the hull and performs 

maintenance in form of cleaning the fouling film.  A sensors’ 

control is responsible for the obstacles avoiding. The same control 

is responsible for the path planning during the cleaning process. The 

robot is searching the hull for fouling using a sensor type “flora 

meter”. When a bio film is found the robot is harvesting and 

cleaning the hull with rotor brushes and water jets [1]. According 

the robot manufacturer, if HullBUG is introduces into practice it 

can result in 5% fuel economy through proactive maintenance of the 

hull surface, which on other hand will lead to over 15 bilian USD 

savings per year for the ship owners and charterers as well as 

reduction of almost 1 billion tons of the greenhouse gases generated 

by the marine vessels.   

There are other similar developments. Among them is 

KeelCrab  [1]. This is semiautomatic robot equipped with high 

resolution camera (Figг.2). 

 
Fig.2 

 

The robot is a cable controlled and gives a live video 

feedback to the control room. Its control is not limited to 

observation of the hull roughness. It also makes assessment of the 

metal for presence of cracks, corrosion or other structural damage.   
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In general – all explained above operations for ship’s hull 

inspection are very expensive, laborious and dangerous for the 

inspectors of the classification organisations.  

Bulk cargo transport is taking a significant part of the 

overall marine goods transportation and is estimated to be between 

15% and 17% of the world’s cargo fleet. The transportation of bulk 

goods requires precise planning and preparation of the ship with 

respect to the requirements for the quality of the cargo and also with 

aim to overcome possible delays and reclamations. 

Among the most critical elements of the cargo load 

preparation is the cleaning of the cargo hold. The efficiency of a 

bulk carrier to a large extend depends on the its cargo holds and the 

volume of cargo that the ship is capable to carry. The whole 

operation that includes load, transport and unload of the cargo is a 

complex procedure that require accurate preparation of which a key 

point is the cargo holds cleaning. Despite the racing with time, the 

cleaning cannot be underestimated as it could directly affect the 

whole operation.  

According the regulations for a safe cargo the cleaning of 

the bulkers is not a simple task and the ship owners have to take 

into account the necessary equipment, documentation and staff 

training to ensure that the cargo holds are properly cleaned after 

each unload and prepared for the next loading.  

The bulk carriers’ ships cargo holds cleaning methods 

remained unchanged from decades (Fig. 3).  

 
Fig.3 

 

The cleaning is performed manually by the crew members 

with the use of strong alkaloid and acidic chemicals, scraping and 

brushing tools and water with high pressure.  Each year the world’s 

ocean is contaminated by 300 000 tones of chemicals as a result of 

these cleanings. The automation and robotisation of the cargo hold 

cleaning will not only lead to increase of the cleaning quality, but 

will also significantly reduce the time for these operations and the 

number of polluters released as a result of it to the environment. A 

robotisation will lead to general optimisation of the cargo hold 

cleaning process.  

Currently only two commercially available robotic 

systems for cargo hold cleaning are present in the practice. Those 

are CLIIN of the Danish company CLIIN Robotics [5] (Fig.4) and 

 

  
                                   Fig.4                                   Fig. 5 

VERTIDRIVE M8 (Fig.5) of the Nederland’s company VERTIDRIVE [6]. Both systems are based on magnetic attraction to the ship’s hull 

and can perform cleaning using water and air jets as well as different cleaning chemicals. They are not equipped with systems for observation 

and assessment of the hull condition.   

 

Conclusion  

In conclusion, regarding the ship’s hull management that 

include inspection, assessment and cleaning can be said that all 

procedures related to this process are quite laborious and require 

significant time for realisation.  Additional difficulty is the necessity 

scuba divers to observe the hull condition under the water line of 

the ship. In most of the cases the scuba diver is able to perform only 

visual inspection of the hull. When the inspection is done in the 

cargo holds of the ship, then it requires the building of scaffolders. 

The standard hight of a cargo hold is between 15 to 20 meters. To 

rise a scaffolder with such dimensions requires several days of work 

and just after that the inspectors can start the inspection. All this 

time (assembly of scaffolder, inspection and disassembly of the 

scaffolder) the ship is on a dock and not operational leading to 

significant loss of profit for its owners and charterers. All this 

makes the investments in inspection very [2,3]. 

From the written above is clear that it is necessary to be 

designed and developed an efficient robotic system for external and 

internal ship hull’s inspection and cleaning. Such a system must be 

able to perform its duty even when the ship is in transit without the 

necessity the ship to be on standby, or even placed on a dry dock 

and scaffolders to be assembled in and outside the cargo holds.  

Thanking into account the future plans for fully autonomous ships, 

that is claimed to be the new marine transport, the robotisation of 

the hull management will play a crucial role.    
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Robotic system for inspection and cleaning of ship’s hull  
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Introduction 

The biggest advantage of using robots for inspection and 

cleaning of ship’s hull is in the significant reduction of working 

time and the cost of the inspection procedures of the cargo holds 

and ship’s deck.   

This process has also its challenges. Among the most 

critical of them is the influence of the gravity, which contra-act to 

the attraction force between the robot and the hull making it weaker. 

Just a small uneven, or rust on the ferromagnetic surface, or even 

welding can cause the robot to loos attraction and drop down. The 

many cases of robots dropping down from the hull are currently the 

main barrier for the successful commercialisation of the hull 

inspection and cleaning robots. 

Another challenge to the robots is the duration of work that 

is related to the battery capacity and the dependence from the 

environmental temperature. In order to extend the working time an 

option is the robot to be powered directly by the ship’s generator. 

This on other hand cause and other problem provoked by the 

variation of the generated voltage and current frequency and the 

weight of the cables that the robot must pull. If the attraction force 

between the robot and the hull is based on electromagnets, those 

variations of the power supply can lead to dropping down.     

 

Expose  

From the mentioned above is clear that there is a need for 

development of effective robotic system for external and internal 

ship’s hull inspection and cleaning able to act also while the ship is 

in transit without the necessity the ship to be on a dry dock, or in the 

cargo hold to be assembled a scaffolder.   

In many of the cases the problem with the weak contact 

between the robots and the hull’s surface is solved by the use of 

more powerful magnets and additional support kinematics. 

According the published by the authors [2], the suspension system 

of the robots consists mainly of a couple of magnetic tracks moved 

by motor-gearbox and clutch in appropriate mechanical interface 

(Fig.1). The magnets are accommodated in special beds forming the 

links of a chain.    

 

  
Fig.1 

Such a robot, with the name MARC: Magnetic Autonomous Robotic Crawler [2] is described in the literature (Fig. 2).  

  
Fig. 2 
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The MARC robot weight relatively 50 kg and is powered by 

a battery. MARC can operate only in the cargo hold and is not 

capable to inspect the hull from outside and under the water line. 

The magnetic tracks are selected as a passive system for attraction 

with a minimal contact zone to the ferromagnetic surface. For 

generation of attraction force are used neodym magnets. These 

magnets known as NdFeB, NIB, or Neo magnets are recently the 

most used rear earth magnets. They are permanent magnets made of 

alloy that content Neodymium, Iron and Boron to the formation of 

Nd2Fe14B tetragonal crystal structure. In the case of MARC, the 

used magnets are characterised with dimensions 40x22x9 mm and 

20 kg attraction force. The traction and suspension consist of 

aluminium frame to chich are attached the motor-gearboxes and the 

magnetic tracks. The magnetic elements of the tracks are covered 

with anti-sliding material aiming to increase the friction factor 

between the hull and the tracks respectively the attraction factor. 

The MARC robot has a pair of small wheels at the rear for a bigger 

stability while going up vertically and to avoid the risk of 

overturning.  

The analysis of the existing magnetic tracks-based systems 

for ship’s hull inspection shows that, in every one of them the 

suspension system of the tracks is based on the analogy to the 

conventional tracked machines that are compressed to the surface 

by the gravity. Most of the support track’s wheels are positioned on 

the side of the track that is in contact with the hull, but during work, 

when the crack is in contact with the hull, the gravitational force 

and the weight of the robot will attempt to peel it off the surface to 

which it is attacked. This makes the track to “escape” from the 

support wheels. Other significant disadvantage of the currently 

existing robotic systems on magnetic tracks for inspection and 

maintenance of ship’s hulls is the overall geometrical shape of their 

tracks that does not allow effective use of all magnets.  From the 

existing references [1,2,3,4] is clear that the robots contact to the 

hull with not more than ¼ of their magnets. This approach requires 

the use of more powerful magnets, which on other side increase the 

overall weight of the robotc system and decrease its efficiency.  

The proposed in the article robotic system for inspection 

and cleaning of ship’s hull (having intellectual property protection 

as Utility model [8]) overcomes most of the mentioned above 

disadvantages.  

The main elements of the system are as follows: robot for 

physical transition and performance of apparatus and sensor-based 

inspection and cleaning by water and air jets relevant to 67201 B1 

robotic system for inspection of ship’s hulls [7]; Control system 

including remote control.  

 
Fig. 3 

 

On Fig. 3 is shown general view of the robotic system 1 for 

inspection and cleaning of ship’s hull and its orientation in three-

dimensional space while transferring from oner geometrical plane A 

to another geometrical plane B.   

The robot 1 is manoeuvring along the hull of the ship 

through a pair of magnetic tracks 2 coupled with motor-gears and 

four magnets with variable focus 3, each of them having a contact 

roller 4 (Fig.4) that are mounted out of the hermitized zone of the 

robot’s body. In this configuration the attraction force of the robot 

guarantees manoeuvrability along all ferromagnetic surfaces of the 

ship’s hull.     

 
Fig.4 

The magnetic tracks 2 are mounted on a pair of chain 

wheels without additional support and stabilising wheels in the 

suspension system.   

The essence of the development is in the way the robot 1 

maneuverer over the surface of the ship’s hull and transfers from 

one surface to another.  On Fig 5. Is shown the orientation of the 

magnet with variable focus 3 during normal transition of the robot 1 

along the surface A of the ship’s hull.   

 

  
Fig.5 

 

During the transfer of the robot 1 from surface A to surface 

B, as a result of the transaction of the robot 1 towards the surface B 

the roller 4 makes a contact with surface B and rotates the magnet 
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with variable focus 3 around its centre of rotation changing its 

magnetic focus from surface A to surface B. Through the change of 

the magnetic focus of the magnet 3 is change the balance of the 

attraction forces of the robot 1 towards surface A that allows it to 

make transfer towards surface B. If we accept that the magnet with 

variable focus 3 does not exist in the suspension system of the robot 

1, then during the transition of track 2 over the surface A and 

reaching a contact with surface B the attraction forces will become 

equal with the transition force and the robot 1 will not be able to 

peel of surface A and move over surface B.  The aim of the magnet 

with variable focus 3 is to change the direction of the transition 

force in a way that will allow the magnetic track 2 to peel of the 

surface A without the robot 1 to lose the overall attraction force to 

the ship’s hull. Developed in this way the necessary attraction force 

between the robot and the ferromagnetic surface gives it ability to 

overcome different in size and shape obstacles as well as to climb 

the walls of the ship’s cargo hold and the hull.   

Two prototypes of the presented system are manufactured 

that are currently in process of assessment, evaluation and 

optimisation.  

 

Conclusion 

 

  The presented in the article robotic system allows 

performance of external and internal ship’s hull inspection and 

cleaning while the ship is in transition without the necessity the 

vessel to be placed in a dry dock, or in its cargo holds to be build 

scaffolder. Building a scaffolder is not only very human resources 

and time consuming, but with high level of risk for the crew.  Our 

robot reduces significantly the time for hull management and at the 

same time its use leads to significant budget cuts. A secondary, but 

again very important benefit is the increased safety of the crew.  

The robot performs the necessary inspections according the 

rules and regulations in the marine transport. The robotic system for 

servicing ship’s hulls fulfils in full the necessity of qualitative and 

objective assessment of the hull surface and structural condition 

during certification inspection of the ships condition.      

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

References: 

 [1] Sukant Kumar - 5 Innovative Robotic 

Technologies For The Maritime Industry, In: Future 

Shipping June 10, 2017;  

[2]. Marco Bibuli, Gabriele Bruzzone, Giorgio 

Bruzzone, Massimo Caccia, Mauro Giacopelli, Antonio 

Petitti, Edoardo Spirandelli, MARC: Magnetic 

Autonomous Robotic Crawler Development and 

Exploitation in the MINOAS Project, COMPIT’12, 11th 

International Conference on Computer and IT 

Applications in the Maritime Industries, Liege, 16-18 

April 2012 pp. 62-76; 

[3]. Kristin Fondahl, Markus Eich, Johannes 

Wollenberg, Frank Kirchner, A Magnetic Climbing Robot 

for Marine Inspection Services, COMPIT’12, 11th 

International Conference on Computer and IT 

Applications in the Maritime Industries, Liege, 16-18 

April 2012 pp. 92-103; 

[4]. Patent US 20110083599 A1 - Hull robot drive 

system. 

[5] https://cliin.dk/robots  

[6] https://www.vertidrive.com/products/m8-

series/  

[7] Patent BG 67201 B1 - Robotic system for 

inspection of ship hulls  

[8] Utility model BG 4245 U1 Ship hull service 

robot  

 

 

INDUSTRY 4.0 2022, WINNTER SESSION, vol 3

332

 

https://cliin.dk/robots
https://www.vertidrive.com/products/m8-series/
https://www.vertidrive.com/products/m8-series/


Synthesis and characterization of nanostructured hematite for wastewater treatment  
 

Nadezhda Angelova*, Savina Koleva, Georgi Yordanov  

Faculty of Chemistry and Pharmacy, Sofia University St. Kliment Ohridski, Sofia, Bulgaria 

nangelovaa@gmail.com 

 

Abstract: Removal of heavy metals ions from water sources still represents a challenge and different materials are being developed in order 

to overcome it. Iron oxide nanomaterials receive a lot of attention because of their small size, high surface area, biocompatibility and low 

cost. However, most of the reported synthesis methods are multi-step and time-consuming. We investigated the co-precipitation method for 

the synthesis of nanostructured hematite prepared at different temperatures and different calcination times. The obtained materials were 

characterized by X-ray powder diffraction, scanning electron microscopy and infrared spectroscopy. The adsorption capacity for Pb(II) ions 

was found to be about 6–12 mg of adsorbed Pb(II) per gram of adsorbent. 

Keywords: hematite, nanoparticles, nanocrystals, water treatment, microstructure 

 

1. Introduction 

Nanostructured iron oxides have been found suitable for 

applications in environmental nanotechnology, particularly in 

wastewater treatment as catalysts, coagulants in flocculation 

processes and efficient adsorbents for organic wastes and heavy 

metal ions [1]. Among the various nanostructured iron oxides, 

hematite (α-Fe2O3) nanoparticles have been used for removal of 

metal ions [2-5], Cr(VI) [6-8], acid dyes [9] and organic carbon 

[10]. Nanostructured hematite has also been applied for catalytic 

degradation of organics wastes [6,11-13] and in coagulation and 

flocculation processes of surface water [14]. These applications are 

favored by the low toxicity of hematite and the relatively cheap and 

easy preparation procedures. However, further studies on the 

methods for preparation of nanostructured hematite are needed in 

order to find the optimal conditions for production of materials with 

high adsorption capacity.  

Nanostructured hematite is usually prepared by using various 

modifications of the so-called co-precipitation method [2,5,13,15]. 

This approach involves precipitation of Fe(III) by alkaline aqueous 

solutions, followed by washing of the obtained precipitate and its 

calcination at high temperatures, up to 400–500 °C. Variations in 

the preparation conditions can result in significant variations in the 

quality of the final product. In this article we report on the 

preparation of nanostructured hematite by a modification of the co-

precipitation synthesis [2] and studied the effects of calcination 

temperature and time on the crystallite size and adsorption capacity 

for Pb(II) ions.  

2. Experimental part 

Synthesis of hematite. Solution of ammonia (2 M; ~138 ml) 

was added dropwise to 250 ml 0.1 M ferric chloride (prepared from 

6.75 g FeCl3.6H2O) up to pH 10 upon magnetic stirring (600 rpm) 

at room temperature. All reagents were of analytical grade. The 

obtained dispersion was stirred for 2 hours at room temperature and 

the precipitate was centrifuged (3000 rpm for 10 min), triplicate 

washed with distilled water to remove soluble salts and let to air 

dry. The dried substance was calcined in a furnace at different 

temperatures (200–500 °C) for different time periods (1–4 hours). 

The calcinated samples were grinded in a mortar before further use. 

Characterization of materials. Scanning electron microscopy 

was performed with Hitachi TM4000 microscope. Samples for 

SEM were deposited on. double sided duct tape and coated with 

gold before observation. X-ray powder diffraction (XRD) data were 

recorded by using a X-ray diffractometer Empyrean (PANalytical) 

with CuKα radiation. Fourier transform infrared (FTIR) spectra 

were measured by using an infrared spectrometer Nicolet 6700 

(Thermo Scientific). Samples for FTIR analyses were prepared as 

KBr tablets. 

Adsorption of Pb(II). The tested adsorbent (50 mg) was mixed 

for 10 minutes with 10 ml 3 mM solution of lead(II) nitrate. The 

suspension was then filtered through a syringe filter (0.22 µm). The 

concentrations of Pb(II) in all samples before and after adsorption 

were determined by standard complexometric titration with 1 mM 

Na2EDTA at pH 6 (acetate buffer) and xylenol orange indicator. 

The adsorbance capacity was expressed as milligrams of adsorbed 

Pb(II) per gram of adsorbent. 

3. Results and discussion 

It is known that ferric ions from aqueous solutions are 

precipitated in alkaline medium as amorphous ferric hydroxide 

and/or β-ferric oxyhydroxide [16]. Preliminary studies indicated 

that in the precipitation step of our experiments ferric 

oxyhydroxide, Fe(O)OH, was obtained with quite small crystallite 

size of about 3–4 nm. Heating of the dried precipitate at high 

temperatures (higher than 200 °C) for few hours resulted in the 

formation of hematite (α-Fe2O3) with crystallite sizes of 15–22 nm. 

Observation by scanning electron microscopy (SEM) showed a 

powdered material that contained particles of various sizes, from 

submicron to few micrometers (Fig. 1). 

 

Fig. 1 SEM image of a hematite sample heated at 400 °C for 2 hours. 

 

Analysis by infrared (FTIR) spectroscopy showed absorbance 

peaks for Fe–O bonds at 461 and 536 cm-1, which are characteristic 

for hematite. Similar FTIR of hematite nanoparticles prepared by 

the chemical precipitation process were previously obtained, 

although with a slight different peak positions [17].  

XRD diffraction patterns of the samples prepared by heating for 

2 hours at different temperatures are shown in Fig. 2. The sample 

prepared at 200 °C appeared practically amorphous, while those 

prepared at higher temperatures all contained hematite with average 

size of crystallites about 15–22 nm. The samples contained also a 

small amount of amorphous substance. The size of crystallites did 

not appear to depend significantly on the heating temperature in this 

particular interval (300–500 °C). Another series of experiments was 

performed at a constant heating temperature of 400 °C and various 

heating times. The XRD patterns showed almost identical structure 

of the obtained hematite phase (Fig. 3).  

The experiments on adsorption capacity for Pb(II) ions were 

performed at relatively high Pb(II) to adsorbent ratio in order to 

evaluate the maximal adsorption capacity (when the surface of the 

adsorbent is almost saturated with adsorbed species). The 
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adsorption capacity of the samples heated for 1–3 hours at 400 °C 

was about 6–8 mg of Pb(II) per gram adsorbent and did not depend 

significantly on the heating time (Fig. 4a). The sample heated for 4 

hours showed slightly higher adsorption capacity of 12 mg/g. The 

sample heated for 2 hours at 200 °C showed a similar adsorption 

capacity of 12 mg/g, while using higher heating temperatures 

resulted in slightly reduced adsorption capacities of about 8 mg/g 

(Fig. 4b).  

 

Fig. 2 XRD patterns of hematite samples prepared by heating at different 

temperatures for 2 hours. 

 

 

Fig. 3 XRD patterns of hematite samples prepared by heating at 400 °C 

for different time. 

 

 

Fig. 4 Adsorption capacity for Pb(II) of hematite samples prepared by: a) 
heating at 400 °C for different time; b) heating at different temperatures for 

2 hours. 

4. Conclusions 

Powder samples of nanostructured hematite were prepared by 

the co-precipitation, followed by heating at various temperatures 

(200–500 °C) and time periods (1–4 hours). All samples prepared at 

temperatures higher than 200 °C contained crystallites of average 

size about 15–22 nm. The crystallite size and phase composition did 

not depend significantly on heating time. The obtained materials 

appeared to be promising candidates for application as adsorbents in 

wastewater treatment with adsorption capacity for Pb(II) ions within 

the ranges of 6–12 mg of adsorbed Pb(II) per gram of adsorbent.  
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Abstract: In this work a technology for fabrication of a specific nano-composition is presented. The technology involves ultrasonic treatment 

of a mixture of micron-sized Al powder and SiC nano-particles. This is followed by hot extrusion using a hydraulic press. In this way, a 

nano-composite wire, which can be used as a modifier for aluminum alloys, is obtained.  

A number of microstructural studies were conducted on the extruded nano-composition. TEM images show the presence of SiC nano-

particles in the Al matrix. The SEM studies confirmed the presence of two phases: dark SiC nano-particles and bright Al matrix. Chemical 

analyses of the two phases show the presence of the chemical elements that make up SiC, as well as the presence of Al, which is related to the 

possible plating of the nano-particles as a result of the extrusion process. The bright zone, in addition to Al, contains Si and C as well, which 

gives reason to consider that there are SiC nano-particles in this zone, albeit not visible at the magnification applied. 

KEYWORDS: NANO-COMPOSITION, ULTRASONIC TREATMENT, EXTRUSION, MICRO-STRUCTURE, NANO-PARTICLES 

 

1. Introduction 
 

The modification of aluminium alloys by introducing nano-sized 

particles into the melt is one of the methods by which the 

mechanical properties of the alloys are improved and their 

microstructure is refined [1]. Nano-powders are usually chemical 

compounds, such as carbides, nitrides and oxides. Important 

drawback is that their wetting by the melt is difficult. This requires 

additional treatment of the nano-particles with metals that are well 

wetted by the melt. To accomplish this different methods are used 

such as: 1) plating by processing in a planetary mill, 2) electro-

chemical coating of the particles and 3) extrusion of a mixture of 

micro-sized Al and nano-sized particles. In the present work the last 

method is applied, namely: extrusion of (micro-Al + nano-SiC) 

mixture followed by micro-structural investigation of the extruded 

product.  

 

2. Materials  
 

The nano-sized SiC powder was purchased from US Research 

Nanomaterials Inc., USA. According to the company specification, 

the particles are beta SiC with cubic face centred lattice, 45-65 nm 

in size and with 99 % purity. The results of TEM analysis 

performed on the SiC nano-particles are shown in Fig. 1. It can be 

seen that the particles have formed conglomerates; the individual 

particles measure 40-50 nm in size. 

 

  
                 50 000 x                                          100 000 x 

 

Fig. 1. TEM images of SiC nano-particles 

 

The aluminum powder was examined using “Analysette 22 

NanoTec plus” by Fritsch and a statistical distribution of powder’s 

particle size was performed. As a result it was determined that the 

average particle size is 31 µm. 

 

3. Results and discussion 
 

3.1 Development of technology for hot extrusion of mixtures 
 

The technology is composed of two stages: 1) ultrasonic dispersion 

and 2) extrusion. 

 

3.1.1. Ultrasonic dispersion  
 

Nano-sized powders are known to be extremely active due to the 

extremely small size of their particles. For this reason they readily 

stick together and form conglomerates. Breaking up these 

conglomerates can be done using ultrasonic equipment. Fig. 2 

shows a photograph of the equipment used for ultrasonic treatment 

of a mixture composed of SiC nano-particles, Al micro-particles 

and ethyl alcohol. The equipment was manufactured by the 

Bulgarian company Apronex Ltd. It includes the following main 

elements: a power unit, a titanium sonotrode and a stand.  

 

 
 

Fig. 2. Equipment for ultrasonic treatment of nano-sized particles 
 

Components: 1) Power unit; 2) Ultrasonic emitter, sonotrode and 

booster for dispersing liquid mixtures; 3) Sonotrode stand; 4) Glass 

container with mixture 

Equipment manufacturer is Apronex Ltd, Gabrovo1. 

The sonotrode generates powerful ultrasonic waves, which cause 

cavitation in the liquid. In our case, a glass container with 150-200 

ml of ethyl alcohol is used to which 10 g of nano-sized SiC powder 

is added. The sonotrode is immersed in the liquid and fixed with the 

help of the stand. Ultrasonic treatment lasts 4 min. Then 30 g of 

micron-sized Al powder is added to the liquid. The equipment is 

turned on again and the treatment continues for another 4 min. This 

way two goals should be achieved: 1) breaking up the 

conglomerates of nano-particles and 2) homogenizing the mixture. 

The latter is then dried at a temperature of 120°C with simultaneous 

stirring. This way a homogeneous mixture of 1 part SiC and 3 parts 

Al is obtained. 

                                                           
1 This equipment was purchased for the implementation of a 

scientific project under contract № КП-06-Н47/12 financed by the 

National Science Fund. 
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3.1.2. Hot extrusion  
 

The resulting nano-composition is subjected to hot extrusion at a 

temperature of 500°C. For this purpose, pure aluminium containers 

with a length of 53 mm, an outer diameter of 19.5 mm and a wall 

thickness of 2.1 mm were manufactured. The containers have a 

bottom. First, they are filled with the nano-composition. The latter 

is then compacted using a manual screw press. After that the 

containers are placed in an oven and heated to the required 

temperature. The heated container is then placed in the extrusion 

tool mounted on the press. A pressure of 980 MPa is applied, 

causing the material to flow through the nozzle. Thus, rods with a 

diameter of 4.1 mm are obtained. Fig. 3 shows a part of the press 

during the extrusion process. A white wire (rod) can be seen coming 

out of the extrusion tool. 

 

 
 

Fig. 3. Press and extrusion tool – white wire (extruded nano-

composition) coming out is observed 

 

3.2. Micro-structural investigation of the extruded nano-

composition 
 

3.2.1. Optical microscopy (OM) study 
 

Fig. 4 shows an OM image of a cross section of an extruded rod. 

The light phase is the Al matrix while the dark one is SiC particles. 

Conglomerates of particles are also observed, indicating that the 

duration of the ultrasonic dispersion might have been insufficient. 

Thus, the action time should be probably increased. It is also 

possible that during drying some of the particles have re-

conglomerated. The picture also shows that the container wall has a 

thickness of about 400 µm, i.e. as a result of the extrusion, the 

thickness has decreased 5 fold – from 2.1 mm to around 400 µm. 

 

 
 

Fig. 4. Cross-section of (1) extruded mixture of micron-sized Al 

powder and nano-sized SiC powder in (2) Al container. 

 

 

 

 

 

3.2.2. Transmission electron microscopy (TEM) study 
 

Individual nano-particles plated with Al are observed in TEM 

images of the extruded nano-composition (Fig. 5), which is an 

evidence for the positive effect of ultrasonic dispersion. 

Distinct SiC particles with sizes of 10÷100 nm (Fig. 5a) as well as 

zones with concentrations of particles (Fig. 5b) are observed in the 

images. The particles have approximately rectangular shape (Fig. 

5a) and clearly defined walls. Dislocations (thread-like phase) 

locked between the two particles are also observed. 

 

 
 

a) 50 000 x 

 

 
 

b) 75 000 x 

 

Fig. 5. TEM images of the extruded nano-composition 

 

3.2.3. Scanning electron microscopy (SEM) study2 
 

Figures 6 & 7 show  SEM images in back-scattered electrons mode 

of the extruded nano-composition at a magnification of 10 000 x. 

The dark inclusions are identified as SiC while the light matrix – as 

Al. The sizes of two inclusions (Fig. 6), representing conglomerates 

of SiC nano-particles, were measured (approximately 1.5 µm each). 

Another zone of the extruded nano-composition is shown in Fig. 7. 

Three spot analyses (1 to 3) and one area analysis (4) were 

performed. The results (given in Table 1) show that in the spot 

analyses (SiC particle conglomerates) the average amount of Al is 

74.5 wt %, the average amount of Si – 10.5 wt % and the average 

amount of C – 12.5 wt %. The presence of Al in these zones may be 

related to the plating of the particles during extrusion. The small 

amount of oxygen (2-3 wt %) is probably a result of the oxide layer 

on the surface of the aluminum particles.  

The area analysis (4) shows small concentrations of Si and C apart 

from Al (83 wt %). The presence of Si and C indicates the presence 

of SiC nano-particles (not visible at a magnification of 10 000 x) in 

the aluminum matrix. 

                                                           
2 The study was carried out using a HIROX SH-5500P scanning 

electron microscope with an EDS system for microanalysis 

QUANTAX 100 Advanced, which was purchased under Project 

BG05M2OP001-1.001-0008 "National Center for Mechatronics 

and Clean Technologies", funded by Operational Program "Science 

and Education for smart growth" 2014-2020. 
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Fig. 6. SEM image of the extruded nano-composition with 

measurements. 

 

 
 

Fig. 7. SEM image of the extruded nano-composition                  

with analysis spots and area. 

 

Table 1. Chemical analysis results – spots 1 to 3 & area 4 from 

Fig.7. 

 
 

 
 

 
 

 
 

 

4. Conclusions  
 

A technology for hot extrusion of (micro-Al + nano-SiC) 

composition has been developed. Experimental samples of the 

nano-composition were obtained. Micro-structural studies were 

carried out using OM, TEM and SEM. In the aluminum matrix are 

observed nano-sized SiC particles as well as micron-sized 

conglomerates of nano-particles, which were not dispersed during 

the ultrasonic treatment. Chemical analyses confirmed the presence 

of the original components in the extruded nano-composition, 

namely Al, SiC as well as O. Oxygen concentration is the result of 

primary oxidation of the aluminum particles.  
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