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Abstract. Industrial greenhouse control systems are changing and getting new capabilities, due 

to the evolution of the Internet of Things (IoT) technologies, allowing wirelessly integrate various 

sensor technologies and create a cloud-based database and analytic solutions. Greenhouse 

systems typically are controlled by consuming single temperature and humidity measurement unit 

data (treated as an average value), this raises a question about the precision of such approach for 

application in a large industrial greenhouse. In this article IoT based temperature and humidity 

measurement system uMOL architecture is described and first measurement results of multi-point 

data collection with high resolution compared to existing single-point measurements. 

 

Key words: Temperature, humidity, wireless data, IoT, Greenhouse automation systems. 

 

INTRODUCTION  

 

It is well known, that energy efficiency is one of Europe's and Latviaôs economy 

actual problem, where electricity and heat energy costs are a significant components also 

in the industrial greenhouse sector, for main consumers like lighting, irrigation and 

climate control systems. For greenhouse illumination high pressure sodium lamps are 

widely used, having high electricity consumption and extra heat losses, and during plant 

growth process this heat can óburnô top part of the plants stalk. As greenhouse 

environment control systems play an important role (Salazar et al., 2010) in tomato plant 

and crop growth, thus even small changes to their parameters can influence and result in 

undesired changes after a week, as the growth process is relatively slow and effect isnôt 

noticeable immediately. 

Existing industrial greenhouses are designed and their lighting systems are built to 

use high-pressure sodium vapour lamps, but nowadays due to recent LED technology 

advancement, they are replaced by LED luminaries to get electrical energy savings, at 

the same time increasing need for additional heating energy. Impact of LED lighting on 

crop quality can be investigated by calculating fluctuating asymmetry (Rakutko et al., 

2017), as it is known to be minimal only under optimal environmental conditions, but it 

increases under any stress conditions, that is caused by electronic ballasts of RGB LED 

lighting sources (Tetervenoks & Galkin, 2012). The height of greenhouse is around 6 m, 

https://doi.org/10.15159/AR.18.141
https://doi.org/10.15159/AR.18.141
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therefore temperature and humidity levels vary across greenhouse. Accordingly having 

an impact on plants and their crop growth rate. To determine the exact effect, more 

detailed studies must be carried out for relatively long period of time, by measuring 

temperature, humidity and crop growth rate, and analysing outdoor weather conditions 

impact on plants growth and tomato production. Furthermore, such study may play 

important role to notice changes in temperature and humidity readings in upper height 

levels of a greenhouse, in case if existing sodium vapour top-lighting is changed to LED 

technology. The freezing effect can happen, as with lower temperature and higher 

humidity, ventilation system opens the ventilation windows, letting inside the cool air, 

which in winter can damage upper plants stalk. 

Greenhouse environment, in general, is determined by inside temperature, humidity 

and CO2 levels, which are affected by sunlight, outside parameters, inside heat sources 

(heating, lighting). Energy and environmental parameters can be measured in real time 

using wireless IoT solutions like (Kondratjevs et al., 2016), and by adding parameters of 

crop measurements, can used to calculate cost function ὐό as given in formula (1), 

where ɮὼȟὸ is the final cost determined by the crop dry weight parameters (2), and 

ὒὼȟόȟὸ is penalties costs for temperature, relative humidity and energy consumption 

(3), where ὸ and ὸ are time domain period. Example of such calculation approach is 

given research done by (Van Ooteghem et al., 2003). 

ὐό ɮὼȟὸ ὒὼȟόȟὸὨὸ (1) 

ὒὼȟόȟὸ ὒ ὼȟόȟὸ ὒ ὼȟόȟὸ ὒ ὼȟόȟὸ (2) 

ɮØȟÔ ὅ ὸ ὸ ὡ ὸ ὡ ὸ  (3) 

This study demonstrates the importance of temperature and humidity parameter 

measurements, and question raises how detailed the measurements should be in a time 

domain, and geographically in the greenhouse. Research done by (Chung et al., 2012), 

shows that greenhouse of 650 m2 growing cherry tomatoes, has temperature variates 

from 2.12 ÁC to 6.20 ÁC in various greenhouse sectors at the same time, and humidity 

variates from 11.18% to 19.27%. As greenhouse systems typically are controlled by 

single temperature and humidity measurement point data (treated as an average value), 

this raises a question about the precision of such approach for control and prediction 

algorithm application in a large scale industrial greenhouse. 

 

MATERIALS AND METHODS  

 

Description of experimental place 
IoT based temperature and humidity measurement system with detailed data 

resolution is created and installed at an industrial greenhouse, to monitor climate 

readings throughout a year. The industrial greenhouse grows several sorts of tomatoes 

and can be treated as a complex environment, as it has a relatively large growing area 

(5,062 sq. meters), same time having a height of 6 meters, 40 sections of tomato growing 

rows top-lighted by 1,760 pieces of Hellight Helturn 400 W high-pressure sodium 

vapour lamps. Total installed electrical power is around 809 kW including ballast losses, 
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and in same time these electrical losses can be treated also as heat energy gains with 

same power affecting inside temperature and humidity levels. Clear horticultural glass 

of 3.8-4.2 mm thickness is used for greenhouse, inner temperature level is set from 

+19 ÁC in night and +21 ÁC, but in reality temperature varies from +16 Áʉ to +24 Áʉ, 

and relative humidity level around 60ï92%. Outside the greenhouse is a meteorological 

data measurement system and, in order to collect readings of inside temperature, 

humidity and CO2 levels, one measurement unit is placed in the centre of the greenhouse, 

collecting data every 5 minutes. 
 

uMOL temperature and humidity measurement system 
The developed IoT based air temperature and air humidity measurement system 

óuMOLô consists of eight sensor poles, distributed evenly at greenhouse growing area, 

where each pole (A-G) has six sensors, measuring temperature and humidity values 

every 30 seconds (see Fig. 1). The vertical distance between each sensor is one meter, 

and the one sensor measures parameters above light curtains (see Fig. 2). With such 

approach, detailed data about greenhouse environment is obtained, analysed and 

correlated with other parameters from a photobiological perspective, crop yield and 

quality. Furthermore, data correlation between outside weather conditions can create 

necessary inputs in order to adjust greenhouse lighting, climate, irrigation and power 

system, more suited to local geographical conditions, enabling the creation of new 

greenhouse control system program and control algorithms. 
 

 
 

Figure 1. Typical industrial greenhouse layout and uMOL sensor pole A-H placement. 
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Figure 2. uMOL data system and temperature and humidity sensor pole schematic. 

 

uMOL data system and temperature and humidity sensor pole schematic is shown 

in Fig. 2, where for each sensor pole A-H, six measurement levels (a-f) are selected to 

be observed in details. In this way 48 measurement points are placed around greenhouse, 

at different altitude and location. Each sensor measures both temperature and humidity. 

Sensor F is placed on level of plant roots and irrigation height, the next sensor E is placed 

at tomato growth level, then next sensor D is at plant top level. The next sensor C 

observes wire rope level, where tomato plant wire is attached and thus its top part is 

periodically moved further (length of tomato plant after 10-month vegetation period is 

around 14 m). Sensor B measures parameters at luminary mounting level and upper 

heating pipe level, but sensor (see Fig. 4) A gets readings above light curtains, used 

during nights to decrease heat losses through greenhouse glass and decrease solar 

radiation in summer during daytime. For sensor module development Sensiron SHT21S 

integral circuit is used (see Table 1). 
 

Table 1. Technical parameters of temperature and humidity sensor Sensiron SHT21S 

Parameter Range  Accuracy  Resolution  Long Term Drift 

Temperature sensor -40 é +125 ÁC +/- 0.3 ÁC 14 bit < 0.04 ÁC per yr 

Humidity sensor 0..100% RH +/- 2% RH 12 bit < 0.5% RH per yr 
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Temperature and humidity data are read by the ATtiny85 microcontroller and by 

means of multiplexing circuit sent to Electric Imp module Cortex micro-controller. 

Development imp001 module is used, where raw (binary) temperature and humidity data 

are converted to real values, that are wirelessly (WiFi) sent to logging file on the server. 

Electric Imp Platform is the first IoT platform to be independently certified to ULÈ 

2900-2-2 (Standard for Software Cybersecurity for Network-Connectable Devices, Part 

2-2: Particular Requirements for Industrial Control Systems). Thus we gain additional 

data security in addition to server side security means. 
 

 
 

Figure 3. uMOL system data base main structure and functions. 

 

  
 

Figure 4. uMOL sensors in Mezvidi greenhouse. 

 

Sensors a-f are connected through USB cable and attached to data transmission and 

post-processing module (Electric Imp) with integrated WiFi transceiver, which is located 

at each Sensor pole (A-H). The obtained raw data strings are sent to Cloud based server 

using two 4G mobile network WiFi routers (4 poles (24 data points) are connected to 

one router), where they are stored in raw format in Sensor database (see Fig. 3), then 

deciphered in Metadata database, adding additional information, and then processed for 

data analysis in a Configuration data base. The software architecture uses Microsoft 

technologies and platform products, the development environment is Visual Studio, but 

its components are done in C#, XAML, JS, HTML5, CSS3 programming languages and 

stored on Microsoft Azure cloud computing platform server in Ireland datacentre. Data 

storage uses is stored in SQL relational databases. 

 

RESULTS AND DISCUSSION 
 

System setup was activated at industrial greenhouse at the end of September 2017. 

In September 2017 ï January 2018 period sensors have generated over 5 million entries 

of sensor data readings. Along with the uMOL sensors system contains sensor data 

readings from Mezvidi greenhouse management system. We use both system sensor data 
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to identify and illustrate differences in the measurements. As previously described, the 

sensor measurements are captured at various locations and altitudes in the greenhouse 

compare to a single sensor unit (at fixed height) that is used for greenhouse management 

system. 

As uMOL system gets readings each 30 seconds, and existing single point 

measurement is done once per 5 minutes, temperature data post-processing is needed for 

comparison, and to get new temperature value (Ὕ) for new period (in this case 5 minutes), 

simple averaging formula (1) is applied: 

Ὕ
ρ

ὲ
ὸ (4) 

where n ï data-set extent for 5min period; ti ï variable at the i index of a data-set, n. 

This approach allowed us to compare uMOL system sensor data reading with the 

ones captured by greenhouse native system. We choose for detailed discussion analysis 

24 hours of 7th of January 2018. Temperature sensor data readings (see Fig. 5) 

demonstrates measured Max, Min and Average temperature values from all 48 uMOL 

sensors. Bolded line shows greenhouse single-point sensor data reading and it is mostly 

close with calculated average temperature across all uMOL temperature sensors. Largest 

deviations can be observed during high sun activity (12:00) period differing up to 10 

degrees and up to 5 degrees during the night period (22:00 till 2:00). The figure shows, 

wide ranges in temperatures changes in all greenhouse levels. 
 

 
 

Figure 5. uMOL system and greenhouse system temperature data comparison using all levels. 

 

Due to fact that heat is moving upwards, we could analyse the temperature sensor 

data readings same way as in Fig. 5, using only C, D and E levels to be compared against 

greenhouse single point sensor readings, thus obtaining results, shown in Fig. 6. The 

difference during high sun activity period (see Fig. 7) vary up to 5 degrees and up to 3 

degrees during the night period. The greenhouse system value is more close to uMOL 

readings of E level. 
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Both figures clearly indicate best average temperature stability when artificial light 

is turned ON, but most differences when lights are turned OFF and sunlight is present. 

This effect can be taken into account, to create more precise heat and ventilation system 

control algorithms, and even more - it brings the idea, that highest (A,B) and lowest (F) 

level sensor data can be used to predict middle-level temperatures for next time periods. 
 

 
 

Figure 6. uMOL system and greenhouse temperature data comparison using only levels C,D,E 

(plant area). 

 
 

 
 

Figure 7. uMOL system G pole C,D,E sensor level, greenhouse temperatures (M=1:1) and sun 

radiation readings (M=1:20). 
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As the greenhouse measures humidity deficit value (see Fig. 8), it looks very stable 

(amplitude is 2.5%) but variation between values is 58%, same time all pole D level 

relative humidity readings (%) look more dynamic (amplitude 14%-28%), and giving 

variations between readings around 65.7%. If looking on average monthly readings of 

relative humidity and temperature (see Fig. 9), in both cases it shows difference between 

the various greenhouse zones (around A-H poles). 
 

 
 

Figure 8. uMOL system D level relative humidity readings per poles A-H comparing to humidity 

deficit values (bold). 

 

  
 

Figure 9. uMOL system monthly average relative humidity (left) and temperature (right) 

readings per sensor poles A-H. 

 

CONCLUSIONS 

 

Research clearly shows that industrial greenhouse zones/areas have a noticeable 

difference in climate conditions, showing a detectable impact of solar radiation on inside 

temperature and relative humidity. uMOL system architecture works properly in heavy 

humidity conditions. Further studies are needed, to analyse climate differences impact 
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on tomato crop yield and biological growth parameters. uMOL multi-point measurement 

system joint with pre-emptive control of heat and ventilation systems climate system 

management may improve greenhouse environment stability and have impact on the 

tomato plant performance. 
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Abstract. Nowadays the industrial management systems are changing by means of implementing 

various Internet of Things (IoT) technologies, allowing a simple integration of sensor 

technologies with wireless communications and development of cloud based database solutions. 

The industrial greenhouse management systems are not the exception in this regard, as they are 

becoming more and more popular with the use of various sensors for the automation of the 

vegetable and other crop cultivation process.The general aim they have is to raise the level of 

process automation, quality, energy efficiency and other important parameters. The implemented 

technologies and environment of industrial greenhouse can be different fir the research type 

laboratories, as they are focused on production, therefore this research is conducted in cooperation 

with tomato producing industrial greenhouse of SIA óLatgales darzenu logistikaô focusing on IoT 

based crop weight measurement. 

 

Key words: Crop, Weight measurement, IoT, Greenhouse systems. 

 

INTRODUCTION  

 

Each automation system obtains a control signal from feedback loop, typically 

gained from some physical sensor, controlling in that way the irrigation process of 

tomatoes. It is necessary to monitor the weight of tomato plants and its soil pod (Van 

Straten et al., 2011; Chen et al., 2016). Weight measurements show the tendency of water 

(fertilizer) consumption and give a precise timing when irrigation must be started and 

stopped (the changing in moisture level between start and the end of watering is about 7 

to 13%). Furthermore, it helps to show the tendency of crops biomass increasing, plants 

overall health, balance between parts of the plant according to the programmed 

greenhouse climate values (Ehret, 2001). 

One of the most important factors hindering wider implementation of weighting 

system in greenhouse is their high price, where the largest costs are related to the 

weighing sensors themselves. In addition to the price factor, the weight sensor systems 

are often characterized on the market by known structural and functional limitations, 

which can be solved if developing a new weighting system (Paskal, 2018). 

https://doi.org/10.15159/AR.18.142
https://doi.org/10.15159/AR.18.142
https://doi.org/10.15159/AR.18.142
https://doi.org/10.15159/AR.18.142
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The initial studies show that in the existing industrial greenhouse weighing systems 

and their prototypes, mostly S-type weighting sensors are used, that simplifies the 

measurements of the weight of hanged objects. In this case, weight sensors of high-

precision with temperature compensation and high output signal linearity are in use for 

obtaining the accurate measurement data, increasing also the costs of the sensor 

(Carrasquilla-Batista et al., 2016; Alberta, 2018). 

The authors assume that the price of a high-quality sensor cost system can be 

reduced by using considerably cheaper sensor solutions, embedding electronics that 

automatically processes the readings of this sensor. The adapting of it to the variations 

of the ambient temperature meets the requirements of temperature compensation and 

non-linearity of the weight sensor in all possible operating modes (De Koning & Bakker, 

1992). This fact raises a number of scientific research tasks related to the digitization of 

high-resolution analogue signal of the weight sensors, obtaining of the data filtering post-

processing, and subsequently data transmission to the server database.  

 

MATERIALS AND METHODS  

 

In order to obtain the data of the periodic crop weight measurements, an IoT based 

crop measurement system shown in Fig. 1 is used. The main block is the Load Sensor 

Module (LSM) with such elements: 

Å LSM ï Load Sensor Module; 

Å L ï Load; 

Å WS ï Weight Sensor; 

Å ADC ï Analog-to-Digital Converter; 

Å MC ï Microcontroller with Built in Wi-fi Module; 

Å R ï Wi-Fi Router; 

Å S ï Data Server (IoT Cloud). 
 

 
 

Figure 1. Block diagram of Load Sensor Module (LSM) for IoT application. 

 

LSM uses a microcontroller (MC) with embedded Wi-Fi module (similar to 

ElectricImp, ESP8266, etc); and two main aspects determine such approach: 

Å Using the existing 2.4 GHz WiFi network (with the latest ElectricImp and ESP 

microcontroller versions also 5 GHz) within LSM working zone, the selected MC allows 

measurement data transmission to cloud based server S (in this case MS Azure based 

platform), but any other wireless system can also exist, like described by K. Kondratjevs 

 

WS 

L 

ADC MC R S 

Mechanical Connection 

Electrical/Wire Connection 
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et al. (2016), where data is stored and post-processed without any hardware element of 

external wireless communication. 

Å Selected MC also has a distant reprogramming and status monitoring function, 

which is very useful for the IoT solutions, especially at research and development stages, 

as it allows a distant changing of control, calculation algorithms, calibration coefficients 

and other LSM working parameters by means of Internet (mobile or wireless network). 

In this case, separate WiFi router R can ensure a stable Wi-Fi network for the 

experiments. 

The output signal of the Weight Sensor (WS) is processed with 24-bit analogue-to-

digital converter (ADC) module. The reason to select such high precision is a relatively 

low working range of WS output signal (2ï5 mV at rated regime of LSM). Furthermore, 

this ADC module has integrated a signal pre-amplifier, which allows the simplification 

of LSM circuitry, decreasing of the elements and costs, obtaining at the same time the 

measurement resolution with precision of 0.02 grams. 

The first LSM prototype has been tested and verified under the laboratory 

conditions, where the experimental testing is based on the continuous weighing of a mass 

object under different external temperature conditions. These experiments clarified that 

temperature changes of the WS itself affect the measurement readings of WS. After the 

analysis of the results of the measurements, a hypothesis can state , that if the data of the 

weight and temperature measurements are post-processed in real-time, the precision of 

the load weight will be increased. In this case, formula (1) describes the transfer function 

of measurement data post-processing: 

ά ά Ὕ Ὕ Ͻὑ (1) 

where mC ï calculated weight (true weight from LSM); mM ï measured weight (raw data 

from WS); Ti ï current WS temperature; TC ï WS temperature at LSM calibration; 

K ï linear calculating coefficient. 

The linear calculating coefficient is obtained for each LSM, according to the first 

testing results. The assumption is that in future coefficient K will be more precise due to 

self-learning algorithms, using various calibration weights. 

Various temperature impact tests (sunlight, extra heat, etc.) were carried out within 

the laboratory environment; and the most characteristic measurements are shown in 

Fig. 2, where mmeasured ï raw data from WS, g; mcalculated ï calculated weight (true weight 

from LSM), g; mreal ï real weight of the object, g; Tsensor ï WS temperature. 

The horizontal axis represents serial number of a measurement. For all the 

experiments the measurement interval was 15 seconds. 

According to the obtained results at the dynamic WS temperature reading changes, 

two important factors of the chosen WS exist: 

Å Transition processes within WS temperature changes cause significant 

fluctuations in the weight readings and opposite to the temperature process direction (see 

Fig. 2). This effect can be reduced by using filtration of WS signal, and creating more 

stable environment inside the WS sensor casing. 

Å At rapid temperature changes WS sensor readings have a significant reaction 

delay, which could be reduced by means of actual WS measurement data and historical 

temperature data use in formula (1). 
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Figure 2. LSM reading stability experiment (impact of temperature test result). 

 

Experiments at slow WS temperature changes (much closer to a real greenhouse 

environment), show, that in comparison to the the real load weight the calculated weight 

absolute error does not exceed 0.5%. 

 

RESULTS AND DISCUSSION 
 

Currently the first three LSM prototypes are installed in real industrial greenhouse 

environment at Mezvidi from 15.12.2017 (see Fig. 3.), thus collecting 179732 

measurement points in IoT database by 30.01.2018., with 1 min resolution. 
 

   
 

Figure 3. LSM testing in real greenhouse environment, LSM3 for constant weight (right). 
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Two sensors (LSM1 and LSM2) are used to weight base with three tomato plants 

(see Fig. 3.), but the third weight sensor (LSM3) is equipped with a reference weight of 

5,770 g, to evaluate LSM measurement precision in industrial greenhouse environment, 

obtaining long term data. As all measurement data are stored in IoT cloud database, 

weight changes during twenty-four hour period, can be observed in Fig. 4. 
 

 
 

Figure 4. LSM1 and LSM2 calculated weight. 

 

As it can be seen in Fig. 4., from LSM1 and LSM2 measurements, it is possible to 

determine the trend in water consumption and accurately detect the time to start and stop 

watering system. It is also obvious that the water weight changes between watering 

system start and stop are about 8%, that meets the rules of the greenhouse irrigation 

system. 

LSM3 measurements give an opportunity to analyse LSM measurement precision 

under real working conditions, to evaluate LSM construction parameters and efficiency 

of WS data post-processing algorithm, where the error of measurements in this case does 

not exceed 0.1% (see Fig. 5). 

Both laboratory and industrial greenhouse experimental measurement results show, 

that LSM weight precision can be increased if WS working temperature is stable. As the 

dynamic temperature changes have a great impact on readings, thus the previous or 

historic WS temperature readings could be used in data post-processing algorithms. 

Measurement experiments of 30 h using constant weight of 5 kg show that, the use 

of linear data post-processing method (temperature changed 18ï32 ÁC with max raise of 

2 ÁC h-1) gives the measurement errors from 0 to 0.6% (in average 0.1%). In its turn the 

use of the second and the third grade polynomial data post-processing (temperature 

changed 19ï42 ÁC with max raise of 10 ÁC h-1) gives the measurement errors from 0 to 

0

5

10

15

20

25

15,000

15,200

15,400

15,600

15,800

16,000

16,200

16,400

16,600

16,800

17,000

0
:0

0
:3

8
0

:4
8

:4
1

1
:3

6
:4

5
2

:2
4

:4
8

3
:1

2
:5

2
4

:0
0

:5
5

4
:4

9
:5

9
5

:3
8

:0
2

6
:2

6
:0

6
7

:1
4

:1
0

8
:0

3
:3

7
8

:5
1

:4
1

9
:3

9
:4

5
1

0
:2

7
:4

9
1

1
:1

5
:5

2
1

2
:0

4
:5

6
1

2
:5

2
:5

9
1

3
:4

1
:0

3
1

4
:2

9
:0

7
1

5
:1

7
:1

0
1

6
:0

5
:1

4
1

6
:5

3
:1

8
1

7
:4

1
:2

1
1

8
:2

9
:2

5
1

9
:1

7
:2

8
2

0
:0

5
:3

2
2

0
:5

5
:3

6
2

1
:4

3
:3

9
2

2
:3

1
:4

3
2

3
:1

9
:4

6

Temp., ęCWeight, g

Time

msumm, g Tsensor, *C



956 

1.5% (in average 0.9%). During calibration process, a transition process takes place, and 

óstretchingô effect must be taken into account at the first moment after applying 

calibration load, to avoid ófloatingô readings later in the working regime. 

 

 
 

Figure 5. LSM3 output data. 

 

At this stage LSM testing results prove their ability to work in industrial greenhouse 

environment (high humidity, voltage drops, etc). The obtained data can be used to 

improve greenhouse irrigation control systems and to enable the high accuracy detection 

of crop biomass growth. 

 

CONCLUSIONS 

 

Experimental measurements show, that both electrical and mechanical design 

properties of the sensor must be taken into account to get stable thermal operating mode 

and other operating conditions. Furthermore, the first testing results show that theuse of 

a S-type sensor of medium precision, it is possible to make post-processing of their raw 

output data, that results in the required resolution and sampling level of weight 

measurement data. As a result the logging of the measured weight data and subsequent 

statistical processing can be carried out with the aim to apply them for the energy 

efficient control of the total greenhouse management system.  
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Abstract. Fossil fuel deposits are constrained in the world. Various alternative energy sources 

are introduced in vehicles to limit the depletion of fossil fuel reserves and to reduce environmental 

pollution. One of the alternative energy sources is electricity. The use of electric automobiles has 

begun in the Baltic States too, yet accurate performance parameters of the automobiles, which 

could sometimes differ from the technical characteristics specified, are not always known. Road 

testing an electric automobile was performed using a data logger that recorded the batteryôs 

voltage, current, temperature and the automobileôs speed. These parameters allowed computing 

changes in the electric automobileôs power output under various driving regimes, e.g. acceleration 

or braking. Road testing the electric automobile was done under two driving regimes ï urban and 

non-urban ï on a certain route. The experiment represented a full cycle road test, with the batteries 

fully charged, that lasted until the batteries were discharged to a minimum level, which was 

limited by the battery management system (BMS). The experiment identified the maximum 

current as well as the effectiveness of the regenerative braking system. 

 

Key words: electric vehicle, energy consumption, current, voltage, driving regime, cruising. 

 

INTRODUCTION  

 

In the world, electric vehicle (EV) progress began along with internal combustion 

vehicle progress. Electric vehicles were equipped with lead-acid batteries that could not 

provide a sufficient driving range, and the electric vehicles could not compete with 

internal combustion vehicles. Even though historical electric automobiles had a lot of 

advantages in comparison with internal combustion automobiles, e.g. quiet operation, an 

easy startup and an easy movement startup, the electric automobiles were not widespread 

until the 21st century (Berjoza & Jurgena, 2013). Nowadays a problem with electric 

automobiles is the same as it was long ago ï a small driving range per charge. This 

relates to the low weight-to-energy capacity ratio for batteries, compared with that for 

liquid fuel. 

https://doi.org/10.15159/AR.18.115
https://doi.org/10.15159/AR.18.115
mailto:dainis.berjoza@llu.lv
mailto:inara.jurgena@llu.lv
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The key electric parameters of electric automobiles ï voltage, current and power 

consumed ï recorded during driving depend very much on the driving regime. The 

parameters can be, to a smaller extent, affected by other powerful electrical devices, e.g. 

an air conditioner or an interior heater. The energy consumed by the mentioned devices 

is usually quite constant, whereas the energy consumed by the electrical motor can 

change several times within a very short moment. The standard driving regimes of an 

electric automobile, like those of an internal combustion automobiles, are as follows: 

acceleration, cruising, smooth deceleration or coasting and braking. 

Vehicle movement simulations by means of computer tools began in the late 1990s. 

Various hybrid electric vehicle (HEV) and electric vehicle models were researched by 

using the Matlab-Based Modelling and Simulation software. The simulation results were 

obtained during both simple driving regimes ï acceleration, cruising and braking ï and 

more complicated driving cycles, e.g. the FTPī75, a federal highway drive cycle. The 

research investigations analysed various vehicle driving strategies after determining CH, 

NOX and CO emissions and fuel consumption (Butler et al., 1999) and compared electric 

vehicle current changes, simulating the selected driving cycles. The research 

investigations did not consider emissions, assuming that no emissions were produced, 

yet the latest research investigations provide data on indirect emissions produced by 

electric vehicles (Berjoza & Jurgena, 2016) from electricity production. In Latvia, for 

example, average CO2 emissions from the production of a kWh of electricity equal 

115 g (kWh)-1. The planned research intends to analyse changes in current and voltage 

at diverse driving regimes, and an electric vehicle is going to be road tested. 

American Control Conference researchers have published their research findings 

on plug-in hybrid electric vehicle (PHEV) control strategies. The research object was a 

Toyota Prius, and a Control Strategy and a Proposed Strategy for the car was examined 

by means a mathematical model. The Proposed Strategy achieved a 16% longer driving 

range of the PHEV than the standard one did. The mentioned research examined current 

and torque changes under both strategies. A comparative examination was performed in 

UDDS and EPA driving cycles. The research also found an optimum PHEV control 

strategy model that could yield the best economic and performance characteristics 

(Banvait et al., 2009). 

An analysis of the literature revealed that most of the research investigations 

focused on HEVs, optimising the inter-related operation of the electric motor and the 

internal combustion engine and designing algorithms aimed at reducing fuel 

consumption and impacts on the environment (Musardo et al., 2005). An investigation 

produced motor torque curves and sought optimum HEV operation regimes by using 

Simuling modelling software. It also developed a mathematical model for fuel 

consumption reduction. The investigation compared the Dynamic Programming and the 

Equivalent Consumption Minimization Strategy in six various driving cycles, yet the 

results did not differ by more than 0.4% (Musardo et al., 2005). 

Chilean scientists have developed an energy management system for a hybrid 

electric vehicle. The system exploits ultracapacitors that allow reducing energy 

consumption and using various energy sources, e.g. fuel cells, microturbines and zinc-

air batteries. The energy could be also generated by the regenerative braking system. The 

research developed and analysed a mathematical model and performed road tests in a 

14.2 km driving cycle. The lowest energy consumption was achieved under the Optimal 

Neural Network Control System with regenerative braking, which performed 28.7% 
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better than the standard system did. The road tests measured momentary vehicle speed, 

voltage and current (Moreno et al., 2006). The planned road tests intend to identify the 

effect of the regenerative braking system with the controller set to 45%. 

Chinese scientists have done research on a plug-in hybrid electric vehicle with a 

Fuzzy Logic System. The system allows optimally using batteries depending on the 

charge level and temperature of the batteries. The scientists developed vehicle, motor-

controller, engine-generator and vehicle drive mathematical models. They performed a 

simulation, producing current-voltage curves, in the USA Urban Dynamometer Driving 

Schedule (UDDS) and the New European Driving Cycle (NEDC). The research found 

that the Fuzzy Logic System was effective in preventing a battery from being 

overcharged as well as enhanced the capability of the motor control system to provide 

optimum motor operation (Li et al., 2011). 

The literature provides a few research studies on EV road tests. There are more 

research studies focusing on a system analysis of hybrid electric vehicles and plug-in 

hybrid electric vehicles, the development of mathematical models for various systems 

and the enhancement of control system algorithms. For this reason, it is useful to do 

research on the effect of electric vehicle driving regimes on the electric parameters of 

the electric vehicle in urban and non-urban driving, which is the key aim of the research. 

 

MATERIALS AND METHOD S 

 

The experimental research was performed using an electric car Renault Clio. This 

car was converted from an internal combustion car equipped with a 1.2 l engine into an 

electric car. The car was equipped with a 30 kW electric motor with a maximum power 

of 50 kW as well as 30 lithium-iron hybrid batteries with a capacity of 100 Ah. The 

battery system was controlled by the battery management system (BMS). The BMS was 

set to prevent the batteries from being discharged by more than 2.4 V or from being 

overcharged by more 3.8 V. The total battery voltage was 96 V. The distance covered 

per charge was 60 km, while the maximum speed was 120 km h-1. 

The road tests were done on several road sections that are presented in Fig. 1. 

Two diverse routes were chosen for the road tests: Jelgava city for the urban driving 

regime and general road P97 between Jelgava city and Dobele town for the non-urban 

driving regime. In non-urban driving, the road test was done back and forth, while in 

urban driving it was done on a circle route (Fig. 1). The length of a full urban circle route 

was 14.7 km, while the length of a non-urban route in one direction was 25.1 km. 

The road surface on both routes was in good condition; the average rolling 

resistance coefficient was 0.010ī0.012. In accordance with the Road Safety Rules, the 

road tests used LED lamps with a total power of 15 W. Each road test was replicated 

five times (Fig. 2). The electric data were registered and stored by a logger Graphtec 

midi Logger GL220. The road test was conducted with fully charged batteries until the 

battery charge level reached 5ī6% of the total battery capacity. The batteries were 

recharged after every road test, and the data on the five replications were stored in the 

logger Graphtec midi Logger GL220. After the batteries were fully recharged, the next 

road test was performed. The driving regime was changed during every replication, 

which means that a road test started in the city was continued outside the city, and then 

again in the city. In this way, the weather factor was excluded. The road tests were done 

in October and November 2017 at an ambient temperature from +5 to +10 ÁC. After the 
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road tests, the data were processed and represented graphically. The carôs interior heating 

system ï an Eberspacher heater ï running on ethanol was used during the road tests. An 

electric heater would consume too much energy, and an examination of it was not 

intended in the present research. 
 

a)  
  

b)  

Figure 1. Road test routes: a) Jelgava city 

route; b) non-urban route. 

 

 
 

Figure 2. Road test scheme. 
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A logger HOLUX GP Sport 245 was used to store the route data. The logger had a 

512 kB memory and the capacity of its batteries was sufficient for a 28 h operation. The 

logger could store 200,000 waypoints, measure speed, time, distance and store the route 

data. The logger could operate in a temperature range from -10 ÁC to +50 ÁC. The 

scheme for connecting a data logger to the electric automobile is presented in Fig. 3. 
 

 
 

Figure 3. Scheme for connecting experimental equipment: 1 ï motor controller; 2 ï electromotor; 

3-96 V accumulator; 4 ï data logger; 5 ï electromagnetic safety switch; 6 ï mechanical safety 

switch; 7 ï electromotor speed sensor; 8 ï frequency-voltage converter; 9 ï voltage divider;  

10 ï current sensor; 11 ï accumulator temperature sensor; 12 ï electromotor temperature sensor. 

 

A data logger Graphtec midi Logger GL220 was used to record the electric carôs 

electric parameters. The loggerôs sampling interval ranged from 10 ms to 24 h, a time 

scale was from 1 s to 24 h. This device was equipped with a 4.3 inch TFT LCD display, 

a 8.5ï24 V power supply and 10 analogue input channels. 

 

RESULTS AND DISCUSSION 

 

After the road tests, the logger data were transferred to a computer and processed, 

interpreted and analysed. 

A GPS data logger recorded speed in urban and non-urban driving. Changes in 

speed in both driving regimes are shown in Fig. 4. Urban driving involves frequent 

acceleration and braking, and the speed is very volatile. The average speed in urban 

driving during the road tests was 31.15 km h-1. In non-urban driving, the beginning and 

the end of a road test was in Jelgava city, therefore, it was urban driving. The average 

speed in non-urban driving was 57.71 km h-1. 

To analyse various electric parameters of the electric car under various driving 

regimes, the recorded data were aggregated to produce synchronised graphs v = f(t), 

U = f(t), I = f(t) and P = f(t). A graph for urban driving is shown in Fig. 3. In the road 

test, the speed in urban driving is very volatile due to all the regimes: acceleration, 
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braking, cruising and coasting. Urban driving is appropriate for the structure of the 

electric car, as electrical energy is consumed by only on-board devices when stopping at 

intersections, whereas it is generated when braking. 
 

a)  
 

b)  
 

Figure 4. Speed on road test routes: a) Jelgava city route; b) non-urban route. 

 

In view of the fact that the electric car had a 96 V battery system, in the driving 

regimes when a lot of current was drawn from the batteries, e.g. when accelerating, the 

voltage considerably decreased. The nominal voltage of every battery was 3.2 V. The 

BMS was set to stop the charging process if the voltage of some battery had reached 

3.8 V. During charging, the total voltage of the battery pack reached 113ī114 V. 

Immediately after the charging, the voltage decreased to 100ī101.5 V. At the beginning 

of the road test in urban driving, the voltage decreased to 95 V during medium-intense 

acceleration. During very intense acceleration, the voltage of a fully charged battery-

pack decreased to 87 V. At the beginning of the road test, the voltage returned to the 

previous level when stopping at intersections. After covering half of the road test route, 

the voltage did not exceed 96.3 V when stopping, yet it decreased to, on average, 87.5 V 

when accelerating and to 86 V when intensively accelerating (Fig. 5). When cruising at 
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50 km h-1, the voltage, on average, decreased to 92.6 V. At the end of the road test, when 

no electrical energy was consumed or when stopping, the voltage did not exceed 92.1 V; 

when accelerating, the voltage could decrease to 82.7 V. One can conclude after 

completing the road tests that if taking into account only the voltage of the batteries, a 

voltage of 92 V in the stopping regime was the lowest level, and the batteries needed to 

be immediately recharged. After driving only 1ī2 km more, the batteries were almost 

fully discharged, reaching the minimum allowable discharge level. After driving on 

average 50 km in urban driving, the BMS often started giving warnings; it was activated 

when the momentary voltage of some battery element had decreased to 2.5 V (the critical 

level was 2.4 V). 
 

 
 

Figure 5. Electric car parameters in urban driving. 

 

In urban driving, current and power changes were proportionally related to speed 

(Fig. 5). At the beginning of the road tests, the current reached 240ï250 A during smooth 

acceleration, while the motor power output was 20ī21 kW. During fast acceleration, the 

current could reach 350 A. The maximum power output at the mentioned peaks was 

30 kW. The regenerative braking of the electric car Renault Clio was activated by 

pushing the brake pedal, while in the casting regime the regenerative braking was not 

activated. In the braking regime, the regenerative current reached 75 A, while the power 

ï 7.5 kW. Compared with non-urban driving, this regime increased the electric carôs 

range in urban driving. The regenerative level of the electric car Renault Clio was 

controllable, and it was set at 45% for the road tests. A regenerative level of above 50% 

creates an inadequate increase in braking force caused by the regenerative braking 

system before the main brakes have been activated. This results in a braking force 
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increase to be difficult to control by means of the braking pedal. When stopping, the 

electric car consumed an current of 4.8ī5.0 A. With the batteries being partially 

discharged, no significant changes in current and power were observed under various 

driving regimes. When cruising at 50 km h-1, the current reached 67ī70 A. When 

accelerating fast during the final part of the road tests, the current reached 385 A, while 

the motor output power was 31 kW. The increase in current might be explained by a 

lower voltage of the battery pack, and a higher current is requited to ensure the necessary 

motor output power. 

Road testing the electric car in non-urban driving was started as well as finished in 

the centre of Jelgava city. For this reason, the initial section of the route 6.5 km in length 

and the final one (6.5 km) are typical of urban traffic, and no electric parameter analysis 

was performed for the mentioned route sections (Fig. 6). 
 

 
 

Figure 6. Electric car parameters in non-urban driving. 

 

When starting the non-urban route section, the average voltage was 96.5 V. When 

accelerating, e.g. from 73.5 to 87.1 km h-1, the voltage of the batteries decreased to 

87.9 V. In the cruising regime at 87 km h-1, the voltage of the batteries equalled 91.5 V, 

while the current reached 353 A. When accelerating fast, the maximum current reached 

450 A, which was the highest value set for the motor controller. The motor output power 

at the maximum points reached 38.6 kW. A careful examination of the power and current 

curves reveals that the average values of these parameters were higher when driving 

away from the start than driving back down the route. This could be explained by a small 

average road slope angle of Ŭ = 0.6Á, which increases road resistance when driving away 

from the start and decreases it by the same value when driving back. Regenerative 
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braking application in non-urban driving was less frequent, yet the values of electric 

parameters were much higher in non-urban driving than in urban driving. Braking from 

a speed of 86.3 km h-1 to 50.5 km h-1, the batteries were charged at an current of 140 A 

or a power of 13.2ī13.4 kW. Cruising at 85 km h-1 consumed a 149ī150 A current, 

which ensured a motor output power of 13.2ī13.4 kW. It has to be noted that these 

parameters were measured right after the batteries were recharged, which means that the 

power supplied to the motor was lower than the value of the efficiency factor of the 

wiring-inverter-motor system, while the power transmitted to wheels was lower than the 

value of the efficiency factor of the motor-transmission system. 

Due to higher average battery discharge current values when driving the last 

10 kilometres of the route, the BMS tended to give warnings more often in non-urban 

driving than in urban driving, which indicated the negative effect of fast acceleration on 

the battery lifetime. 

Based on the road test results, it is intended to do road tests with a 6.4 V higher 

voltage of the battery pack, which is within the allowable limits for the motor and the 

control system. 

An excessive voltage drop in the battery pack during acceleration indicates a 

decrease in the working capacity of some battery cells. It is required to control the 

voltage of every individual battery pack cell during acceleration and, in necessary, 

change the defective battery cell. An alternative option for the cell change is to set the 

controller Sigmadrive to limit the maximum current to less than 400 A, which would 

allow saving the batteries. An expected decrease in the dynamics of the electric 

automobile should be minimum. 

If converting a vehicle to electric power in next projects, it is necessary to choose 

a system with higher voltage, e.g. 144 V. Such a system decreases the maximum current 

during fast acceleration and ensures a safer mode for the batteries and a longer lifespan 

of the batteries. 

 

CONCLUSIONS 

 

1. A methodology for electric vehicle road tests in urban and non-urban driving 

was developed and approbated by means of a data logger for measuring electric 

parameters. 

2. After recharging, the voltage of the battery pack was within a range of 

113ī114 V. Upon starting the road test immediately after the batteries were charged, the 

battery voltage was 100ī100.5 V. After starting driving, the battery voltage decreased 

to 97ī98 V in the no-load regime. 

3. During the road tests, the battery voltage tended to decrease, which could be 

observed most explicitly at a no-load voltage. After the voltage has decreased to 92 V, 

the electric car batteries have to be recharged, as a full battery discharge occurs after 

driving as many as 1ī2 km. 

4. The maximum current of 450 A was reached in non-urban driving. The 

corresponding maximum motor output power was 38.6 kW. In urban driving, the 

maximum current was 350 A and the corresponding power was 30 kW. 

5. When smoothly accelerating in urban driving, the current did not exceed 

240ī250 A. When cruising at 50 km h-1, the current reached 70ī75 A. 
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6. When braking in urban driving, the regenerative current reached 75 A, while the 

power ï 7.5 kW at the regenerative level of 45%. A regenerative level of above 50% 

creates an inadequate increase in braking force caused by the regenerative braking 

system before the main brakes have been activated. 

7. The regenerative braking system performed more effectively in non-urban 

driving, generating an current of 140 A; however, its proportion in the energy balance 

was insignificant and could not considerably increase the non-urban distance travelled. 

8. After driving a distance equal to 70% of the total distance covered, the BMS 

started giving warnings when accelerating the electric car, which indicated that the 

voltage of the weakest battery element had decreased to 2.5 V and the no-overload 

driving regime was activated. This driving regime does not allow exceeding the pre-set 

speed. 

9. More energy was consumed in non-urban driving before the route turnaround 

point was reached (25 Ñ 0.1 km), as the average road slope angle in this route section 

was Ŭ=0.6Á. The road slope angle allowed saving energy on the way back. 

10. Due to a decrease in the voltage of the battery pack when accelerating, it is 

intended to increase the voltage by 6.4 V, which is within the allowable limits for the 

motor and the control system. 

11. Due to the fast voltage drop in acceleration regimes, it is necessary to do a battery 

test for the electric automobile or set the controller to limit the maximum current to less 

than 400 A. 

12. If converting a vehicle to electric power, it is required to choose a system with 

higher voltage that ensures a lower peak current and a safer way of exploitation of the 

batteries. 
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Abstract. The use of biobased hydraulic oils becomes more popular in the different industries, 

but especially in agriculture machinery. This is stimulated by the fact that significant amount of 

hydraulic oils effluence in the environment and therefore leaves a negative impact to the 

ecosystem. Besides of that, the part of sold hydraulic oils grows and now forms approximately 

15% of total oil consumption amounts worldwide (Nagendramma & Kaul, 2012). 

The aim of this research was to study the compatibility of the comercially produced mineral and 

biobased hydraulic oils, identify viscosity of a different mixtures in the entire work temperature 

range, as also changes of anti-frictional properties. Two different oils and three mixtures were 

tested. Special hydraulic experimental apparatus was established for visual observation of fluid 

properties. Sliding friction bench was used for the comparision of friction properties. 

The results showed that change of the working pressure and temperature of the hydraulic oil in 

the various mixtures of mineral and biological hydraulic oils do not change its original 

appearance. It was observed that the highest viscosity 71 mm2 s-1 and worst anti-friction 

properties is for the 50% mix of mineral and biologial hydraulic oil at 20 ÁC ambient temperature. 

 

Key words: biobased, mineral, hydraulic oil, compatibility. 

 

INTRODUCTION  

 

Nowadays hydraulic systems are found in a variety applications realizing most 

significant work converting mechanical power in hydraulic power. The modern aviation, 

heavy industry and agricultural machinery is no longer inconceivable without the built-

in hydraulic systems. The main advantages of modern hydraulic systems are simple 

structure, light weight and easy maintenance and installation. One of the main 

component of such systems is hydraulic fluid the aim of which is transmit and distribute 

forces based on its main advantage over other materials ï incompressibility. The 

importance of hydraulic fluids is very essential as they play a key role in operation and 

protection of main components of hydraulic system, which is working on high 

temperatures and pressures. Insufficient protection could lead to a shorter maintenance 

intervals and expensive problems due to an increased wear, tear, cavitation and 

corrosion. Manufacturers of such systems usually specify the type of hydraulic liquid 

based on characteristics of equipment operation, necessary pressure, and expected 

temperatures in the system and outside of it. Therefore hydraulic liquids have many 

https://doi.org/10.15159/AR.18.103
https://doi.org/10.15159/AR.18.103
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properties and characteristics, which should be known to ensure correct system 

operation. 

Most popular hydraulic liquids are mineral based oils due to its lower costs and 

availability, as also synthetic lubricants mainly developed to perform high temperature 

ranges in aviation and military equipment (Paredes et al., 2014). Although synthetic oils 

have eco-friendly characteristics and have better impact on environment compared to 

mineral based oils, the main disadvantage of all oils is effluence in environment mainly 

due to a damaged hydraulic systems. It results with effluence of about 20ï30% of all 

sold amount of hydraulic oil. This is the quantity of oil, which poses a serious threat to 

the ecosystem, especially if the oil is used in protected nature areas. Besides of that, 

professional mechanics and also other technical specialists are exposed to these oils 

mainly by dermal contact promoting irritation of skin. As some researches have shown 

that mineral based oils have possible carcinogenic effect, than substitution of such oils 

would be valuable for those people who have a risk to be in contact with it practically 

every day. Such replacement could be done by biological or renewable oils. In that case 

there exists a term ï óGreen Tribologyô, which discusses a concept of this area and its 

relation to the other ones formulating 12 principles, where one of them is biodegradable 

lubrication, connected with the use of biodegradable and environment friendly lubricants 

(Nosonovsky & Bhushan, 2010). Lubricants, which are based on different renewable 

oils (corn, soybean, etc.) usually have an excellent lubricity compared to mineral based 

oils, but they have also insufficient thermal and oxidative stability which makes oil 

polymerization to a plastic-like consistency (Mannekote & Kailas, 2009). This problem 

could be resolved by different chemical modifications of oil or usage of additives. 

Biobased oil is a lubricant, containing of at least 95% (by weight) base fluid and 

not more than 5% (by weight) additives and having derived carbon ratio at least 70% 

from renewable materials. It cannot contain mineral oil, as well as toxic, carcinogenic, 

mutagenic, teratogenic or environmentally hazardous additives. In general 62% of the 

total exploitable renewable natural resources which are used for the production of oil are 

plants containing oil (rape, sunflower seeds, palm trees, etc.), 33% of the total renewable 

raw materials used by wood waste, but 5% is algae, bacteria and genetically modified 

plants (Bart et al., 2013). Biobased hydraulic oil can be used both in stationary and 

mobile equipment. The total share of it is growing rapidly and these oils starting to 

replace mineral based hydraulic oils. Although it is not mandatory to use organic oils 

separate vehicle users have already tried and understood the opportunities it offers, thus 

preserving the environment from pollution. 

Studies done before do not confirm any negative impact of biobased hydraulic oil 

on hydraulic system. The experiments did not show any signs of increased wear of the 

oil pump that might indicate on the poor anti-friction properties of the hydraulic oil. 

There was not found aeration or cavitation due to a high viscosity (Bart et al., 2013).  

For example, Kassfeldta (Kassfeldta & Daveb, 1997) was tested one mineral based 

hydraulic oil and three environmentally adapted hydraulic oils, from which there were 

two mixtures of vegetable base oil and synthetic esters, and the last was based on 

synthetic esters only. Researchers determined lubricant capability properties by 

measurements of the capability of each oil to build a film in an elastohydrodynamic 

contact. The results showed that environmentally adapted oils at 40 ÁC give a thicker 

film than the mineral oil, but at 80 ÁC there is no significant difference between the 
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different types of oil in their capability to build a lubricating film (Kassfeldta & Daveb, 

1997). 

Other researchers (Silva et al., 2015) conducted the study, the purpose of which 

was to develop new hydraulic biolubricants based on vegetable oils and to investigate 

their tribological behavior under conditions of boundary lubrication. The tribological 

performance of the developed lubricants was analysed in an HFRR apparatus. 

Researchers have found that biobased oils have satisfactory tribological properties, 

which were considered as a potential hydraulic oils for replacing mineral based hydraulic 

oils (Silva et al., 2015). 

Another study (Paredes et al., 2014), which was realized to analyse potential 

industrial applicability of vegetable bases, realizing research with two mineral and two 

biobased hydraulic oils. Viscosity measurements have been carried out at three 

temperatures: 313.15 K, 343.15 K and 363.15 K and a pressure up to 250 MPa. In case 

of behaviours of the four liquid oils, they have found that the oils with a vegetable base 

should offer better energy efficiency due to the thinner protective layer they grant 

specially at low temperatures therefore extending life cycle of hydraulic systems 

(Paredes et al., 2014). 

Based on the literature, the choice of hydraulic oil is dependent on the type of 

hydraulic system, operating temperature range, working and natural conditions, as well 

as the pump type, working pressure and environmental considerations. In case of the use 

of hydraulic oil, the oil viscosity is important to the specified temperature range. The 

lower viscosity means the system is less inert throughout the operation. On the other 

hand, the viscosity must be sufficiently large to ensure safety and lubrication of the 

lubrication pump and other moving parts. Knowing the range of operating temperature 

and changes of the viscosity depending on the temperature of the proposed oil, it is 

possible to choose exact oil for the hydraulic system. 

The aim of this research was to carry out a practical study on the compatibility of 

the mineral and biobased hydraulic oils in hydraulic systems of tractors, as also trying to 

understand if there will be any advantages or disadvantages in case of mineral oil change 

to biobased oil. In that case it is important to understand if the hydraulic system must be 

cleaned before biobased oil use, identify viscosity changes of a different oil mixtures in 

the entire work temperature, detect how fast each oil is heated at the same working 

conditions, as also identify changes of anti-frictional properties. All these issues have a 

direct impact on productivity of tractor units, as also on different operations: loading, 

lifting, floating, etc. 

 

MATERIALS AND METHODS  

 

Experiments were realized using two different oil types and three mixtures. There 

was used a mineral based 46 HLP hydraulic oil produced by LIQUI MOLY and 

characterized as a high performance hydraulic oil with optimal anti-wear properties and 

excellent oxidation resistance and operating intervals. As a biobased hydraulic oil was 

chosen Agra Utto Bio produced by AVIATICON. This oil is characterised as universal 

tractor transmission oil, contains ester and additive, and it confirm to the API GL4 class. 

The main parameters of both oils are reflected in the Table 1. 
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Table 1. Main parameters of the used oils 

Parameters HLP 46 Agra Utto Bio 

Density, 15 ÁC 0.880 g mL-1 0.903 g mL-1 

Viscosity, 40 ÁC 46 mm2 s-1 46.50 mm2 s-1 

Viscosity, 100 ÁC 6.7 mm2 s-1 10.00 mm2 s-1 

Viscosity index 97 211 

Flash point, ÁC 226 230 

Pour point, ÁC -25 -41 

Neutralisation number, mg KOH g-1 0.5  4.7 

Solubility Insoluble in water NA 

Degradability Not readily biodegradable Biodegradable 

*NA  ï not available. 

 

All used oils and mixtures prepared for the tests are as follows: 1 ï mineral based 

hydraulic  oil with 0%  addition of  biobased  hydraulic oil  (marked as óM + 0% Bioô); 

2 ï mineral based hydraulic oil + 25% 

addition of biobased hydraulic oil 

(marked as óM + 25% Bioô); 3 ï

mineral based hydraulic oil + 50% 

addition of biobased hydraulic oil 

(marked as óM + 50% Bioô); 4 ï

mineral based hydraulic oil + 75% 

addition of biobased hydraulic oil 

(marked as óM + 75% Bioô); 5 ï

biobased hydraulic oil with 0% 

addition of mineral based hydraulic oil 

(marked as óBio + 0% Mô). Prepared 

mixtures can be seen in Fig. 1. 

 

 
 

Figure 1. Samples of tested oils and created 

mixtures. 

 

Oil heating measurements 

Special hydraulic experimental apparatus was established by the authors for the 

visual observation of mixtures of mineral and biobased hydraulic oils at different 

operating temperatures (Fig. 2.). 
 

  
 

Figure 2. Special hydraulic experimental apparatus established for the tests. 



972 

It consists from all necessary units to perform a pressure in the system as it would 

be in real working conditions. The main components of the system could be seen in 

Fig. 3. Electric motor, with rotation frequency 1,480 rpm-1, was used to drive a pump. In 

addition, the safety valve was used operating a little before the maximum pressure of the 

pump (240 bar) is reached. 

The procedure to determine 

condition of the oil is as follows. After 

switching of electric motor, it is 

verified if the hydraulic line is fully 

filled up with oil and if there is no any 

leakage. The next step ï reduction of 

adjustable throttle aperture have been 

started activating stopwatch and 

registering and controlling pressure 

and temperature of the oil, as also 

looking for visual changes. Once the 

oil is warmed up to 65 ÁC, the square 

of the aperture of adjustable throttle is 

increased and control of the pressure, 

temperature and visual changes is 

continued. After an hour of such 

operation the aperture of adjustable 

throttle is fully opened and all 

necessary parameters have been 

registered once more. 

 

 
 

Figure 3. Technical scheme of special 

hydraulic experimental apparatus established 

for the tests: 1 ï safety valve; 2 ï adjustable 

opening throttle; 3 ï gauge; 4 ï hydraulic line; 

5 ï electric motor for hydraulic station 

operation; 6 ï oil pump; 7 ï return reservoir. 

Based on the operation principles of established hydraulic experimental apparatus, 

it is possible to regulate operation pressure in hydraulic system till 240 bars and assure 

the hydraulic oil temperature changes from -10 ÁC to 100 ÁC. Besides the visual 

observations, the temperature measurements were realized in order to find out the 

mixture, which heats faster at the same operation conditions. The tests were performed 

at ambient temperature 0 ÁC and air relative humidity 80%. 
 

Viscosity measurements 

Viscosity measurements of oils and their mixtures were realized using glass 

capillary viscometer VPZ ï 4, which is intended for the determination of kinematic 

viscosity of liquids. Preparation for experimental work (washing and drying of 

viscometer) based on standard procedures. For the realization of experiment was used 

also manual air baster, stopwatch, thermometer, calibrated flask. Viscosity 

measurements were performed under field conditions in the temperature range from ï

15 ÁC to +20 ÁC. 
 

Friction measurements 

Sliding friction bench was used for the comparison of friction properties (Fig. 4.). 

In order to ensure the full functioning of the bench, in addition there was used 

multimeter, torque wrench, stopwatch. Experiments were carried out under laboratory 

conditions at ambient temperature (+19 ÁC). For the operation of the bench there were 

used a 12 V battery and multimeter switched in electric circuit for the control of the 
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amperage (A). Unused friction bricks and the roller was prepared for the tests. Friction 

block was changed after the usage of each oil mixture. Bricks and the roller was cleaned 

before check of each oil sample. In order to determine the anti-friction characteristics, 

10 Nm load was applied to torque wrench and amperage was controlled. The aim was to 

determine the changes of the amperage at the same load and then measure the size of the 

wear on the block. 
 

 
 

Figure 4. Side view of sliding friction test bench with friction blocks used in the tests: 1 ï friction 

block; 2 ï steel disc; 3 ï oil reservoir. 
 

RESULTS AND DISCUSSION 
 

During testing conditions realized in hydraulic experimental apparatus, similar to 

those which is possible to get in hydraulic system of agricultural machinery, was 

observed that mineral and biobased hydraulic oils are practically compatible. There was 

not observed any visual changes in the oil mixtures during regulation of operation 

pressure of hydraulic experimental apparatus and the temperature of the oil mix in it. 

Besides of that there was not also observed any changes in its original appearance. 

Tests have showed that mineral based oil warms faster than biobased oil. For 

example, biobased hydraulic oil achieved maximal testing temperature about 60 second 

later than the mineral one. Oil mixtures have very similar results to mineral oil with small 

difference based on the amount of added biobased additive. This could be connected 

with the molecular structure of biobased oil, which is slightly different from the mineral 

oil. Mineral oil molecules have tendency to radically change its size based on the impact 

of temperature. While the biobased oil molecules does not change its size so radically, 

and therefore biobased oil viscosity under temperature influence don't change so quickly 

(Nathan et al., 2012). Heating curves of hydraulic oils and its mixtures could be seen in 

Fig. 5. 

Technical characteristics of both oils shows that pour point of mineral based oil is 

-25 ÁC, but for biobased oil ï only at -41 ÁC (Table 1). Based on these characteristics 

can be deduced that the results of the experiments carried out at the -10 ÁC will show a 

drastic difference, but obtained data showed that biobased oil viscosity at this 

temperature is 206.1 mm2 s-1, but mineral oil viscosity is 190.0 mm2 s-1, but other oil 

mixtures based on the growing of organic oils impurity showed viscosity gradually 

reduction till the biobased oil viscosity. 
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Figure 5. Heating curves of hydraulic oils and its mixtures: M + 0% Bio ï ; M +25%  

Bio ï ; M +50% Bio ï ; M +75% Bio ï ; Bio + 0% M ï . 

 

The increase in temperature showed decrease of distinction. The measurements 

taken at 20 ÁC showed mineral oil viscosity about 71.84 mm2 s-1, but the biobased oil 

viscosity at 65.86 mm2 s-1. Comparison of the viscosities of the hydraulic oil and its 

mixtures can be seen in Fig. 6. 
 

 
 
Figure 6. Viscosity curves of hydraulic oils and its mixtures: M + 0% Bio ï ; M +25% 

Bio ï ; M +50% Bio ï ; M +75% Bio ï ; Bio + 0% M ï . 

 

It should be noted that oil specification indicates that hydraulic fluid contains anti-

abrasive additives, but it does not guarantee that the oil will protect parts from the 

increased wear. This parameter is important as due to a bad anti-friction properties there 

is possible increased wearing of all devices involved in hydraulic system. Experimental 

results of the mixtures using sliding friction bench is showed in Fig. 7. Data showed that 

biobased hydraulic oil have the best protection of hydraulic system from wearing, but  
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50% mixture with mineral based oil have the worst antifriction characteristics. It could 

be explained by chemical reaction between main components of oils, which are not 

compatible and therefore such mixture has shown largest wear zone. As it is seen, such 

situation is mainly observed for mixtures, where biobased oil concentration is larger than 

50%. Wear zone for separate oils ï weather it mineral or biobased ï is very similar. 
 

 
 

Figure 7. Graph of the wear zone of friction blocks for different oil types and their mixtures. 
 

In general, the characteristics of the biobased hydraulic oils is good enough for use 

in hydraulic systems of the vehicles, as also oil mixture (M + 25% Bio), as has been 

shown, can ensure normal operation of hydraulic systems. 

 

CONCLUSIONS 

 

Based on the research of all oil mixtures it could be concluded that mineral based 

and biobased hydraulic oils are compatible as there was not observed any visual changes 

in the oil mixtures during regulation of operation pressure and simulating of real working 

conditions in the hydraulic system. Research on the viscosities of hydraulic oils at one 

and the same temperature did not show rapid changes based on the different percentage 

of admixture of biobased oil. Largest difference of viscosities of mineral based oil over 

biobased oil was observed only at ï10 ÁC. Increasing the percentage of biobased 

hydraulic oil, viscosity of a mixture decreased. Besides of that, experimental results 

using the sliding friction bench showed that the worst anti-friction properties and the 

largest wear occurred using mineral based hydraulic oil by 50% and 75% biobased oil 

addition, but the smallest wear occurred using hydraulic oil with 25% organic additive. 

Therefore only small amount of biobased oil addition can ensure acceptable wear and a 

positive impact on environment. Usage of large mixtures are not recommended. 
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Abstract. Research the aim of which was to find out stratification of main exhaust components 

outside the tailpipe of the vehicle was realized in Alternative Fuels Research Laboratory of Latvia 

University of Agriculture using two commercially produced testing vehicles (diesel and gasoline) 

and exhaust gas analytical system AVL SESAM FTIR. Additionally there was created a gas 

testing camera allowing to measure concentration of exhaust gas components in different heights 

and windless conditions. Regulated and unregulated emissions from gasoline and diesel engines  

were measured and discussed. Results obtained during the measurements showed main 

stratification of toxic components from both engine types from 0.6 to 1.1 m from the ground 

making a risk to get some health problems by inhalation, especially for children. Main 

components (NOx, CO, HC) of exhaust gases of gasoline engines stay in the air for about 

15 minutes in height of 1.0 m from the ground level, while methane and acetylene stay in the air 

for a 15 minutes in height of 0.6 m from the ground level. 
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INTRODUCTION  

 

Internal combustion (IC) engines are widely used in transport sector for a long time 

leaving a positive impact on almost any sector globally as any other invention. In 

addition IC engines leave also an important impact on environmental conditions as they 

have been considered as main contributors to environmental pollution based on the 

amount and consistence of emitted components. Main part of those components is the 

result of various processes taking part during the combustion of fuel in the cylinders of 

the engine ï incomplete combustion, combustion of non-carbon components, different 

reactions between components under complicated conditions, etc. The main air quality 

affecting componets from diesel and gasoline engines, which are also regulated by 

EURO emission standards, are nitrogen oxides, carbon monoxide, hydracarbons and 

particulate matters. The concentration of those components are strongly connected with 

driving conditions, vehicle technology, maintenance of the vehicles, etc. Despite the fact 

that engine technology all the time is under improvement to meet more stringent 

emission standards, possibility to develop more efficient and low cost emission control 

systems becomes more complicated. 
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Despite to all improvements, growth in global road emissions are expected mainly 

due to a prognosed increase in growth of vehicle owners worldwide reaching 2 billion 

vehicles till 2050 (Rothengatter et al., 2011). Additional problem is also a gap between 

official and real-world emission results, which was intensively analyzed by researchers 

due to diesel emission scandal in recent years. The research realized by International 

Council on Clean Transportation (ICCT), analyzing 11 data sources covering 14 years 

and 6 countries, and almost 600,000 vehicles, have found that the gap between official 

vehicle CO2 emissions and real-world CO2 emissions continues to grow ï from 8% in 

2001 to 38% in 2014 (Tietge et al., 2015). It is expected that the widening gap will add 

1.5bn additional tonnes of CO2 for 2030 increasing the prospects of dangerous and 

uncontrollable climate changes (Mind the gap, 2015). Another research done due to a 

diesel emissions scandal discovered that diesel cars in EU meet official limit for NOx 

mainly in laboratory conditions, but emit far more pollution in real driving on the roads 

and therefore the global human health impact from NOx excess in exhaust emissions 

could result in at least 38,000 premature deaths due to heart and lung disease and strokes 

(Anenberg et al., 2017). Additionaly breathing of fuel fumes can affect human health 

causing irritation of eyes or respiratory tract. Despite to the fact that these effects could 

be experienced in short term, regular or prolonged exposure could be the reason for 

coughing, chestiness or even the risk of lung cancer or asthma. 

Besides the direct impact of exhaust gas components emitted directly from fuel 

combustion there exists also synthesis of them in the atmosphere based on different 

chemical reactions. One of such examples is ozone, which is noxious pollutant at the 

ground level and is significant contributor of global warming (Johnson, 2017). Main 

ozone precursors are man-made and emitted mostly by transport, especially diesel 

engines, which are leading source of NOx (Johnson, 2017). Formation of ozone is over 

a day, starting in the morning, when NO, HC and CO is emitted from tailpipes of the 

vehices till mid-afternoon, when NOx in the presence of sunlight form ozone together 

with VOCs. The formation of ozone and secondary organic aerosols from gaseous 

organic compounds emitted by diesel and gasoline are confirmed by laboratory 

experiments (Harrison & Hester, 2017). 

Based on background knowledge, this study is designed to identify concentration 

level of the main exhaust gas components in the air in current conditions from two 

general transport groups (diesel and gasoline vehicles) to highlight potential risks for 

public health. It is important also due to a fact that Latvia has one of the oldest car fleet 

in the EU ï average age is about 12.5 years (Smigins & Shipkovs, 2014). And the 

structure of the fleet shows rapid increase in the number of diesel vehicles. Besides of 

that it was observed that the largest, slow-moving traffic flow usually forms at the 

entrance doors of shops, near kindergardens, near sidewalks during congestions. where 

usually is possible to meet a lots of people and children. This research gives possibility 

to understand movement of exhaust gas components in such places and explain why it 

is necessary to avoid prolonged stay in it. 

 

MATERIALS AND METHODS  

 

To achieve the objectives of this study, evaluation of exhaust gases were conducted 

in laboratory environment using two vehicles ï one with diesel engine (Volvo V70 

2.5TDI) and another with gasoline engine (Audi A6 2.6). Volvo V70 engine is a five-
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cylinder, four stroke, OHC, water cooled, with effective power of 103 kW. Audi A6 

engine is a six-cylinder, four stroke, OHC, water cooled engine with effective power of 

110 kW. Both engines are with industrial application and they have catalytic converters. 

Diesel fuel used in tests is based on standard EN590:2014 and gasoline based on standard 

EN228:2013. 

Ai r sampling was realized in the Alternative Fuels Research Laboratory of the 

Latvia University of Agriculture in the laboratory controlled environment provided by 

gas testing camera and AVL SESAM FTIR multicomponent exhaust gas measurement 

system, which allows to measure up to 25 gases simultaneously and some components 

can be calculated from this process. 

Gas camera with height of 2 m and a diameter of 0.6 m was prepared specially for 

experimental work. Gas supply valve was built-in 40 cm from the ground level for the 

regulation of gas inlet, as also gas exhaust valve was built in the top of gas camera. This 

allowed to measure concentration of exhaust gas components in different heights and 

windless conditions. Four different positions were chosen for measurements: 0.1 m, 

0.6 m, 1.1 and 1.8 m. Measurements were started only when the engine was turned-off 

and camera was completely filled with exhaust gases realizing 0.5 min record for each 

position. Such measurements were realized 4 times with time interval 3 min. Overall, 

there is possible to highlight such measurement times: 0ï2 min, 5ï7 min, 10ï12 min and 

15ï17 min. After each test gas camera was fully aired from exhaust gases. Filling of the 

camera with exhaust gases was realized in 5 minutes. During the tests each engine was 

operated in idle mode, following to the corresponding working temperature. Each 

vehicle was tested based on such methodology. 

The schematic diagram of the experimental setup used for studying engine emission 

characteristics is shown in Fig. 1. 
 

 
 

Figure 1. Schematic diagram of experimental setup: 1 ï inlet valve; 2 ï gas storage tank; 

3 ï probe loading aperture; 4 ï multicomponent exhaust gas measurement system AVL SESAM 

FTIR; 5 ï data recording PC. 

 

During the research all gases were fixed, but detailed analysis were done only for 

the most essential regulated exhaust gas components: nitrogen oxides (NOx), carbon 

monoxide (CO), carbon dioxide (CO2) and unburned hydrocarbons (HC), sulphur 

dioxide (SO2), as also unregulated exhaust gas components: ammonia (NH3), methane 

(CH4), acetylene (C2H2) and ethane (C2H6). The detected level of each component was 

averaged as the result of three replications to decrease the uncertainty. Each replication 

was the real time record with an interval of 1 sec. 
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Besides of that it was taken into account that stratification of gases was affected by 

the density of gas at defined pressure and temperature, which depends on its molecular 

weight. 

 

RESULTS AND DISCUSSION 
 

The experimental data, which characterizes the variation of different emissions for 

diesel engine based on time and height can be seen in figures below (Fig. 2). Results 

shows that main part of NOx, CO and CO2 emissions do not move in height for more 

than 0.6 m for a first 2 minutes after the blurring from tailpipe in environment. More 

substantial movement has been observed during next time period (5ï7 min), when the 

gases divided evenly in all camera. After that it is possible to observe that all mentioned 

gases gradually settles and retains a significant concentration in next two measurements 

(10ï17 min) in height up to 1.1 m. This is a height, which is freely accessible to children, 

pets and poses a significant health risk. 
 

  

  
 

Figure 2. Variation of main regulated emissions (NOx, CO, CO2 and HC) for diesel engine 

(Volvo V70 2.5TDI). 

 

The situation is completely different for HC emissions, where the largest 

concentration in first two minutes after blurring from tailpipe in environment was 

registered in height of 1.8 m reaching 438 ppm. Significant HC concentration reduction 

till 206ï220 ppm was observed in the next time periods with increasing of a time, but 
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the gas was evenly spaced around the camera. It means that HC emissions also increase 

the risk to reach a human respiratory tract. 

Very similar results with small derogations were observed in case of gasoline 

vehicle. The main difference is expressed in the big gap in concentration of the main 

components compared to the diesel emissions. Fig. 3 summarizes main results obtained 

during the tests. As presented in Fig. 3, that main part of NOx, CO and CO2 emissions 

concentrate in height of 0.1ï1.1 m for a first 2 minutes after the blurring from tailpipe in 

environment. Gradually all mentioned gas component concentration decreases reaching 

the highest level of around 1.1 m in height during the next 15 minutes (431 ppm for NOx, 

26598 ppm for CO). 
 

  

  
 

Figure 3. Variation of main regulated emissions (NOx, CO, CO2 and HC) for gasoline engine 

(Audi A6 2.6). 

 

HC emissions are more pronounced in height of 0.1 m in a first 2 minutes gradually 

increasing concentration till 1.1 m in the next 10ï15 min. Among all the pollutants, HC 

has the highest concentration in the air after defined period (10ï15 min). 

Differences in the amount of emitted components from gasoline and diesel engines 

could be explained by the difference in carbon (C) and hydrogen (H) content in fuel, 

which combine with oxygen (O) during combustion. This difference can vary in a couple 

of percentage between both fuels and therefore it is possible to observe variation of the 

produced emissions (especially, CO2) during combustion. 



982 

Besides of those components, there was decided to turn attention on main 

unregulated emissions, like NH3, C2H6 and others. Ammonia is one of the most abundant 

nitrogen compounds in the atmosphere and actively reacts with other compounds ï in 

reaction with nitric acid it generates ammonium nitrate (NH4NO3), but in the reaction 

with sulphuric acid ((NH4)2SO4) in the gas phase it generates particulate matters (Borsari 

& Assuncao, 2017). There was not found correlation between NH3 and other emissions, 

but possible values of this compound could be lower if the catalyst is not used, because 

results in literature claims formation of this compound within the automotive catalyst 

(Borsari & Assuncao, 2017). Current research showed that reduction of NH3 in different 

time periods is not as drastic as in case of other regulated compounds and it remains 

stable throughout the volume of test camera in different time periods for both fuel types 

(Figs 4, 5). Reduction level do not exceed 5ï7% after first 5 minutes from the start of 

tests. 
 

  

  
 

Figure 4. Variation of main unregulated emissions (NH3, CH4, C2H2 and SO2) for diesel engine 

(Volvo V70 2.5TDI). 

 

CH4 is another important component, which participates in formation of GHG. This 

component cannot be estimated based on fuel carbon and usually are determined by 

combustion system type and control technology (Lipman & Delucchi, 2002). Methane 

emissions usually occur due to incomplete combustion along with unburned 

hydrocarbons (Lipman & Delucchi, 2002). In any case CH4 emission level for gasoline 

engine is higher than for diesel and stratification nature is quiet similar ï 15 minutes 
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after the start of the test largest concentration of methane emission is at 0.6ï1.1 m 

(Figs 4, 5). As it was mentioned before, this is a height, which is freely accessible to 

children and poses a significant health risk. 
 

  

  
 

Figure 5. Variation of main unregulated emissions (NH3, CH4, C2H2 and C2H6) for gasoline 

engine (Audi A6 2.6). 

 

Acetylene (C2H2) is another combustible gas, which could be found in engine 

emissions in negligible concentration. It is highly combustible and unstable gas, which 

produces high flame temperatures from 3,000 ÁC to 5,400 ÁC in combination with 

oxygen (Basha et al., 2016). Results on acetylene obtained during the tests did not show 

some united patterns as it was in case of other compounds, but it showed the similarity 

with methane ï both of these gases reached maximal concentration in height of  

0.6ï1.1 m at the end of the test. 

Sulphur dioxide (see Fig. 4), which is more characteristic for diesel engines did not 

show large concentration in air (max 0.82 ppm) and was mainly stratified in the height 

of the vehicle tailpipe (0.1ï0.6 m). As it is known, presence of sulphur increase the risk 

of acid rain caused by SO2, as also a fraction of this oxide can be converted in sulphuric 

acid, which is a particulate. 

Ethane (C2H6) is another greenhouse gas, which is more characteristic for gasoline 

engines showed increase in concentration in the next time periods starting from 5th 

minute and almost in all volume of gas camera till 20ï21 ppm (Fig. 5). This could be 
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explained by different chemical reactions taking participation in the presence of other 

compounds in the exhaust emissions. 

 

CONCLUSIONS 

 

Results showed that the concentration of main regulated components (NOx, CO, HC) 

stratify in the height close to the height of children (0.6 ï 1.1 m), but some of them also 

in height close to adult (about 1.8 m), while others (C2H2, C2H6) did not show clear 

reduction tendencies. In overall, it can leave an important impact on health in the long 

term, if it is necessary to be in such environment each day. The problematic could be age 

and technical condition of the vehicles, as also the place where the concentration of 

vehicles is constantly high (like, congestions, parking lots, etc.). Therefore it is desirable 

to avoid a subsistence in the following locations for a long time, especially with children. 

In addition, each of the gases can stay in atmosphere for a long time to become well 

mixed making unfavorable conditions also globally and contributing development of 

smog. 

Results could be different, if the research would be realised in conditions close to 

the real, taking in account different temperature, pressure and wind flow regimes. 

Therefore further investigations must be done to determine such information. 
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Abstract. The development of biofuels for compression ignition engines is heading primarily to 

utilization of vegetable oils. Combusting of 100% vegetable oil in unmodified CI engine is 

usually not possible due to higher viscosity of the vegetable oil. In order to use 100% vegetable 

oil in CI engine the oil needs to be preheated, esterified or hydrotreated. Alternatively, in order 

to use raw vegetable oil in CI engine without preheating it is possible to use vegetable oil ï diesel 

fuel blends or vegetable oil ï butanol ï diesel fuel blends in order to lower the viscosity of the 

fuel. The contribution focuses on comparison of the effect of sunflower and rapeseed vegetable 

oils on operational parameters of the turbocharged compression ignition engine, especially on 

production of solid particles. The measurement was carried out according to standardized NRSC 

test cycle. 5% and 20% concentration of vegetable oils in diesel fuel were used as a test fuels for 

the measurement while the diesel fuel was used as a reference. The count and size of solid 

particles were measured by means of EEPS particle analyser. Based on the measured values it 

can be stated that the slight increase of performance parameters occurred with strong effect on 

emissions production, especially on production of solid particles. 

 

Key words: Combustion engine, biofuels, diesel fuel, particulate matter, vegetable oil, fuel blend. 
 

INTRODUCTION  

 

The biofuels in the combustion engines are used to reduce the impact of combustion 

of fossil fuels on the atmosphere and to reduce dependency on fossil fuel products. The 

biofuels based on vegetable oils or alcohols are most commonly used for CI 

(Compression Ignition) engine (Jindra et al., 2016; Kumar et al., 2016; Kumar & 

Saravanan, 2016; Gailis et al., 2017; How et al., 2018). For this purpose the edible and 

non-edible oils from a variety of plants with suitable oil characteristics can be used 

(Vanichseni et al., 2003; Sidib® et al., 2010; No, 2011; Mat et al., 2018; Shah et al., 

2018). 

In comparison with the diesel fuel the vegetable oil is denser and has a higher 

viscosity, higher flash point, lower calorific value, higher surface tension, higher oxygen 

content and lower carbon content (Franco & Nguyen, 2011; Esteban et al., 2012). 

https://doi.org/10.15159/AR.18.121
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Utilization of the 100% vegetable oil as a fuel for compression ignition engine 

requires modification of the fuel system because it is necessary to preheat the oil in order 

to reduce the viscosity (Pexa et al., 2014). The recommended temperature for oil 

preheating varies significantly, the values, published by other authors, are in the range 

from 70 ÁC (Kumar et al., 2005) to 135 ÁC (Pugazhvadivu & Jeyachandran, 2005). 

Vegetable oil may be also used as an admixture to the diesel fuel or other fuel blends 

(Franco & Nguyen, 2011). Raw vegetable oil can be added into the diesel fuel in ratio 

20% oil and 80% diesel fuel and it can be burned without modification of the engine or 

preheating of the fuel (Elango & Senthilkumar, 2011; Yilmaz & Morton, 2011; Gad et 

al., 2017; Mat et al., 2018), some sources state 30% of oil (Masjuki et al., 2001). 

According to review, made by Mat et al. (2018), authors found that under the 

concentration of 50% of vegetable oil in the diesel fuel the smoke of the engine is 

reduced. Shah & Ganesh (2016) and Shah et al. (2018) found increased cylinder pressure 

and reduced smoke of the engine, especially at high engine load, when using filtered 

vegetable oil as a fuel for CI engine. Rakopoulos et al. (2006) and Hazar & Aydin (2010) 

found increased smoke density when using not preheated vegetable oil-diesel fuel 

blends, especially at low engine speed. Sathiyamoorthi & Sankaranarayanan (2017) 

found increased opacity at low and moderate engine loads and decreased opacity at high 

engine load. 

Particulate matter (PM) produced by combustion engines means serious danger to 

human health (Kotek et al., 2017). The carbon particles absorb other substances (i.e. 

hydrocarbons or heavy metals, ect.) on their surface. The harmfulness of the solid 

particles rapidly increases with their decreasing size and the smallest particles can even 

enter into the blood stream (Dockery et al., 1992; Mohankumar & Senthilkumar, 2017; 

Soleimani et al., 2018). The particles with a diameter of 20 nm was found to have the 

highest deposition efficiency in the alveolar region of the lungs (Warnatz et al., 2006). 

The aim of the paper is to experimentally verify the effect of rapeseed and 

sunflower oil as a fuel admixture on performance parameters and solid particles 

production of compression ignition engine. 

 

MATERIALS AND METHODS  

 

The measurement was performed 

using turbocharged compression ignition 

engine Zetor 1204 placed in the tractor 

Zetor Forterra 8641 (Fig. 1). The 

displacement of the engine is 4.156 L, the 

rated power is 60 kW (53.4 kW on PTO 

(Power Take Off) according to Deutsche 

Landwirtschafts-Gesellschaft). The basic 

parameters of the engine are listed in 

Table 1. The engine is unmodified and its 

operating time does not exceed 150 

operating hours. 

The engine was loaded trough the 

PTO using mobile dynamometer MAHA 

ZW 500 (Fig. 1). 

 

 
 

Figure 1. The tractor Zetor 8641 with 

mobile dynamometer MAHA ZW 500. 
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The dynamometer has maximum torque of 6,800 Nm, maximum braked power of 

500 kW and maximum rotation speed of 2,500 rpm. The data from the dynamometer 

were stored using data acquisition unit, provided by manufacturer, to the hard drive of 

PC with frequency of 10 Hz. The exhaust gas temperature sensor, fuel temperature 

sensor and ambient conditions sensors (atmospheric pressure, temperature and humidity) 

were also connected to the MAHA data acquisition unit. The losses in the gearbox have 

no effect on the comparative measurement of the influence of fuel on the operational 

parameters of the engine and therefore they are not taken into consideration. 

 
Table 1. The engine parameters 

Manufacturer and type Zetor 1204 

No. and arrangement of cylinders 4, in-line 

Air flow  Turbocharged 

Rated power 60 kW at 2,200 min-1 (53.4 kW on PTO) 

Maximum torque 351 Nm (312 Nm on PTO) 

Engine displacement volume 4.156 L 

Cylinder bore X stroke 105 x 120 mm 

Compression ratio 17 

Fuel system Mechanical in-line injection pump 

Injection type Direct injection 

Combustion chamber Bowl-in-piston 

Injector noozle Multihole 

Start of injection (SOI) 12Á before top dead center 

Injection pressure 22 MPa 

Valve mechanism OHV 

Valves per cylinder 2 

 

The production of solid particles was measured using the Engine Exhaust Particle 

Sizer 3090 (EEPS) made by TSI Inc. The particles are evaluated as the count of particles 

in 1 cm3. The basic operational parameters of the EEPS particle analyser is shown in 

Table 2. Before entering the particle analyser the exhaust gas is diluted (dilution factor 

99.2667, dilution ratio 0.01007) and cooled down to temperature approx. 23 ÁC. The 

pressure of the measured gas is kept at approx. 90 kPa. Data from the particle analyser 

were stored to the hard drive of PC with the frequency of 1 Hz. 

 
Table 2. The basic parameters of the EEPS 

Particle Size Range 5.6ï560 nm 

Particle Size Resolution 16 channels per decade (32 total) 

Electrometer Channels 22 

Charger Mode of Operation Unipolar diffusion charger 

Inlet Cyclone 50% Cutpoint 1 ɛm 

Time Resolution 10 size distributions s-1 

 

As a test fuels the diesel fuel blended with vegetable oils were used. As a reference 

fuel the diesel fuel with no bio-components was used. The following fuel blends were 

used for the measurement: 

¶ 5% sunflower oil / 95% diesel fuel  

¶ 20% sunflower oil / 80% diesel fuel 
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¶ 5% rapeseed oil / 95% diesel fuel 

¶ 20% rapeseed oil / 80% diesel fuel 

¶ 100% diesel fuel according to the regulation EN 590 (Diesel - EN 590) ï with no 

bio-component 

The viscosity and density of the tested fuels are shown in Table 3. The values in 

Table 3 were measured by means of Stabinger Viscometer SVM 3000 made by Anton 

Paar GmbH (measuring accuracy < 1%, repeatibilty 0.1%). 

 
Table 3. Viscosity and density of the tested fuels 

Fuel 
Temperature Dynamic Viscosity Kinematic Viscosity Density 

ÁC mPa s mm2 s-1 kg m-3 

Diesel fuel 40 1.444 1.801 801.65 

15 2.329 2.843 819.1 

20% rapeseed oil 40 2.443 2.984 818.75 

15 4.216 5.042 836.1 

5% rapeseed oil 40 1.627 2.022 804.4 

15 2.65 3.224 821.9 

20% sunflower oil 40 2.54 3.088 822.45 

15 4.426 5.27 839.85 

5% sunflower oil 40 1.647 2.041 806.9 

15 2.726 3.307 824.35 

 

 
 

Figure 2. The example of the measurement points for NRSC test for diesel fuel. 

 

The measurement was carried out according to 8-point NRSC (Non-Road Steady 

cycle) test (ISO 8178-4, type C1). For each tested fuel the torque curve was measured. 

Then, based on the torque curve, the points for the NRSC cycle was determined for each 

fuel. Points are defined by rotation speed (idle, at max. torque and rated) and torque 

(10%, 50%, 75% and 100%). The example of the points for the NRSC test are shown in 
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the Fig. 2. At each measurement point the engine operational parameters are stabilized 

and then the data are recorded for approx. 80 seconds. The software MS Excel was used 

for data evaluation. 

 

RESULTS AND DISCUSSION 
 

In the Fig. 3 the torque curves for all tested fuels can be seen. From the figure it is 

evident that the all tested blends of vegetable oil with diesel fuel caused an increase of 

the engine torque and power. The higher torque and power could be a result of 

combinations of different physical properties, such as viscosity and bulk modulus of 

vegetable oils in comparison with diesel fuel. According to Shah & Ganesh (2016) the 

different physical properties of fuel could affect injection timing and rate of fuel 

delivery. Also, the different chemical properties of vegetable oils in comparison with 

diesel fuel could affect the combustion process and may lead to higher cylinder pressure 

(Shah et al., 2018). The Table 4 shows the maximal reached values of torque and power 

for all tested fuels. The increase of torque and power between approx. 2ï3% can be seen 

for all tested blended fuels in comparison with diesel fuel. 
 

 
 

Figure 3. The torque curves, reached with the tested fuels. 
 

Table 4. The maximum reached values of torque and power for all tested fuels 

Fuel 
Max. torque Max. power 

Nm % kW % 

Diesel fuel 300.82 100 52.05 100 

20% rapeseed oil 310.27 103.14 53.11 102.03 

5% rapeseed oil 306.75 101.97 53.07 101.94 

20% sunflower oil 308.89 102.68 53.22 102.23 

5% sunflower oil 307.11 102.09 53.57 102.92 
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In the Fig. 4 the results for all 8 points of the NRSC test for diesel fuel are shown. 

It can be seen that the engine reaches the highest concentration of solid particles at point 

rated_10, the size of most produced particles is in range of 45.3ï69.8 nm. 
 

 
 

Figure 4. The results of particles analysis for diesel fuel. 

 

 
 

Figure 5. The results of particles analysis for the fuel containing 20% of rapeseed oil. 
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is reached at idle. In comparison with the diesel fuel the substantial increase can be seen 

in production of the very small particles. Rakopoulos et al. (2006) and Hazar & Aydin 

(2010) also found the increase smoke density for vegetable oil-diesel fuel blends, 

particularly at low engine speed. This may be caused by the combination of higher 

viscosity of the fuel, containing 20% of rapeseed oil, and therefore worse atomization of 

the fuel, and worse evaporation, caused by worse evaporation ability of the vegetable 

oils in comparison with diesel fuel. Since in idle the substantial part of the combustion 

is premixed combustion, the effect of worse evaporation is increased. Also, it can be 

seen that in the case of fuel with 20% of rapeseed oil the maximum concentration of 

produced particles while engine idle is in the range of approx. 14.3ï22.1 nm, while in 

case of diesel fuel it is in the range of 9.31ï10.8 nm. However, the maximum 

concentration of produced particles at idle is more than 6.5 times higher in the case of 

fuel with 20% of rapeseed oil in comparison with diesel fuel. In other measurement 

points the engine, running on blended fuel with 20% of rapeseed oil, produced lower 

concentrations of particles with slightly bigger sizes in comparison with the diesel fuel. 

In the Fig. 6 the results of particle analysis for the fuel blended with 5% of rapeseed 

oil are shown. From the figure it is evident that at idle the amount of produced solid 

particles in the small sizes is substantially lower than in the case of fuel with 20% of 

rapeseed oil, but their size is also lower. The most particles, produced while idle, has 

size of 10.8 nm. In other points of the NRSC test the engine tends to produce less amount 

of solid particles in comparison with the diesel fuel or fuel, containing 20% of rapeseed 

oil. The sizes of particles are approximately the same as in the case of fuel with 20% of 

rapeseed oil (except idle). 
 

 
 

Figure 6. The results of particles analysis for fuel containing 5% of rapeseed oil. 
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20% rapeseed oil can be seen, except of idle, less particles are created and their size is 

slightly bigger. At idle the substantial increase in production of small solid particles 

(14.3ï19.1 nm) in comparison with diesel fuel occurred, similarly to fuel containing 20% 

rapeseed oil. In comparison with the results obtained with 20% rapeseed oil the lower 

number of particles are created while their size remains approximatelly the same.  
 

 
 

Figure 7. The results of particles analysis for fuel containing 20% of sunflower oil. 

 

 
 

Figure 8. The results of particles analysis for fuel containing 5% of sunflower oil. 
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In the Fig. 8 the results of particle analysis for the fuel blended with 5% of 

sunflower oil are shown. In comparison with the rapeseed oil the the results obtained 

with sunflower oil does not follow the same trend. At points idle, rated_10, rated_75, 

interm_50 and interm_75 the production of solid particles is lower compared with 20% 

concentration of sunflower oil. At points rated_50, rated_100 and interm_100 the 

number of produced solid particles is higher than in case of 20% sunflower oil. From 

this result it is evident that at high engine load the higher percentage (20%) of sunflower 

oil reached better results, at moderate engine load the results of 5% and 20% sunflower 

oil are comparable and at low engine loads the 5% sunflower oil reached better results. 

At idle the decrease of amount of produced small solid particles can be seen, but 

compared to the fuel blend with 5% rapeseed oil the amount of particles is still approx. 

by 44.3% higher (at size 10.8 nm). 
 

 
 

Figure 9. The total particles count for all tested fuels (error bars represents the standard deviation 

of the measured data). 

 

In the Fig. 9 the total count of produced solid particles for all tested fuels is shown. 

Except of idle the highest amount of solid particles was produced by engine operating 
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in percentage is shown. From the table it is evident that, except of idle, all tested blended 

fuels achieved better results than diesel fuel. According to Shah & Ganesh (2016) this 
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fuel with 5% of rapeseed oil decreased the total solid particles count by 8.7ï24.2% 

(except idle). 

 
Table 5. Comparison of total particles count in 1 cm3 for all tested fuels 

Measurement 

point 

Diesel  

fuel 

20%  

rapeseed oil 

20%  

sunflower oil 

5%  

rapeseed oil 

5%  

sunflower oil 

- % % % % % 

idle 100 922.08 671.91 254.02 438.61 

rated_10 100 92.66 91.37 79.75 85.59 

rated_50 100 87.00 86.20 83.30 90.59 

rated_75 100 90.16 91.69 91.35 87.70 

rated_100 100 99.33 90.63 89.14 96.56 

interm_50 100 87.57 85.56 79.90 85.31 

interm_75 100 86.06 81.44 75.79 83.11 

interm_100 100 91.37 86.90 81.36 90.65 

 

CONCLUSIONS 

 

From the results of measurement the following conclusions were made: 

¶ The addition of both rapeseed and sunflower oil in concentration of 5% and 20% 

resulted in increased torque and power of the engine. The torque and power increase 

was between approx. 2ï3%. 

¶ When operating on 5% and 20% sunflower or rapeseed oil the engine tends to create 

slightly bigger particles in comparison with diesel fuel. 

¶ Addition of rapeseed and sunflower oil in concentration of 5 and 20% resulted in 

decreased production of solid particles by approx. 0.7ï24.2% in 7 from 8 measured 

points. 

¶ The substantial increase of production of solid particles occurred when engine 

idling. The cause may be the combination of low temperature, insufficient 

atomization of the fuel with high viscosity and poor evaporation of the vegetable 

oil before premixed combustion. The increase of injection pressure may help to 

solve the problem. 

¶ From tested fuel blends the fuel with 5% rapeseed oil and 95% diesel fuel showed 

the best result in terms of solid particles production. 

From the obtained results it can be claimed that in comparison with diesel fuel the 

addition of rapeseed or sunflower oil in the concentration up to 20% into the diesel fuel 

decreases the production of particulate matter in most of tested engine mods despite 

increased viscosity of the blended fuels. The substantially increased production of very 

small particles while engine idle could be possibly solved by increased injection 

pressure, addition of butanol (Atmanli et al., 2015; Hºnig et al., 2015; Pexa et al. 2016) 

or preheating of the fuel in order to improve atomization of the fuel. 
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Abstract. The need to increase municipal solid waste recycling rates has led to the study and 

analysis of recycling schemes from the perspective of the technical issues that may be involved. 

This paper compares two waste collection systems, which are operating in the Vysoļina region 

of the Czech Republic: a municipal solid waste collection system for paper (including cardboard) 

and a biodegradable municipal solid waste collection system. Both collection systems were 

introduced at different times to cover one selected urban area. The emphasis has been placed on 

an evaluation of the development of individual, separate collections between 2014 and 2016. 

Analysis of the technological operation and performance of the collections are observed and 

evaluated by measuring a range of waste collection system indicators. Efficiency levels, 

especially when it comes to separate collections of both types of municipal solid waste, are 

compared to their relative representation in the remaining bulk of municipal solid waste. The 

changes in representation of these types of waste against those in the rest of the municipal solid 

waste shows which collection systems are more successful from the perspective of the 

implementation of the directive which covers landfill usage. The results also describe why 

systems could be more successful within the view of well-chosen or inappropriately-selected 

technological parameters for materials separation. The possibly statistically significant impact of 

paper waste production in terms of the relative amount of paper waste across the rest of the 

municipal solid waste has also been shown. 

 

Key words: municipal solid waste, rest municipal solid waste, biodegradable municipal solid 

waste, biodegradable municipal solid waste collection, paper and cardboard waste collection, 

material compositions. 

 

INTRO DUCTION  

 

In the Czech Republic, the mean production per capita of municipal solid waste 

(MSW) is about 339 kg per year and, typically, 50% of the total mass is bio-waste, eg. 

food waste, and paper (PCMSW) and biodegradable municipal solid waste from parks 

and gardens (BMSW). PCMSW and BMSW which is produced within a municipal area 

is a quantitatively highly important category of waste, and the way in which it is treated 

can both positively and negatively influence environmental components. PCMSW and 

BMSW contributes to the accumulation of the anthropogenic greenhouse effect and 

planetary climate change. The greenhouse gases which are produced during the process 

of bio-waste decay at landfill sites contributes to global greenhouse gas emissions by 

https://doi.org/10.15159/AR.18.106
https://doi.org/10.15159/AR.18.106
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approximately 4%  (Papageorgiou et al., 2009). A directive which has a crucial value 

from this perspective and which is fully integrated with Czech legislation is referred to 

as the Council Directive on Landfill 1999/31/EC (known familiarly as the óLandfill 

Directiveô). Landfill Directive 1999/31/EC establishes targets which should result in a 

decrease in the quantity of bio-waste that is disposed in landfill. In 2010, around 75% of 

the total bio-waste mass produced in 1995 should be stored in landfill sites, while in 

2013 the figure should be 50% of this amount, and by 2020 only 35% of bio-waste from 

1995 should remain in landfill sites. In the Czech Republic, a total of 1,530,000 tons of 

bio-waste was produced in 1995, and in 2010 there were 1.5 million tons of bio-waste 

being stored in landfill sites instead of the admissible 1.15 million tons. The precautions 

set out by the directive should take care of the materials and energy-related use of the 

waste from the perspective of a solid waste management system (Vehlow et al., 2007). 

Waste collections form one of the most visible activities in a waste solid management 

system, and it is one that the public highly perceives. Although the goal of waste 

collection is to keep a city clean, the activity needs to deal with budgetary challenges, 

logistical constraints, public acceptance, and a reduction of environmental and health 

impacts, as well as being capable of reaching collection and recycling targets which have 

been set by Landfill Directive 1999/31/EC (Rogge & De Jaeger, 2013; Us·n et al., 2013; 

Williams & Cole, 2013). 

The services for PCMSW and BMSW collection are defined as being a combination 

of a certain form of technology and human labour (Bilitewsky et al., 1997). This action 

corresponds not only to waste collection from certain types of source, but also includes 

the transportation of this waste to locations at which waste management lorries are 

loaded up (Tchobanoglous & Kreith, 2002). PCMSW and BMSW collection systems 

which are applied within the Czech Republic can form a kerbside collection, where 

recyclables are placed by members of the public on the kerbside outside their houses for 

collection by a lorry on an appointed day, or by means of a drop-off collection, where 

recyclables are taken by members of the public to drop-off points at various localities in 

their vicinity and then are picked up by lorry at an identified frequency. Both kerbside 

and drop-off systems are characterised by a diversity of implementation technologies 

(sometimes including especially-designed collection vehicles), and different collection 

frequencies and logistics are needed to support them. The way in which each region 

operates its PCMSW and BMSW collection depends upon socio-economic conditions, 

available infrastructure, and service provision (Timlett & Williams, 2011; Martinho et 

al., 2017). 

More studies of waste collection systems are needed to generate a greater 

knowledge base of such collection systems and to understand how they should be 

adapted in order to be more successful. Waste collection services which separate the 

PCMSW and BMSW parts from municipal solid waste could be analysed according to 

their performance in terms of cost (Teerioja et al., 2012; Rogge & De Jaeger, 2013), 

environmental impact (Powell, 1996; Maimoun et al., 2013; Teixeira et al., 2014; Yildiz-

Geyhan et al., 2016), recycling/collection rates (Wilson & Williams, 2007), and public 

participation and behaviour (Oskamp et al., 1996; Wang et al., 1997; Bolaane, 2006; 

Martin et al., 2006; Shaw et al., 2006). When focusing on operations, Huang et al. (2011), 

for example, developed key performance indicators in order to assess the efficiency of 

the MSW collection. 
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The main aim of this paper consists of a basic description of a better collection 

strategy, taking into account the analysis of two selected collection schemes for sorted 

BMSW and PCMSW waste from the perspective of its diversion from landfill. In the 

first stage data is collected, treated, and statistically analysed, based on some selected 

variables and performance indicators from one selected urban area in the Czech 

Republic. It provides conclusive information regarding whether selective waste 
collection behaviours and trends follow the same direction for all type of sorted waste 

collected under each collection scheme. The second stage focuses on a more detailed 

analysis and comparisons between possibly significant impacts which may be caused by 

the increased production of selected sorted waste on its relative volume in the rest of the 

MSW stream (RMSW), which is sent to landfill sites. 

 

MATERIALS AND METHODS  

 

Collection area 

The methodology was applied to two selected kerbside collection services for paper 

and biodegradable waste in a medium-sized city in the Vysoļina region. The collection 

area consisted of a typical city centre, mainly one with apartment buildings or residences 

with a rather high population density. The total surface area occupied by the city is 

56 km2. By the year 2016, it had grown to include 36,630 inhabitants, who are 

permanently domiciled in 5,304 houses and 14,779 flats. This corresponds to a mean 

spatial distribution of about 704 inhabitants per km2 and they are distributed throughout 

seventeen different city districts. Ten of them are located directly in the urban area and 

the other seven are in the vicinity of the integrated village. Gas is the most common 

heating medium. 

Economic activities for this population include industry (50%), trade and business 

(46%), and agriculture (4%). MSW production per capita is only about 2.3 kg per day. 

Most of the municipal solid waste production is deposited in landfill sites. 

Separate collection of PCMSW and BMSW can be considered to be fully 

developed, with good access throughout the whole of the urban area. The collection 

BMSW here is applied as a combination of drop-off and kerbside systems. The situation 

regarding a separate collection of PCMWS also includes the kerbside system and drop-

off system. 
 

Data collection 

Data collection was carried out in order to obtain a representative sample which 

was able to produce accurate generalisations about the performance of both of the 

kerbside collection systems. Data was collected through measurements from the urban 

area which were taken by the local collection company (ESKO-T s.r.o.) over the course 

of three years (2014ï2016 inclusive). Above all, data related to production, the number 

of containers, and the volume of each container, describing the frequency of the 

collection within the selected reference period. The total volume of BMSW and PCMSW 

is shown in Table 1. For the other purposes of this paper these total amounts were 

calculated on a monthly basis during each year of the survey. This conversion also took 

into account the available volume of containers by frequency of collection. 



1000 

The values given in Table 2 were provided by the collection company which carried 

out regular RMSW analysis at monthly intervals within the city being surveyed. A 

substance analysis of RMSW has been carried out since 2012. For the purposes of 

evaluation, use was made of the total volumes of BMSW (20 02 01) and PCMSW (20 

01 01) in RMSW data from January to December in the years 2014ï2016. 
 

Table 1. Waste production in 2014ï2016 in the urban area under study 

Year Total volume of 

waste, t 

Amount of  

MSW, t 

Amount of 

RMSW, t 

Amount of 

BMSW, t 

Amount of 

PCMSW, t 

2014 192,200 31,074 16,239 149 580 

2015 193,693 31,169 16,230 274 591 

2016 235,374 31,484 16,676 545 620 

Source: research ESKO-T s.r.o. 

 

Table 2. Rest municipal solid waste composition ï average mass fraction in 2014ï2016 

Type no Waste component Mass fraction, kg 

20 01 01 Paper and cardboard (PCMSW) 12.17 

20 01 08 Food waste 12.71 

20 01 39 Plastics 10.31 

20 01 10 Clothes 1.75 

20 01 11 Textiles 2.09 

20 01 38 Wood  1.18 

20 02 01 Biodegradable waste (BMSW) 5.62 

20 03 01 Glass  1.03 

20 03 02 Metals 1.28 

20 03 07 Other 43.60 

Note: type no ï the code for each type of waste in the Czech Republicôs waste catalogue;  

Source: research ESKO-T s.r.o.  

 

The density of the waste was 

evaluated by measuring any increase in 

weight for empty containers of a size of 

1.1m3 and 0.66m3 once they had been filled 

with PCMSW and BMSW (Table 3). The 

identified density was used to determine the 

total capacity utilisation of the containers. 

Table 3 Results of our own measurements 

of density for both kinds of segregated 

municipal solid waste in the collection 

containers 

Waste Density*, kg m-3 

BMSW 300 

PCMSW 50 

* average. 

 

Statistics methods 

In this work we present a methodology which aims to support the assessment of 

waste collection performance. The determination of the volume of BMSW and PCMSW 

in RMSW is based on the results of composition analysis which was carried out by the 

local collection company. Average values of the content of individual RMSW 

components are calculated by derived relation (1), where the formula for the arithmetic 

mean is adjusted from progressively-performed RMSW analysis in 2014 and 2016. For 

the calculations being considered, the methodology also allows for the relation (2), 

which determines the relative volume of PCMSW and BMSW in RMSW. 
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Average relative content of type of waste in RMSW, % 

 ὴ
В

ά
ά

Î
 Ͻ  ρππ 

(1) 

where ὴӶ ï average relative content of the type of waste in RMSW, %; mDi ï content 

mass of the type of waste in one RMSW sample, kg; mCi ï one whole RMSW sample 

mass, kg; n ï number of performed RMSW analyses, (-). 

Relative amount of PCMSW and BMSW in RMSW, % 

ὖ Ⱦ

ά Ⱦ

ά
 Ͻ  ρππ   (2) 

where pPCMSW/RCMSW ï relative amount of PCMSW and BMSW in RMSW, %; 

mPCMSW/RCMSW ï content mass of the type of waste in one RMSW sample, kg;  

msample ï one whole RMSW sample mass, kg. 

In addition, a methodology for producing descriptive statistics was used to process 

the RMSW composition results, involving standard deviation, dispersion, maximum and 

minimum averages, an error allowance for the 95% base file of reliability, and a variation 

coefficient. 

The methodology for determining the total capacity utilisation of PCMSW and 

BMSW containers was based on relations 3, 4, and 5. 

Total available volume of PCMSW and BMSW containers, dm3 year-1 

Ὕὃὠὧ Ⱦ   ὲὧ Ⱦ  Ͻ ὲὮ Ⱦ  Ͻ ὠὧ Ⱦ   (3) 

where TAVcPCMSW/BMSW ï total available volume of PCMSW and BMSW containers, 

dm3 year-1; ncPCMSW/BMSW ï the number of PCMSW and BMSW containers, (number); 

njPCMSW/BMSW ï the number of rides to empty the PCMSW and BMSW containers, 

(number); VcPCMSW/BMSW ï volume of PCMSW and BMSW containers, dm3. 

Total capacity of PCMSW and BMSW containers, kg year-1 

Ὕὅὧ Ⱦ

Ὕὃὠὧ Ⱦ

” Ⱦ  
 Ͻ  ρππ (4) 

where TCcPCMSW/BMSW ï total capacity of PCMSW and BMSW containers, kg year-1; 

TAVcPCMSW/BMSW ï total available volume of PCMSW and BMSW containers, dm3 year-1; 

ɟPCMSW/BMSW ï identified density of PCMSW and BMSW, kg m3. 

Utilisation of the total capacity of PCMSW and BMSW containers, % 

Ὗὅὧ Ⱦ

ὗ Ⱦ

Ὕὅὧ Ⱦ
 Ͻ  ρππ (5) 

where UCcPCMSW/BMSW ï utilisation of the total capacity of PCMSW and BMSW 

containers, %; TCcPCMSW/BMSW ï total capacity of PCMSW and BMSW containers, 

kg year-1; QPCMSW/BMSW ï total volume of PCMSW and BMSW, kg year-1. 

The STATISTICA 8 program was used to analyse the data and obtain the necessary 

characteristics of simple regression and analyses of variances (F-test in regression). 

These statistical methods were used to describe the dependence between the relative 

monthly volume of sorted waste in RMSW and its average monthly productions. 
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RESULTS AND DISCUSSION 

 

The totals for PCMSW and BMSW production were shown on a monthly basis for 

each year of the survey. These monthly production values were completed by adding in 

values for the total available volume of PCMSW and BMSW containers. Figs 1 and 2 

reflect the same trend regarding how the total available volume corresponds with the 

production of both kind of waste. 
 

 
 

Figure 1. BMSW production and total available volume of BMSW containers. 

 

 

 
 

Figure 2. PCMSW production and total available volume of PCMSW containers. 
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The percentages calculated for PCMSW and BMSW collections by methodology 

for determining the total capacity utilisation of containers used are presented in Fig. 3. 

For BMSW, the percentage of use is very low. This is caused by too-frequent a waste 

collection. From the perspective of PCMSW the percentages are slightly higher, but 

overall these are also low. In the PCMSW containers, distributed packaging boxes often 

appear, and they then fill a large proportion of the container. 
 

 
 

Figure 3. Utilisation of the total capacity of BMSW and PCMSW containers. 

 

The successful evaluation of PCMSW and BMSW collections by means of the 

results of the composition analysis of RMSW is shown in Fig. 4. This figure shows that, 

in the area being researched, the percentage of BMSW in RMSW is increasing, and the 

percentage of PCMSW in RMSW has a tendency to decline. Table 4 shows the value 

of individual calculations of descriptive statistics relating to the average checked values 

of PCMSW and BMSW in RMSW. 
 

 
 

Figure 4. Relative amount of PCMSW and BMSW in RMSW between 2014ï2016. 
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Table 4. Overview of descriptive statistics (PCMSW and BMSW values) 

Year Dispersion,  

(-) 

Standard  

deviation, (-) 

Coefficient of 

variation, (-) 

ȹ*,  

% 

Minimum 

average, % 

Maximum 

average, % 

2014 9.71 3.12 55.94 1.98 3.59 7.55 

2015 6.21 2.49 34.43 1.58 5.66 8.82 

2016 6.21 2.49 34.43 1.58 5.66 8.82 

* error for 95% base file of reliability. 

 

The sites which had a separate collection for BMSW placed four types of BMSW 

containers in the built-up area. Their usage is as follows: 

¶ containers measuring 0.66 m3, 0.44 m3, and 1.1 m3 ï BMSW from residences, 

¶ containers measuring 14 m3 ï BMSW from public green areas. 

 

The situation regarding separate collection of PCMWS placed only one type of 

container with an available volume of 1.1 m3 alongside all collections points. 

The year-by-year development of the number of PCMSW and BMSW containers 

and their collection inside the surveyed area is presented in Table 5, below. 

The increasing numbers of 

PCMSW containers (and the 

associated increase of the number of 

collections) influenced the total 

amount of collected PCMSW between 

2014 and 2016 during kerbside 

collections with effective separation 

procedures taking place. The 

summarised values also show that 

collections especially tend to increase 

with a small number of collection 

containers. The increasing numbers of 

collection containers and collections 

can be seen from the perspective of 

BMSW collections with the same level 

of influence between 2014ï2016. 

However, non-effective separation also 

 

Table 5. Average number of collections and the 

average number of collected containers per 

month 

Year/ 

Volume 
0.66 m3 0.77 m3 1.1 m3 14 m3 

PCMSW 

2014 - - 9/1,681 - 

2015 - - 11/1,709 - 

2016 - - 13/1,750 - 

BMSW 

2014 - 2/206 - - 

2015 - 4/341 - - 

2016 3/9 4/331 3/9 7/10 

*average number of collections/average collected 

containers per month (PCMSW and BMSW 

containers). 

exists in the comparison of relative volumes of BMSW in RMSW. This is due to the fact 

that the increasing number of collection containers is not gradual on the kerbside in 

relation to apartment buildings or houses. A large increase is only seen in relation to 

large-volume containers which are collected from public green areas. The collection 

company has deployed these containers primarily in marginal areas (which can be 

labelled using the phrase ógardening coloniesô) within the urban area, where there is 

no large-scale RMSW production. 

Therefore only one more effective separation has been used for the next calculation 

(which covers the average number of collections per month). 



1005 

The first of result of the analysis by STATISTICA 8 focuses on the simple 

regression summary that is presented in Table 6. The determination coefficient R2 can be 

considered as a percentage of the total variability of the response variable, as explained 

by the regression model. However, use of the adjusted determination coefficient R2 is 

recommended (Ġmilaur, 2007). 

 
Table 6. Results of regression for the average number of collections per month 

N =36 

Regression Summary for dependent variable: [%] (waste composition) 

R = 0.67521326 R2 = 0.45591294 Adjusted R2 = 0.43991038  

F(1.34) = 28.790 p < 0.00001 Std.Error of estimate: 2.3979 

Beta Std.Err. 

of Beta 

B Std.Err. 

of B 

t(14)  p level 

Intercept,   23.10718 2.086260 11.07589 0.000000 

% -0.675213 0.126501 -0.97875 0.183369 -5.33760 0.000006 

Notes: The R field contains the correlation coefficient, which is the positive square root of R-squared. 

The R2 field contains the determination coefficient, which measures the reduction in the total variation of 

the dependent variable due to the independent variables; the adjusted R2 is interpreted similarly to the 

R2 value except that the adjusted R2 takes into consideration the number of degrees of freedom. 

The F value, df, and the resultant p value are used as an overall F test for the relationship between the 

dependent variable and the set out independent variables. The standard estimate error measures the 

dispersion of the observed values about the regression line.  

The intercept field contains the intercept value if a choice was made to include the intercept in the model on 

the óModel Definition - Advancedô. 

The óStd.Errorô field contains the standard error for the intercept. The t value with the resulting p value are 

used to test the hypothesis that the intercept is equal to zero.  

The beta coefficients are the regression coefficients which would have been obtained had all of the variables 

first been standardised to a mean of zero and a standard deviation of one. 

The N is the total number of observations. 

 

óF statisticsô which result from the analysis of the variance regression model were 

carried out as an intermediate step of the selected regression function (Table 7). 
 

Table 7. ANOVA results 

N = 36 

Variance analysis; DV: % (waste composition) 

Sums of Squares df Mean Squares F p level 

Regress 163.8105 1 163.8105 28.49000 0.000006 

Residual 195.4917 34 5.7498   

Total 359.3022     

Note: The N is the total number of observations. 

 
The values for mean squares in Table 7 were used for testing the significance of the 

regression model, whereas the key value used was the ratio of the model mean square 

and the residual mean square. In the case of the null hypothesis, the value of this ratio 

should be relatively close to one (ie. the explained and unexplained variability should be 

of a similar size). More precisely (for this particular model), it should originate from the 

F disturbance with a parameter value of 1.34 (for the model being presented). 

Nevertheless, the probability that the true value of this ratio, ie. the F statistic (with a 

value of 28.4900), originates from this F disturbance is less than 0.000001 or equal  

to 06, as confirmed by the values in the óp levelô column. Hence H0 can be rejected with 

this probability of a Type I error (at the concerned level of significance). 

http://documentation.statsoft.com/STATISTICAHelp.aspx?path=multipleregression/MultipleRegressionAnalysis/Dialogs/MultipleRegressionModelDefinitionAdvancedtab
http://documentation.statsoft.com/STATISTICAHelp.aspx?path=Glossary/GlossaryTwo/M/Mean
http://documentation.statsoft.com/STATISTICAHelp.aspx?path=Glossary/GlossaryTwo/S/StandardDeviation
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We present below a graphical representation of the regression line (Fig. 5). 

 

 
Figure 5. Graphical representation of regression. 

 

According to Fig. 4 but in more detail, there is a decrease in the relative content of 

PCWSW (20 01 01) in RMSW, from approximately 14.45% to 11.93% here in the years 

being monitored, 2014ï2016. This corresponds to the opposite course of utilisation of 

the total capacity of PCMSW containers. There utilisation rose to 54% from 51%. 

However, the percentages calculated for paper are evaluated as being unsatisfactory. 

This state is achieved by a lack of discipline during the disposal of waste by members of 

the public. It is stated that the paper volume after pressing is only 20% of the total 

volume. In this example, it may be possible to achieve substantial savings in logistics 

costs for these processes by consistent deformation. The role of the public is fundamental 

in achieving this goal. In fact, the correct source separation of PCMSW is at the basis of 

any successful collection scheme (Dhokhikah et al., 2015). For example, members of the 

public can be interviewed to assess their willingness to pay as a function of the separate 

collection services, in order to work out which socio-demographic characteristics 

influence the production of waste as well as the identification of proposals for the 

promotion of recycling (Challcharoenwattana & Pharino, 2016; Giovanni et al., 2017). 

On the other hand, there was no reflection of any separate BMSW collection in RMSW 

composition. The representation of BMSW in RMSW is still rising, from 5.72% to 

7.35% in the period being monitored. The utilisation of the total capacity rose too. Values 

have increased from 26% to 32% but they are lower than those for paper. The BMSW 

collection is carried out once a week. It is therefore possible to reduce the frequency of 

collections without there being a risk of overfilling the containers or damaging the 

efficiency of separation. 

In view of a comparison between both of these areas, a collection through the use 

indicator of waste generation per capita per year (Teixeira et al., 2014, and CML et al., 

2014) also evidences a difference in the achieved value of 16.2 kg per person-1 year-1 

(PCMSW collection) and 8.3 kg per person-1 year-1 (BMSW collection) in the last year 
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of measurement ï 2016 ï from the perspective of production from apartment buildings 

or houses. 

An assessment of the mean values of input data (regarding the PCMSW collection) 

further proves a statistically significant relation that the relative volume of PCMSW in 

RMSW depends upon the average number of collections per month by settings of 

collection parameters, from the perspective of the overall size of this site. The positive 

relationship was furthermore enriched by regression analysis; however this does not 

necessarily reflect a causal relation (in fact, only non-manipulated areas were observed). 

Therefore, the relative volume of PCMSW in RMSW is influenced by non-measured 

factors. Furthermore, as the distribution of regression residuals around the x axis shows, 

there exist some differences between the real (observed) and predicted (fitted by the 

regression model) values of the variables in the regression equation. These differences 

could have been caused by increasing numbers of collections with a small number of 

collected containers. 

 

CONCLUSIONS 

 

The principal objective of the present study was to conduct a comparison of 

PCMSW and BMSW collections in one selected urban area from the perspective of its 

diversion from landfill (during the 2014ï2016 period). The authors also studied the 

influence of the average number of PCMSW collections per month, it corresponds to 

increasing PCMSW production in terms of the relative volume of this form of waste in 

RMSW for kerbside paper collections. 

The study proves that the average number of PCMSW collections per month 

influences the relative amount of PCMSW in RMSW, and mathematically defines this 

dependence. Available data for individual quarters of 2014ï2016 confirm the following 

regression compensation straight line of the average monthly PCMSW production p and 

the relative amount of PCMSW in RMSW T for kerbside paper collections 

A: T = 23.107ï0.9788.p. 

The decrease of PCMSW in RMSW for on-site paper collection indicates that the 

directive on landfills can be followed with well-chosen technological parameters in 

regard to a separate BMSW collection. It confirms the statistically significant relation. 

Improperly adjusted technological parameters for on-site BMSW collections indicate 

that this site has total monitored results which are parallel to areas without any separate 

collection. It means then that the collection has only an increase in costs for BMSW 

disposal without any of the concrete positive effects of a separate BMSW collection or 

any equivalent benefit towards the environment. 

Hence it is necessary to continually analyse the collection data, rigorously evaluate 

and carry out immediate remedial measures, and optimise the technological parameters 

at the given site with both separate forms of collection. 
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Abstract. Currently it is highly important for detectors to be able to achieve efficiency, reliability, 

and faultless operation, and to be ergonomic thanks to their assembly and being easy-to-fit. In the 

case of a proposal for the placement of detectors it is naturally important to determine position of 

the detector and the type of detector being used, but also to guarantee their capability to be able 

to detect anything when in use and their user and installation-friendliness. The problem of passive 

infrared (PIR) detectors affects a large proportion of intrusion and hold-up alarm systems 

(I&HAS). In a time of increasing property crime, it is highly important for PIR detector to actually 

be able to detect break-in attempts within the guarded area on a reliable basis and free of error. 

In the case of the installation of PIR detectors, it is naturally important not only to ensure correct 

installation, to gauge the external influences which may impact upon the detector and to ensure 

proper maintenance, but also to guarantee the capability of detection under more arduous 

conditions. The tests and comparisons which have been conducted examine both the normal 

operation of the PIR detectors and the ergonomics of these detectors. These tests are important 

both from an informative perspective and due to the opportunities to be able to develop potential 

counter-measures which could lead to their improvement. 
 

Key words: security risks, ergonomic, intrusion and hold-up alarm systems, passive infrared 

detector. 

 

INTRODUCTION  

 

At a time of increasing property crime, it is very important for detectors to achieve 

efficiency, reliability, faultlessness, and ergonomic ease of assembly and assembly. 

Passive infrared detectors, known as PIR detectors, are the most commonly used space 

protection elements in alarm systems for intrusion and retention. They can, however, be 

used in many other applications than simply to provide space protection. PIR detectors 

are, as the name suggests, passive non-emitting motion detectors. For proper operation, 

these detectors are typically DC powered (using a low voltage). Movement is detected 

by a pyro element which detects a change in temperature with a pyroelectric effect in the 

background of the space that is under surveillance. In the case of installing PIR detectors, 

it is of course not only important to ensure proper installation, to measure external 

influences on the detector and to ensure proper maintenance, but also to ensure their 

https://doi.org/10.15159/AR.18.018
https://doi.org/10.15159/AR.18.018
mailto:janhart77@gmail.com
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detection capability in more demanding conditions (Cumming, 1994; Capel, 1999; Hart 

& Hartov§, 2016). 

PIR detectors are highly prone to poor installation and, as a result, it is very 

important to pay attention to these detectors. PIR detectors have in general the highest 

number of false alarms from all detectors. This high error rate is due mainly to incorrect 

installation. This is why we've defined a problem which should serve to compare the 

properties and parameters of the PIR detector with its suitability for installation (Staff & 

Honey, 1999; Powell & Shim, 2012; MalaŠ§k et al., 2016; Choubisa et al., 2017). 

 

MATERIALS AND METHODS  

 

Measurements were made in order to determine the response of the PIR sensor 

(Fig. 1) in various situations. The PIR sensor is a basic feature of the PIR detector. These 

are sensors that are sensitive to infrared light irradiation. These are semiconductor 

devices and are made of crystalline materials such as tantalum and lithium compounds. 

They can respond to irradiation with infrared light. In the case of irradiation, an electrical 

charge occurs on the crystals. It works as a gradient drive, ie. it only detects changes of 

incident radiation on the sensor. In the case of usually more expensive and better quality 

sensors, two and four pyroelements are used. 

Since the pyroelectric sensor is sensitive 

to the large wavelength range of 

electromagnetic waves, a radiation filter is 

inserted in front of the sensor. The purpose of 

the filter is to pass through only infrared 

radiation. The PIR sensor is a so-called 

pyroelectric phenomenon (the effect of 

temperature on the crystalline lattice  

-> electrical potential, electrical charge 

difference -> triggering of an alarm) 

(Petruzzellis, 1993; Upadrashta et al., 2015; 

Drga et al., 2016; Hart et al., 2016; Luo et al., 

2016). 

 

 
 

Figure 1. Schematic showing the PIR 

sensor function. 

 

For testing and comparison, digital PIR detectors were selected (see Fig. 2). These 

were detectors from Bosch, PARADOX, Satel, and Pyronix-Hikvision. PET Immunity 

detectors with the largest representation in the Czech Republic were selected. These 

detectors have met Security Level 2 standards (a low-to-medium risk). From each type 

of detector, five samples were tested and average values of all of the measured results 

were reported. 
 

 
 

Figure 2. PIR detectors (from the left: ISC-BPR2-WP12; NV5; AQUA PET; KX10DP). 
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The following tests were carried out: 

¶ Slow test passage 

o Walking speed ï 1.5 km an hour-1 (simulating offender movement) 

o Distance from detector ï 7 m. 

¶ Range test (max) 

o Walking speed ï 5 km an hour-1 (standard motion simulation) 

o Testing started at the maximum distance indicated by the manufacturer 

o The measurement is repeated cyclically ten times in succession 

o After a successful measurement, the distance of the drive was extended by half 

a metre 

o The alarm should have been triggered at least nine times out of ten attempts. If 

this did not happen then the test was unsuccessful and the test distance was 

defined as being the maximum distance. 

¶ Detection angle test (max) 

o Walking speed ï 5 km an hour-1 (standard motion simulation) 

o Distance from detector ï 7 m 

o PIR sensors were monitored during the passage 

o The measurement is repeated cyclically ten times in succession 

o During these cycles, the subjectôs position and the first óreliableô pulse were 
monitored 

o A reliable pulse was defined and these pulses had to occur so that at least eight 

out of ten cycles were triggered, otherwise the angle is defined as being the 

maximum permitted. 

¶ Sampling Test (max) 

o During the activation of the detector (placing it in its alarm state) its current 

consumption was measured against the data provided by the manufacturer. 

 

In addition, thirteen independent firms were approached. These companies had all 

of the selected detectors in their installation portfolio. All of these companies filled out 

a questionnaire, describing which of these detectors best suited their needs. They were 

to assign three points to the best of the detectors, two to their second choice, one to their 

third choice, and zero to the worst detector in their view. 

The selection of the most appropriate (compromise) variant was carried out using 

a multi-criteria analysis. The difference in the price of the PIR detectors being compared 

is insignificant and therefore has not been counted. The difference between the cheapest 

and most expensive PIR detectors is only 2 ú, which is not particularly crucial when 

investing in the security feature. For this reason, in the case of these particular detectors, 

their technical parameters are preferred over their cost. Table 1 shows the value of the 

judged criteria for individual PIR detectors (Hart et al., 2016). 
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Table 1. An average expression of detected PIR detector parameters 

Type 

Slow passage-

triggered  

alarms 

Range 

(max) 

[m] 

Detection 

angle 

[Á] 

Current 

consumption 

[mA]  

Installation 

friendliness 

Bosch 

ISC-BPR2-WP12 

48 13.5 98.0 10.5 21 

Paradox NV5 46 13.5 92.0 11.2 17 

Satel AQUA PET 50 16.0 90.5 10.5 16 

Pyronix-Hikvision 

KX10DP 

39 11.0 88.5 12.9 24 

 

The priority of each parameter was expressed by means of weights. Weights were 

determined according to Table 2. The points assigned to the parameters of each PIR 

detector, the weights, the overall rating, and the PIR detector variant that was selected 

as the most appropriate are listed in Table 3 (Hart et al., 2016). 

 
Table 2. Determination of weights for PIR detectors 

Parameters Scoring Scales 
Slow passage-triggered alarms 6 0.167 

Range (max) 10 0.278 

Detection angle 9 0.250 

Current consumption 4 0.111 

Installation friendliness 7 0.194 

Total 36 1 

 
Table 3. A selection of the most suitable PIR detector by multi-criteria analysis 

Type 

Slow passage-

triggered  

alarms 

Range  

(max) 

[m] 

Detection  

angle 

[Á] 

Current 

consumption 

[mA]  

Installation 

friendliness Points 

Bosch 6 8 10 9 8 8.277 

Paradox 7 8 9 8 5 7.501 

Satel  5 10 8 10 4 7.501 

Pyronix 10 7 7 7 10 8.083 

Scales 0.167 0.278 0.250 0.111 0.194  
 

RESULTS AND DISCUSSION 
 

Of all four PIR detectors being compared, the Bosch ISC-BPR2-WP12 detector 

was selected as the best option, with a total score of 8.277 points. This means that the 

required criteria satisfied approximately 83% of the total possible score. The Pyronix-

Hikvision KX10DP detector was placed in second position with 8.083 points (81%), and 

the Paradox NV5 and Satel AQUA PET detectors were placed in last position, both with 

7.501 points (75%). The final order is shown in Fig. 3. 
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Figure 4. Overall standings for PIR detectors. 

 

Until all of the systems have been tested, it is possible only to ask how many 

detectors and systems are at all secure. A further question is whether any system exists 

which could provide reliable protection for a reasonable price. 

Although manufacturers are constantly attempting to develop systems, the majority 

copy old errors in the technical design into new products of a higher class, even despite 

the endeavours of customers to ensure manufacture is modified. Without innovative 

approaches and user feedback, this array will career into a blind alley (Upadrashta et al., 

2015; Hart & Hartov§, 2016; Drga et al., 2016; Luo et al., 2016; Choubisa et al., 2017). 

This testing is also appropriate because PIR sensors are beginning to be used to 

monitor the movement of persons in the smarthome, as reported by authors in these 

articles: óAn Optical-Camera Complement to a PIR Sensor Array for Intrusion Detection 

and Classification in an Outdoor Environmentô (Choubisa et al., 2017); óALPAS: 

Analogue-PIR-sensor-based Activity Recognition System in the Smarthomeô 

(Kashimoto et al., 2017); óHealth Checking System Using a Wearable Health Device 

and PIR Sensorsô (Miyazaki et al., 2016); óMachine-to-machine Communication-Based 

Smart Home Security System by NFC, Fingerprint, and PIR Sensor with Mobile Android 

Applicationô (Morsalin et al., 2016); and óHuman Daily Activity Recognition Using 

Ceiling Mounted PIR Sensorsô (Luo et al., 2016). 
 

CONCLUSIONS 

 

The technical design of security systems is unique for the majority of 

manufacturers. In the case of every manufacturer it is possible to find some degree of 

poor technical design which requires modification. This deficiency can be resolved 

through the technical development of the given product and adaptation to customer 

requirements. 

0

2

4

6

8

10

12

Slow passage
-triggered

alarms

Range (max) Detection
angle

Current
consumption

Installation
friendliness

Final points

P
o
in

ts

Bosch Paradox Satel Pyronix



1015 

The practical tests which have been conducted on PIR detectors delivered a level 

of insight into their functionality and usability in practice. Using multi-criteria analysis 

of variants, an optimal PIR detector was selected. In the research, the measured values 

of the PIR detector and installation convenience were compared. The PIR detector, ISC-

BPR2-WP12 from the manufacturer Bosch, has emerged as being the best choice out of 

the comparison detectors. 

The other detectors did not fare much worse than the ISC-BPR2-WP12. The 

second-placed one was the Pyronix-Hikvision KX10DP detector. In joint third position, 

the Paradox NV5 and Satel AQUA PET ended up with the same number of points. The 

difference between worst placed and best placed detector was only 10%. 
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Abstract. Every modern car has a remote control for wireless unlocking. Wireless drivers for 

unlocking the vehicle using frequency in the ISM bands. ISM bands are unlicensed bands. They 

are usually used for industrial, medical and scientific purposes. The question is whether wireless 

transmission parameters are sufficient and do not violate defined range of ISM band. Another 

important aspect is the security of the wireless transmissions and any other signal interference. 

The problem of interference plays an important role in ensuring the quality and safety of wireless 

communications, especially when wireless networks can be found everywhere. The issues of 

remote control vehicles is very important due to the resulting security of a guarded vehicle. One 

of the major risks that may occur are data transmission that the signal is blocked by another signal 

and the end user does not notice. In this case, does not lock the vehicle nor ensuring its securing 

security system. Tests which were performed accurately determined the bandwidth of broadcast 

remote control for each vehicle. Vehicles for which the tests were conducted are standard vehicles 

used to frequent occurrence. These are the following types: Alfa Romeo, Hyundai, Mercedes, 

Ġkoda and Toyota. Subsequently, the analysis was performed of transmission compared with 

standard broadcast of jammers. All test drivers worked in the band ISM433. These tests clearly 

demonstrated that not every manufacturer strictly observes ranges of ISM band. This may affect 

traffic on surrounding licensed bands. 

 

Key words: Remotes, vehicle, wireless transmission, interference, measuring. 

 

INTRODUCTION  

 

Currently, the issue of electromagnetic interference is growing steadily and much 

attention is focused on it from both scientists and the general public. Electromagnetic 

interference is increasing almost every day, and disseminators include seemingly risk-

free parts of everyday life such as home appliances, machinery and devices, urban 

environments and high-voltage lines that supply electricity in both areas near and far 

away (hereinafter common electromagnetic interference). It has been shown that it also 

arises, for example, in the thermal treatment of materials. It is not possible to state that 

this is directly a natural disaster, but it does have a major impact on both the environment, 

and the functionality of various communication technologies (Mpitziopoulos et al., 

2007; Commander et al., 2008; Altman et al., 2011; Bradna & MalaŠ§k, 2016). 

https://doi.org/10.15159/AR.18.019
https://doi.org/10.15159/AR.18.019
mailto:janhart77@gmail.com
http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=T1lbk6WDsoaapJdciXn&field=AU&value=Mpitziopoulos,%20A
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Electromagnetic interference is also increased with the boom in wireless 

technologies, which has led to a large increase in the use of wireless devices. Through 

their broadcasts, these devices gradually overload individual frequencies, which leads 

not only to transmission errors, but sometimes also to their disabling. Electromagnetic 

interference overloading of 433 MHz and 868 MHz frequencies, through which the 

wireless component of wireless transmissions with remotes for unlocking vehicles 

communicates, strongly affects their reliability, usability (Commander et al., 2008; Tahir 

& Shah, 2008; Pelechrinis et al., 2009; Hart & Hartov§, 2014). 

Although common electromagnetic interference for wireless transmission with 

remotes for unlocking vehicles is very risky, it is not the greatest risk. The greatest risks 

are becoming low-frequency jammers that are able to jam ongoing communication 

between a remotes and vehicles, thus disabling the alarm (Staff & Honey, 1999; 

Mpitziopoulos et al., 2007; Siddhabathula et al., 2012; Hartov§ & Hart, 2017). 

Many research has shown that not every transmitter meets the ISM band. These 

bands are free of charge and are specified by the telecommunication authorities. It was 

therefore a question of whether wireless communications with remotes for unlocking 

vehicles meet the necessary requirements of telecommunication authorities. If these 

requirements were not met, it would have had a major impact on the production 

engineering of these remotes (Hart & Hartov§, 2014; Hartov§ & Hart, 2017). 

 

MATERIALS AND METHODS  

 

Tests which were performed accurately determined the bandwidth of broadcast 

remote control for each vehicle. Vehicles for which the tests were conducted are standard 

vehicles used to frequent occurrence. These are the following types: Alfa Romeo, 

Hyundai, Mercedes, Ġkoda and Toyota. 

SPECTRAN HF-6060 spectrum analyser (Fig. 1) was used, which investigated the 

strength of the broadcasting remotes for unlocking vehicles at frequencies of 433 MHz 

(ISM 433). ISM 433 is only standard for ITU  1 (EMEA), not for Asia and therefore the 

cars distributed in ITU1 area were selected. The manufacturer must adhere to the 

wireless transmission standards of countries where he distributes his products. 
 

 
 

Figure 1. Spectrum analyser SPECTRAN HF-6060 with an antenna. 

 

http://apps.webofknowledge.com/OneClickSearch.do?product=WOS&search_mode=OneClickSearch&excludeEventConfig=ExcludeIfFromFullRecPage&colName=WOS&SID=T1lbk6WDsoaapJdciXn&field=AU&value=Mpitziopoulos,%20A
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The ISM (industrial, scientific and medical) bands that were measure are bands for 

radio broadcasts, which are used, for example, in industry, and for health and scientific 

purposes. They are of course also used in the commercial sector, where we most often 

encounter them with RC models and intruder and hold-up alarm systems. They are 

unlicensed (free) bands, which means that they are allowed to operate without license 

fees if they use homologated (approved) devices. Although a commercial company may 

save money by using them, but their one big disadvantage is that these frequencies do 

not guarantee against interference (Cumming, 1994; Capel, 1999; Powell & Shim, 

2012). 

Within the measurement the following values were set on the SPECTRAN  

HF-6060 spectrum analyser:  
¶ Sampletime  ï 50 ms 

¶ Samples  ï 500 

¶ Bandwidth  ï 1 MHz 

For each car, two identical controls were tested in five cycles. For all charts, top 

line shows wireless transmission and lower default values for natural interference. In the 

following figures (Figs 2ï5) are an evident intensity of the wireless transmission 

vehicles: Hyundai i30, Mercedes-Benz CLK, Alfa Romeo 159 and Toyota Verso in the 

scope of ISM 433. 
 

 
 

Figure 2. Transmission characteristics of Hyundai i30. 

 

 
 

Figure 3. Transmission characteristics of Mercedes Benz CLK. 
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Figure 4. Transmission characteristics of Alfa Romeo 159. 

 

 
 

Figure 5. Transmission characteristics of Toyota Verso. 

 

In the following figures (Figs 6ï9) are an evident intensity of the wireless 

transmission vehicles: Ġkoda Fabia III, Ġkoda Octavia II, Ġkoda Superb II and Ġkoda 

Octavia III RS in the scope of ISM 433. 
 

 
 

Figure 6. Transmission characteristics of Ġkoda Fabia III. 
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Figure 7. Transmission characteristics of Ġkoda Octavia II. 

 

 
 

Figure 8. Transmission characteristics of Ġkoda Superb II. 

 

 
 

Figure 9. Transmission characteristics of Ġkoda Octavia III RS. 
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In the last figure (Fig. 10) is an evident intensity of the wireless transmission of 

vehicle Toyota Auris in the scope of ISM 433. 
 

 
 

Figure 10. Transmission characteristics of Toyota Auris. 

 

RESULTS AND DISCUSSION 
 

From the measured results of wireless transmissions using the remote control to 

unlock the vehicle based on best provided wireless transmissions shown in Figs 2, 5 and 

10 respectively. 

They have the power in their broadcasts and do not depart from prescribed ISM 

band. At the same time wireless transmissions in the results in Fig. 10 and implemented 

in parallel in two bands, thereby reducing the likelihood jamming. Wireless 

transmissions in Figs 3 and 4 while also do not interfere outside ISM bands, but their 

broadcasts is weaker over the previous variants. It may give rise to a situation that, due 

to natural electromagnetic interference is not successfully transmitted. The remaining 

transmissions, shown in Figs 6ï9, although they have great power, but failed to comply 

with specified range of transmission for the ISM band, so should officially not used at 

all. A comparison of different wireless transmissions can be seen in Fig. 11, based on 

the above parameters. This figure shows the percentage of transmission quality for each 

measured vehicle. 
 

 
 

Figure 11. Evaluation of individual criteria through a multi-criteria scoring options. 
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Since the first public demonstration of radio and radio communication in 1893 by 

Nikola Tesla, people have been trying to find a way to communicate with each other 

without such communication being interfered with. One of the biggest booms in this 

research began during the Vietnam War, as described by the author of the article óThe 

Progress of Tactical Radios from Legacy Systems to Cognitive Radios.ô (Elmasry, 

2013). Many years of research have passed since this historic turning point, but this also 

includes jamming devices as described in the article óResponsive Communications 

Jamming Against Radio-Controlled Improvised Explosive Devicesô (Mietzner et al., 

2012), where the author focused mainly on protective jammers used to protect against 

óradio-controlled improvised explosive devices (RCIEDs)ô. 

According to recent research and gradual overloading of ISM bands, it is necessary 

to further develop the possibilities of unlicensed bands, as described in the article 

óComplex radio frequency (RF) communications with virtual pulsesô (Maina et al., 

2008), which describes the use of virtual pulses for communication. It also includes 

protection against interference. It is also advisable to constantly explore other options, 

thanks to which new wireless sensor networks could develop, as described by the authors 

in the article óUWB wireless sensor networks: UWEN ï A practical exampleô 

(Opperman et al., 2004), where they favour the use of Impulse-radio-based UWB 

technology for WSN development. 

 

CONCLUSIONS 

 

Wireless transmissions with remotes for unlocing vehicles are very susceptible to 

interference ï both interference caused by the environment, and interference caused by 

a targeted jammer. 

The measured values clearly show that not every wireless transmissions with 

remotes for unlocing vehicles has effective intensity against band interference. In order 

to ensure the vehicle system, guarded vahicle and property, it is important that the band 

interference control is flawless. 

It is important to have an overview of the reliability and functionality of each 

wireless transmissions. When using wireless transmissions, it is also important for 

remotes to have bidirectional communication, which increases the systemôs chances to 

detect band interference, and also allows the transmission to be switched to a free zone. 

The only problem would then be if the perpetrator used a smart jammer with detection 

of used frequencies. 

Vehicles Ġkoda Fabia III, Ġkoda Octavia II, Ġkoda Superb II and Ġkoda Octavia III 

RS detected overlapping outside ISM bands. It is therefore recommended that the 

wireless technology of these vehicles be changed. It is recommended that this change be 

made due to a weak signal even for vehicles Mercedes Benz CLK and Alfa Romeo 159, 

even though their transmission is within the ISM bandwidth. 

All of the measured data are also important for manufacturers of vehicle systems 

as feedback on their products. In the future, there will be efforts to expand similar tests 

to other I&HAS manufacturers, as the reliability of these systems is very important, and 

it will be necessary to check them after deficiencies in the tested systems are ascertained. 
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Abstract. At present, there is an increasing need to protect workplace entry and specially guarded 

premises. In addition to standard access systems on a chip cards are getting to the fore of biometric 

identification systems such as readers for fingerprint, biometric scans faces and others. Biometric 

readers face still improve, but still have a lot of blind spots, thanks to which their reliability and 

user-friendliness decreases. One such problem is the light intensity in the room where the reading 

device is located. The varying intensity of the light in the room causes a different illumination of 

the person's face. It emphasizes or suppresses the main points of the face that needed for user 

authorization, and the whole identification process is prolonged and difficult. The reliability value 

is significantly different from the value given by the manufacturers. It is very important to 

highlight on this problem and begin to address it by altering the current production engineering. 

 

Key words: light intensity, measuring, False Acceptance Rate, identification, facial features. 

 

INTRODUCTION  

 

In today's world, an increasing emphasis is placed on securing objects. Quality 

security is not only about detectors for perimeter and indoor protection, but it is also very 

important to take care of the security of access systems. At first it used a very simple 

devices that operate on the principle of a password or pin, then began to use access cards 

and in recent years the industry has developed so much that for access to protected 

objects using biometric identification systems. Such systems are many (Jazzaret & 

Muhammad, 2013). 

Most commonly used are systems that use fingerprints to identify people. These 

systems are quite good enough, but there is still a high chance of their sabotage. In second 

place are identifying systems based on the geometry of the face. Such systems are 

financially acceptable, but their reliability is quite a problem. (Di Martino et al., 2016) 

The first problem is that imitating one's appearance is not difficult, and another problem 

is that the identification depends on the environment in which the reader works. 

Although the manufacturer makes recommendations, where he writes about the lighting 

conditions, the spatial location of the reader, temperature and humidity conditions, etc., 

https://doi.org/10.15159/AR.18.021
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but the device is usually installed already in the original space and therefore it is not 

always possible to fulfill all the recommendations of the equipment manufacturer. 

This paper focuses on the issue of the illumination intensity of the room in which 

the reader is located. It has been found that too high or low light intensity increases the 

wrong user denial and possible confusion of these users. Appropriate system innovation 

was needed to increase reliability to an acceptable level (Zou et al., 2010Ě Vinay et al., 

2015). By testing, this problem was largely suppressed by adding an additional ice strip 

to individual biometric identification devices. It is very important to emphasize this 

problem and begin to address it by changing the current manufacturing engineering. The 

development of innovation in this area is of great importance. The emphasis is on the 

implementation of measures that will improve their ability to identify flawless 

(Ashbourn, 2000; Zhang, 2000; Jain & Feng et al., 2009). 

To determine the reliability values of biometric identification systems, the formula 

for False Acceptance Rate (FAR) and False Rejection Rate (FRR) was used. 

 

MATERIALS AND METHODS  

 

The measurements build upon the previous research which was carried out with 80 

participants using the readers MultiBio 700 and iFace 302. 

A cohort of 30 participants was chosen for measurements which were repeated 

20times. Regarding the face scan it was necessary to observe laboratory conditions, in 

particular lighting (the lighting required by the manufacturer is in the range of 0ï800 lux) 

for the first measurement, which served as a model standard. A further 20 repeat 

measurements were performed with the original participants, the room lighting was 

provided by a dimming reflector. The tests were performed on AFT-500, AccuFACEÈ 

EFR-T1, MultiBio 700 and iFace 302 readers, represented in Figs 1 and 2. The light 

dimmable reflector has been attached to a classical illumination. Testing ranged from 0 

Lux values of light intensity up to 1,700 lux value. 
 

    
 

Figure 1. AFT-500 and AccuFACEÈ EFR-T1. Figure 2. MultiBio 700 and iFace 302. 
 

The measurement was primarily focused on false user acceptance. False acceptance 

of a user means that an unauthorized person is admitted to a particular premises. The 

admittance of an unauthorized person can happen in two ways, namely through a reading 

device error, when a person in question has no intention of criminal activity, while the 

other way consists in intentionally causing the door to open with certain intents in mind 

(trespassing, theft and other offenses. The offender has more than one possibility of 

outsmarting the biometric identification system. One of them is to cause a shortcircuit 

http://apps.webofknowledge.com/DaisyOneClickSearch.do?product=WOS&search_mode=DaisyOneClickSearch&colName=WOS&SID=U1qcdSWfPHWljjYOp8b&author_name=Jain,%20AK&dais_id=15167203&excludeEventConfig=ExcludeIfFromFullRecPage
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of the reading device without subsequent alarm activation (most of the identification 

systems are connected to the switchboard of Intrusion and Hold-up Alarm Systems.) 

Another way is to adjust your visage in a way that is as close as possible to one of the 

eligible users (Rak, et al., 2012; Jazzar & Muhammad, 2013). 

ὊὃὙ Ͻρππ ( ) (1) 

FAR ï False Acceptance Rate; NFA ï Number of False Rejection; NIIA  ï Number of 

attempts by unauthorized persons to identify. 

In addition, testing was aimed at a false denial of the user, and in the case of these 

readers a threshold for user denial was set for 2 seconds. Facial-identifying readers can 

not reject the user, only the user can accept, so it is necessary to set a limit. This limit is 

the value the manufacturer gives as the value at which the identification is to take place. 

ὊὙὙ Ͻρππ ( ) (2) 

FRR ï False Rejection Rate; NFR ï Number of false rejection; NEIA ï Number of 

Enrolle Identification Attemps. 

A measurement panel was set up and all the measured readers were attached to 

it ï see Fig. 3. First it was necessary to download individual users to each biometric 

system. All the tested readers have the same software and downloading was carried out 

in the same manner. First, each user was assigned his/her ID (identification number), 

next their fingerprints were taken (scanning the same finger 3times) and after that a 3D 

face model example was downloaded. The readers' voice application gave the users 

instructions on how to turn their heads (Abateet al., 2005, Stroica & Vladescu, 2012). 
 

 
 

Figure 3. Measuring panel. 

 

The readers are equipped with two cameras scanning the user's face at a specific 

angle. If the cameras get the required values, they will create a picture and store it. 

Already during the scanning of the model/template it is necessary for the scans to reach 

minimally 95% correspondence with the first scan. This means a match at the points 

which developers determined to be the points of reference (tip of the nose, nose width, 

distance between eyes, facial bones, mouth shape, chin and more). It was the matching 

of the individual snaps which were scanned in gradual steps, which extended the time 

needed for creating of example models. 
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When testing the readers, a series of measurements was performed at each light 

intensity. The individual luminous intensities were 0 lux, 45 lux, 160 lux, 400 lux, 

725 lux, 1,150 lux and 1,700 lux. 

After that LED lighting was attached to the measurement board, made up of six 

rows of LED tape which contained 270 LEDs. 

These additional LEDs have been used to increase the reliability of biometric 

identification systems. Again, a set of tests was performed on the same counts as the 

previous measurements, except that the reader had an additional white LED light. 

 

RESULTS AND DISCUSSION 
 

First, measurements were made of the number of received users by each biometric 

systems. A total of 600 measurements were made for each light intensity and for each 

biometric identification system. Seven different luminous intensities were determined. 

These intensities were set from 0 lux to 1,700 lux. These values correspond to the values 

measured in individual rooms in different businesses that did not want to be published 

for security reasons. The graphs in Figs 4 to 7 show the measured values, where at each 

luminous intensity there are 4 levels of acceptance / rejection of the user. According to 

the legend of the chart, it is obvious that it is a borderline and so identification within 

3 seconds, within 5 seconds, within 10 seconds and over 10 seconds. 10 seconds have 

been set limit for user identification. Anything over 10 seconds has already been taken 

as a wrong user denial. The first two readers AccuFace and AFT 500 are modern 

biometric identification systems that are in the middle price range. According to 

distributors and manufacturers are statistically one of the most used in Europe. The first 

two levels of the chart are decisive for the system owner. Both the AccuFace reader and 

the AFT reader make it clear that they are encircling the gaus curve. Highest reliability 

have systems from 1,150 lux up to 160 lux. If the intensity is too high or too low, there 

is a significant decrease in reliability. At values of 45ï0 lux, it is clear that the integrated 

illumination with red LEDs is inadequate. 
 

 
 

Figure 4. False Rejection Rate AccuFace. 
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Figure 5. False Rejection Rate ATF 500. 

 

 
 

Figure 6. False Rejection Rate IFace302. 

 

 
 

Figure 7. False Rejection Rate Multibio 700. 
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The IFace 302 and Multibio 700 readers have charts with the same waveform, with 

worse measured values. These readers are most commonly used in the Czech Republic. 

It belongs to a lower price category and is gradually changing for newer technologies. 

The graphs show that the technology of biometric face readers is still evolving and 

improving. 

The second step was measured incorrect user acceptance. Fig. 8 shows that the 

highest error rate was achieved at luminous intensities of 1,150 lux and above and 46 lux 

and below. The optimum luminous intensity was 400 lux for all readers. 
 

 
 

Figure 8. False Acceptance Rate. 

 

As a countermeasure to increase reliability, another series of measurements was 

made, but this time with an additional panel LED white light. In all cases, the values 

have improved almost by half. And so the reliability reached an acceptable level. The 

question of the intensity of the room has not yet been dealt with by anyone else. 

The authors Bourlai, T. and Hornak, L.A. in their article Face recognition outside 

the visible spectrum, highlight the issue of exposure, examining the reliability of systems 

in low light conditions or at night. Where they point to the different wavelengths and 

functionality of the systems in the balance sheets. 

 

CONCLUSIONS 

 

Measurement has shown that the intensity of light in the room in which biometric 

identification systems are located is very important. Too high and low light intensity 

values reduce the reliability of these systems. Manufacturers declare that the reliability 

values should be up to 1%, but the graphs could even see values around 30%, which is 

very unacceptable to the user. It was important to make countermeasures to increase the 

value of reliability for individual readers to a user-friendly value. This was aided by an 

additional white LED LED strip. Erroneous acceptance and false rejection values 

improved by an average of half by adding this additional device. This development area 
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needs to be further deepened and addressing new innovations in these systems. Accesses 

to protected objects should not be underestimated. 
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Abstract. The quality of ignition and combustion of four marine and power plant fuels were 

studied in a Combustion Research Unit, CRU. The fuels were low-sulphur Light Fuel Oil (LFO, 

baseline), Marine Gas Oil (MGO), kerosene and renewable wood-based naphtha. To meet climate 

change requirements and sustainability goals, combustion systems needs to be able to operate 

with a variety of renewable and ónet-zero-carbonô fuels. Due to the variations in the chemical and 

physical properties of the fuels, they generally cannot simply be dropped into existing systems. 

The aim of this research project was to understand how changes in fuel composition affect engine 

operation. The focus was on how various properties of the fuels impact on the combustion process 

ï especially ignition delay and in-cylinder combustion. The goal of the research project was to 

allow broad fuel flexibility without any or only minor changes to engine hardware. Before the 

engine tests, the CRU forms an easy and cost-effective device to find out the engine suitability of 

the fuel. The results showed that the ignition delay decreased expectedly with all fuels when the 

in-cylinder pressure and temperature increased. The differences in the maximum heat release 

rates between fuels decreased in high-pressure conditions. MGO had the shortest ignition delay 

under both pressure and temperature conditions. Based on the CRU results MGO and kerosene 

are suitable to use in compression-ignited engines like the reference fuel LFO. In contrast 

renewable naphtha had a long ignition delay. If naphtha is used in a CI engine, the engine must 

be started and stopped with, e.g. LFO or MGO. 

 

Key words: Diesel engines, alternative fuels, ignition delay, heat release rate. 

 

INTRODUCTION  

 

In compression ignition (CI) engines the combustion process starts when liquid fuel 

is injected as one or more jets into the cylinder fulfilled with hot high-pressured air near 

the top dead centre (TDC) position of the piston. The ignition delay (ID) is a period when 

injected fuel entrains to cylinder, atomizes and mixes with existing air. Chemical 

reactions start slowly and ignition occurs after the ID. Good atomization provides rapid 

air-fuel mixing decreasing the ID. The ignition of air-fuel mixture prepared during the 

ID causes a rapid pressure rise that is called as rapid uncontrolled or premixed 

combustion. Controlled combustion follows and is the part where preparation of fresh 

air-fuel mixture determines the rate of combustion. Combustion continues until all the 

fuel or air is utilized. This last phase is called as final combustion. 

https://doi.org/10.15159/AR.18.089
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Due to variations in the chemical and physical properties of the fuels, they generally 

can not simply be dropped into existing systems. The aim of this research project was to 

understand how changes in fuel composition affect engine operation. The fuel properties 

have a significant effect on the ignition and combustion as well as pressure, temperature 

and mechanical issues (e.g. nozzles and their hole diameters). The viscosity, density, 

heating value and cetane number have a major effect on good atomization and ignition 

delay especially under low pressure conditions (Heywood, 1988; Bae & Kim, 2016). 

Too rapid a chamber pressure increase may cause engine damage and also increase NOx 

emissions (Steenberg & Forget, 2007). Buchholz (2013) and Chang et al. (2013) even 

states that current diesel fuel ignites too easily causing poor mixing with oxygen, which 

leads to increasing levels of soot and NOx emissions. As a solution they suggest that one 

way to cut down number of aftertreatment devices and high injection pressure, is to use 

less processed fuel. 

Currently most of the energy sources rely on fossil fuels which have limited 

resources. That is why alternative energies are necessary. Based on Bae & Kim (2016) 

significance of using alternative fuels can be defined as followes: 

ô(1) pursuing energy sustainability through the extended usage of those alternative 

fuels derived from renewable energy sources and mitigating the concerns of limited 

fossil fuel energy 

(2) improving engine efficiency and engine-out emissions with the aid of superior 

physical or chemical properties of alternative fuels compared to those of conventional 

fuels 

(3) relieving the unbalanced usage of conventional petroleum-based fossil fuelsô. 

In this study, the ignition characteristics of four marine and power plant fuels were 

studied in a Combustion Research Unit, CRU. The fuels were low-sulphur Light Fuel 

Oil (LFO, baseline), Marine Gas Oil (MGO), kerosene and renewable wood-based 

naphtha. MGO represents recycled fuels cause it is produced from used lubricant oils. 

LFO and kerosene may be called as heavier fuels and naphtha represents lighter 

fractions, which is generally the product of the initial distillation of crude oil. In this 

study, used naphtha was renewable wood-based naphtha. 

Studies (Chang et al., 2013; Wang et al., 2013; Bae & Kim, 2016) have shown that 

crude oil-based naphtha, run in compression ignition engines, had a high efficiency with 

good transient operation and acceptable noise levels, while achieving NOx emissions 

below the EURO6 levels, lower particulate matter (PM) emissions and lower smoke 

levels than with diesel fuel. However, the low CN and viscosity of naphtha may cause 

increased NOx emissions due to the retarded start of combustion and prolonged ignition 

delay (Subramanian et al., 2018). 

Kerosene is primarily used in the aviator sector particularly in gas turbine engines. 

Behind the kerosene usage in diesel engines is North Atlantic Treaty Organization 

(NATO) militaryôs intending to use JP-8 fuel for all their automobiles and equipments, 

based on their Single Fuel Concept (SFC), due to logistical benefits. Another reason to 

study kerosene in diesel engine is adulteration of diesel by mixing it with kerosene, 

which is big problem in some parts of world.  JP-8 has very similar chemical composition 

compared to the present Jet-A fuel despite some additives (Yadav et al., 2005; Lee et al., 

2012). Based on the research of Vasu et al. (2007), JP-8 and Jet-A have very similar 

ignition delay times. Although, low lubrication may cause problems in the fuel pump 

system (Anastopoulos et al., 2002; Bae & Kim, 2016). 
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MGO is commonly known as shipping fuel. The ship owners have been driven to 

examine how to comply the forthcoming sulphur emission regulations (IMO, 2008), and 

MGO is promising alternative besides sulphur scrubbers and alternative fuels. MGO is 

required in a vessel by existing and upcoming regulations depending on time and 

location. For example a vessel uses MGO when it is inside Emission Controlled Area 

(ECA) or within EU ports. Outside the ECA, HFO is used. However, by 2020 low-

sulphur heavy fuel oil (LSFO) is required outside of the ECA (Germanischer Lloyd and 

MAN, 2012). Jiang et al. (2014) calculated that it is more beneficial to use MGO in a 

old ships compared to use scrubber retrofits. 

However, MGO has a higher viscosity and density compared to diesel fuel which 

may lead to poor atomization resulting in incomplete combustion with higher soot 

emissions (Nabi et al., 2012). However, the studied MGO had a significantly higher CN 

(68), compared to other studied fuels, which may count as a compensatory property to 

higher viscosity and density. In literature (i.e. Karavalakis et al., 2008; Nabi et al., 2012; 

Ushakov et al., 2013) the CN of MGO is generally around 47ī55. 

Due to the variations in the chemical and physical properties of the fuels, they 

generally cannot simply be dropped into existing systems. Proper fuel analysis is 

necessary before engine use to observe suitability of the fuel. Ensured fuel flexibility of 

IC engine is needed to manage with fuel availability and fuel price fluctuation, and to 

meet emission regulations set for industrial engines and end-users. The goal of the 

research project was to allow broad fuel flexibility without any or only minor changes 

to engine hardware. Before the engine tests, the CRU forms an easy and cost-effective 

device to find out engine suitability of the fuel. 

 
MATERIALS AND METHODS  

 

Fuels 

The studied fuels were selected to enlarge the choice of fuel alternatives of marine 

engines. The fuels were Light Fuel Oil (LFO), Jet A-1 -type aviation fuel (100% 

kerosene), Marine Gas Oil (MGO) produced from used lubricant oils and wood-based 

naphtha that was a side-product of wood-based biodiesel production. Chemically, all the 

fuels contained several hydrocarbon compounds; that is why no simple chemical 

formulas could not be given. 

The research started by analysing the basic fuel properties (Table 1). The kinematic 

viscosity has an important role in fuel injection and droplet formation. Too high or too 

low viscosity causes poor fuel injection and increases fuel consumption. Too high 

viscosity leads to poor atomization resulting in incomplete combustion. However, too 

low fuel viscosity may cause mechanical problems in engine use as leaking from the 

nozzle sealing and the fuel pump system. All selected fuels had a relatively low viscosity. 

At a temperature of 40 ÁC wood based-naphtha had the lowest viscosity (0.50 mm2 s-1) 

and MGO (8 mm2 s-1) the highest. Kerosene (0.94 mm2 s-1) and the reference fuel LFO 

(3.0 mm2 s-1) were between the values of naphtha and MGO. The lower viscosity of 

naphtha and kerosene, compared to diesel, could improve the fuel atomization, 

evaporation and air/fuel mixing process (Subramanian et al., 2018). 
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A high fuel density may indicate higher energy content and minimize fuel losses. 

Too high a density correlates with higher viscosity and it has a negative effect on the 

formation of the fuel spray incurring poor burning process and high emissions. Among 

the studied fuels, the correlation between kinematic viscosity and fuel density was 

correct. Wood-based naphtha had the lowest viscosity and the lowest density (722 kg m-3 

at 15 ÁC). MGO had the highest viscosity and the highest density (843 kg m-3). Kerosene 

(787 kg m-3) and LFO (836 kg m-3) were between the values of naphtha and MGO. 

The cetane number (CN) indicates how quickly fuel auto-ignites under 

compression. A low CN increases ignition delay causing problems for engine starting 

and running, e.g. unstable engine running leads to noise and smoke. MGO had a 

relatively high CN, 68, probably caused by used lubricants that formed the feedstock. 

The calculated cetane index of LFO (EN ISO 4264) was 54. The CN of kerosene (41) 

and wood-based naphtha (34) were lower, most likely resulting in a longer ignition delay. 

A high lower heating value (LHV) implicates good heat release rate during the 

burning process improving the engine performance. The level of LHV of alternative 

fuels must meet the level of that of conventional fuels, other way there will be problems 

in volumetric fuel consumption (Bae & Kim, 2016). Unexpectedly the highest LHV was 

with wood-based naphtha (44 MJ kg-1). However, the LHV of wood-based naphtha 

equated to earlier studied values of crude oil-based naphtha (Chang et al., 2013; Bae & 

Kim, 2016). All the other studied fuels had the same LHV, 43 MJ kg-1. 

 
Table 1. Studied fuel properties 
 

 LFO MGO naphtha kerosene 

C wt.% 87 83 81 89 

H wt.% 14 14 15 15 

N wt.% < 0.1 0 0 0 

S wt.% 0 0 0 0 

Pour point ÁC -42 Max. -6 < -50  

Flash point ÁC 64 110 10 Min. 38 

Boiling point ÁC   20ī220 170ī300 

Density at 15 ÁC kg m3 836 843 722 787 

Kinematic viscosity at 

40 ÁC 

mm2 s-1 3.0 8.0 0.5 0.94 

Surface tension at 

20 ÁC 

mN m-1  29 20 25 

HHV MJ kg-1  46 47 46 

LHV MJ kg-1 43 43 44 43 

Cetane number  54* 68 34 41 

Sulphur wt.% < 0.01 Max. 0.1  0.1 

Ash cotent wt.% < 0.01 < 0.001 0.005 0.001 

Water content mg kg-1 < 100 22  35 

Lubricity ɛm 345 491   

 

*calculated cetane index (EN ISO 4264). 
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Combustion Research Unit 

The Combustion Research Unit, CRU, is a constant volume combustion chamber 

based instrument designed to resemble engine conditions. In the CRU there are no 

moving parts and the starting conditions of the fuel injections are controlled more 

precisely than in a real compression ignition (CI) engine. Fuel is injected in a fixed 

injection period (250ï3000 ɛs) through a twin nozzle injection system into a chamber 

with fixed dimensions (500 cm3 Ñ 2%). In the injection system the first nozzle is the 

main injector and the second is a pilot injector, which can be activated or de-activated. 

In this study the pilot injector was de-activated. The used injector was a BOSCH CR 

injector which has electronic control of timing, opening period and pressure. The 

combustion and fuel pressures were observed with piezoelectric pressure sensors. Air 

was heated by heating the chamber wall. Fig. 1 illustrates the CRU used in this study.  

To meet broad fuel flexibility without any or only minor changes to engine 

hardware, the fuel injection duration was assigned to be 1,000 ɛs with all fuels despite 

the differences in kinematic viscosity between the fuels. The pilot injector was de-

activated and research was conducted under two different pressure and temperature 

conditions, 50 bar; 550ÁC and 70 bar; 590 ÁC. The results showed, however, that with 

MGO the injection duration had been 1,025 ɛs instead of 1,000 ɛs. Due to this slight 

difference, MGO is not completely comparable with other studied fuels. Based on 

Heywood (1988), under normal operation conditions, increasing the quantity of injected 

fuel has no significant effect on delay period. However, under engine starting conditions, 

the delay increases due to the larger drop sizes which are associated with evaporating 

and heating the increased amount of fuel. 

All fuels were first centrifuged and then hot filtrated through a 10 ɛm filter before 

the CRU measurements. The fuels were at room temperature when injected into the fuel 

injection system. Measurements were performed two to three times under the both 

measurement conditions. Information about the set-up configurations of the CRU can be 

found in Table 2. 

 
Table 2. Research set-up configurations of the CRU 
  

High pressure  Low pressure 

Temperature at fuel injection (theoretical) ÁC 590 550 

Pressure at fuel injection bar 70 55 

Max. chamber pressure bar 70 55 

Max, pressure bar 81.2 65.9 

Injector period, main 

(LFO, naphtha, kerosene) 

ɛs 1,000 1,000 

Injector period, main 

(MGO) 

ɛs 1,025 1,025 

 

It should be noted that the actual engine conditions differ from conditions in the 

CRU. The major difference is the cylinder pressure that in 4-stroke engines reaches even 

more than 200 bar while the pressure in the CRU was max. 81 bar. Other differences are 

the fuel injection process and injection timing. In the CRU fuel is injected in a fixed 

period (1,000 ɛs), in this study, all fuel was injected before ignition, since all fuels had 
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 an ignition delay of longer than 1 ms. In engines, especially at high loads, the fuel 

injection overlaps ignition and combustion (Steernberg & Forget, 2007). This means that 

in an engine large amount of the fuel (max. 80%) is injected into a space with a flame. 

Despite the differences between the CRU and actual engine conditions, the CRU is fast, 

easy and cost-effective device to find out the engine suitability of the fuel. 
 

        
 

Figure 1. Combustion Research Unit and its modules. (Modules based on Fueltech AS, 2005). 

 

CRU measures the Ignition Delay (ID) from the start of injection (t = 0) until the 

pressure in the chamber increases 0.1 bar. The following phases are determined: 

ï Pre Combustion Period (PCP) starts at the point where pressure is increased by 0.1 

bar and ends when pressure is 1% of maximum pressure increase. 

ï Main Reaction Delay (MRD) is considered when pressure is increased 10% of the 

maximum pressure increase. 

ï The time between fuel ignition until 10% of the maximum pressure increase is 

achieved is called as Pre Combustion Period (PRP). 

ï Main Combustion Period (MCP) is measured from the MRD until 85% of the 

maximum pressure increase is reached. 

ï After the main combustion period, After Burning Period (ABP) starts, which 

continues until 95% of the maximum pressure increase is reached. At the end point 

of ABP, the combustion is considered end (EC). 

In the next chapter, Fig. 2 shows these above-mentioned parameters in a pressure 

diagram with LFO. 
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RESULTS AND DISCUSSION 

 

Based on the obtained results in the CRU, the ignition delays, complete combustion 

periods, maximum chamber pressure increases, and maximum rate of heat release rates 

of the fuels are examined in this chapter. The CRU chamber pressure results are 

presented as a function of time at high and low initial chamber pressures. The heat release 

curves are converted to pressure rises versus time in the combustion chamber. The 

effects of the measured fuel properties on the above-mentioned combustion parameters 

are considered. 

 

High pressure 

Fig. 2 presents the CRU chamber pressure results as a function of time for the 

studied fuels at high initial chamber pressure. All the variables were calculated from the 

raw data of one measurement and the results of LFO are marked in Fig. 2. The injection 

duration of the fuels was identical, despite the MGO (+2.5%), but the amount of the fuel 

during injection varied due to the different densities of the fuels. The results of MGO are 

only directional due to the slightly longer main injector period. The results determined 

from Fig. 2 are listed in Table 3. 
 

 
 

Figure 2. Chamber pressure diagram of LFO, MGO, naphtha and kerosene at high pressure. 

 

Fig. 2 and Table 3 show that MGO had the shortest ignition delay (1.04 ms), 

perhaps partly due to slightly longer main injector period (MGO 1.025 ms versus other 

fuelsô 1 ms) and significantly higher CN, as Grab-Rogalinski & Szwaja (2016) also 

noticed. Among other studied fuels, LFO had the shortest ID (1.08 ms), kerosene was 

the second (1.54 ms) and the longest ID was detected with naphtha (2.04 ms). The 

difference between ID of MGO and naphtha was 1.0 ms. In engine use the longer ignition 
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delay allows more fuel to be injected which once ignited gives a stronger pressure peak. 

Steenberg & Forget (2007) suggests that too strong a pressure peak may lead not only to 

engine damage but also to increased NOx emissions. The ignition delay period can be 

shortened by increasing the fuel injection pressure (Chen et al., 2013). On the other hand, 

Agrawal et al. (2013) noticed that too high a fuel injection pressure may lead even into 

too short an ignition delay. In that case, homogenous mixing may decrease and 

combustion efficiency reduce. Gnanasekaran et al. (2016) even noticed that the 

prolonged ignition delay may also be exhibited as lower smoke levels because the better 

mixture formation. 

 
Table 3. CRU measurement results at high pressure 

High pressure conditions 
 

LFO MGO naphtha kerosene 

Ignition Delay (ID) ms 1.08 1.04 2.04 1.54 

Pre Combustion Period (PCP) ms 0.16 0.14 0.22 0.16 

Main Reaction Delay (MRD) ms 1.24 1.18 2.26 1.7 

Main Combustion Period (MCP) ms 0.74 0.98 0.78 0.6 

End of Main Combustion (EMC) ms 1.98 2.16 3.04 2.3 

After Burning Period (ABP) ms 0.9 0.86 0.26 0.26 

End of Combustion (EC) ms 2.88 3.02 3.3 2.56 

Max. Pressure Increase  bar 80.9 at 

10.5 ms 

81.2 at 

10.3 ms 

80.2 at 

47.7 ms 

80.9 at 

10.9 ms 

Max. Rate of Heat Release 

(MaxROHR) 

bar ms-1 16.3 15.2 11.7 16.2 

Position of MaxROHR (PMR) ms 1.5 1.44 2.62 2 

 

Naphtha had a slightly higher LHV but it required more time to ignite than other 

fuels. Kerosene, MGO and LFO had a very similar LHV, but MGO had the shortest ID. 

Despite the longer ID of kerosene, the complete combustion period (EC) of 

kerosene (2.56 ms) was shorter than that of LFO (2.88 ms), MGO (3.02 ms) or naphtha 

(3.3 ms). This can be assumed to relate to light components of kerosene that burns more 

rapidly than the heavier compounds of other fuels. Keroseneôs lower viscosity and 

surface tension, compared to LFO and MGO, leads to a more rapid EC due to better fuel-

air-mixing caused by smaller droplet sizes and faster vaporization characteristics (Lee et 

al., 2012; Agarwal et al., 2013; Chen et al., 2013). Based on Steenberg & Forget (2007) 

the EC may give information on the formation of combustion products and unburned or 

burned fuel components that affect emission, and may also relate to the formation of 

engine deposits and wear. The studies of Gnanasekaran et al. (2016) and Nabi et al. 

(2012) concerning a DI diesel engine showed that a shorter ignition delay and 

combustion duration results in lower heat release rate, peak pressure and rate of pressure 

rise. 

The maximum pressure increase (Max.PI) of MGO (81.2 bar at 10.3 ms) was a 

slightly higher than Max.PI of kerosene (80.9 bar at 10.7 ms) and LFO (80.9 bar at 

10.5 ms) but the peaks were almost equal. Naphtha had a long ID and that caused delay 

in the position of the peak of Max.PI (80.2 bar at 47.7 ms). Naphtha also included more 

heavier compounds that take time to burn and evaporate. Grab-Rogalinski & Szwaja 

(2016) also noticed a correlation between an ID and pressure increase. 
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Fig. 3 shows the heat release curves as converted to pressure rises versus time in 

the combustion chamber. The heat release (bar msec-1) was the fastest with LFO 

(16.3 bar msec-1) and kerosene (16.2 bar msec-1). The placement of the curve against 

time depends on the fuel ID. The MaxROHR of naphtha was the lowest (11.7 bar msec-1) 

and the position was delayed due to its long ID. The shape of MaxROHR curve shows 

that naphtha burned more slowly and the curve was not as spiky as with other fuels. 
 

 
 

Figure 3. Rate of heat release curve of LFO, MGO, naphtha and kerosene at high pressure. 

 

Low pressure 

Fig. 4 presents the CRU chamber pressure results as a function of time for the 

studied fuels at low chamber pressure that was adjust at 55 bar. All the variables were 

calculated from the raw data of one measurement, and the results of LFO are marked in 

Fig. 4. The injection duration of the fuels were identical, despite the MGO (+2.5%), but 

the amount of the fuel during injection varied due to the different densities of the fuels. 

The lower pressure conditions set higher demands for the used fuels and the 

differences between the research fuels were clearer. The injection temperature of the 

fuels was also dropped from 590 ÁC to 550 ÁC. Based on the CRU results, the fuels can 

roughly be divided into two groups; LFO and MGO, kerosene and naphtha. 

Wood-based naphtha had almost twice as long an ID (3.20 ms) as LFO (1.76 ms) 

and MGO (1.74 ms). Figs 4ī5 and Table 4 show that a long ID also reflected to the 

position of MaxROHR and the position of Max.PI. The Max.PI of naphtha (64.6 bar) 

was near the values of other studied fuels (LFO 65.9 bar, MGO 66.0 bar and kerosene 

65.0 bar), but the slow ignition is shown in the position of Max.PI of naphtha (35.8 ms). 

The position of Max.PI of naphtha occurred 9.1 times later than that of LFO (3.92 ms) 

or MGO (3.94 ms). The study of Grab-Rogalinski & Szwaja (2016) also showed that a 

lower initial chamber temperature and pressure lead to worse atomization and 

evaporation and delayed ignition. With constant volume vessel, Bae & Kim (2016) 
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observed that the ID of the kerosene type JP-8 fuel (CN 38) was 25% to 50% higher 

compared to diesel fuel (CN 48). It was also noticed that when the CNs of the fuels meet, 

the difference in the IDôs is no longer detected. 
 

 
 

Figure 4. Chamber pressure diagram of LFO, MGO, naphtha and kerosene at low pressure. 

 

 
 

Figure 5. Rate of heat release curve of LFO, MGO, naphtha and kerosene at low pressure. 
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The whole combustion period (EC) was the fastest with MGO. The fast ignition 

and good combustion of MGO under low pressure conditions may be related to the high 

CN (68). In high pressure conditions, kerosene had the fastest combustion (EC), maybe 

due to the major amount of the light compounds in the fuel. Now, it can be assumed that 

the chamber pressure and the injection temperature were too low to burn the light 

compounds of kerosene well enough. 

The MaxROHR varied more under the low than the high pressure conditions, 

Fig. 5. LFO and MGO burned almost similarly in both pressure conditions. MGO 

released heat even faster at the low (15.6 bar ms-1) than high pressure (15.2 bar ms-1). 

The MaxROHR curves of kerosene and naphtha differed considerably. The combustion 

was slow and the peak of the MaxROHR curve was low. The MaxROHR curve of 

naphtha also had a little drop at time of 4 ms. The reason might be that the light 

components of naphtha burned first and heavier compounds needed more time to ignite. 

Once the heavier compounds were also ignited, the MaxROHR reached its highest peak 

at 4.92 ms (3.03 bar ms-1). According to Bergeron & Hallett (1989) higher mass 

components of a fuel have also higher ignition delay times. 

 
Table 4. CRU measurement results at low pressure 

Low pressure conditions 
 

LFO MGO naphtha kerosene 

Ignition Delay (ID) ms 1.76 1.74 3.20 2.46 

Pre Combustion Period (PCP) ms 0.18 0.18 0.42 0.32 

Main Reaction Delay (MRD) ms 1.94 1.92 3.62 2.78 

Main Combustion Period (MCP) ms 0.68 0.64 4.26 1.72 

End of Main Combustion (EMC) ms 2.62 2.56 7.88 4.50 

After Burning Period (ABP) ms 0.24 0.22 3.92 3.84 

End of Combustion (EC) ms 2.86 2.78 11.8 8.34 

Max. Pressure  bar 65.9 at 

3.92 ms 

66.0 at 

3.94 ms 

64.6 at 

35.8 ms 

65.0 at 

12.5 ms 

Max. Rate of Heat Release 

(MaxROHR) 

bar ms-1 14.7 15.6 3.03 6.19 

Position of MaxROHR (PMR) ms 2.28 2.26 4.92 3.34 

 

Based on the received results of the CRU measurements, kerosene can be used in 

CI engines without or with only minor changes. The possible modifications could be 

starting and stopping an engine with other fuel (e.g. LFO) or the change of the nozzles 

to have smaller diameter holes. Based on Heywood (1988) the nozzles with smaller 

diameter holes improves droplet formation and may promote better combustion with a 

shorter ID. The low lubricity of kerosene may result in malfunction of the injection 

system. Lubricity improvers and additives may be required in engine use (Bae & Kim, 

2016). 

Naphtha in CI engine use needs other fuel for starting and stopping engine. The 

lower CN and lower viscosity may limit the use of naphtha as a drop-in fuel to a diesel 

in CI engines because the retarded start of combustion and prolonged ignition delay may 

cause increased NOx emissions. Fuel additives may be needed to improve the ignition i 

characteristics and decrease NOx emissions. (Subramanian et al., 2018). 
Due to the very similar results of MGO and LFO, MGO can be used in a CI engine like LFO 

without any modifications to engine or injection system. 
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Continue of the research 

The research continues with engine measurements to validate the engine operation 

with each fuel. At the same time, the correlation between combustion parameters from 

the CRU (e.g. EC, EMC, ID) and engine parameters are studied. Only few similar studies 

have been performed. One is the study of Steenberg & Forget (2007) where the 

correspondence of the Fuel Ignition Analyzer (FIA) parameters and engine parameters 

was examined. Good results of the correlation between the FIA and the engine 

combustion parameters were achieved at high loads. At low loads, poor correlation 

between the FIA and the engine combustion parameters was detected. It might be partly 

due to the differences in the test conditions between the FIA and the engine. The fuel 

injection in the engine was also very different and strongly affected the combustion 

process. 

 

CONCLUSIONS 

 

The quality of ignition and combustion of four marine and power plant fuels were 

studied in a Combustion Research Unit, CRU. The fuels were low-sulphur Light Fuel 

Oil (LFO, baseline), Marine Gas Oil (MGO), kerosene and renewable wood-based 

naphtha. The research fuels were selected to broaden the choice of alternatives of marine 

and power plant engine fuels.  

Based on the results obtained in the study, the following conclusions could be 

drawn: 

Under the high pressure conditions: 

ï MGO had the shortest ID that indicated good atomization and high CN. A good 

atomization provides rapid fuel-air mixing decreasing ID. 

ï Naphtha had the longest ID, maybe due to the high amount of heavy components 

of naphtha. Heavy components also affects atomization and the whole combustion 

process. 

ï Kerosene burned quickly due to its light components, lower viscosity and surface 

tension,  and showed a short EC period. Naphtha had the longest EC which may in 

engine use lead to higher emissions and engine damages. 

ï Under the higher pressure conditions, the combustion parameters of the fuels were 

closer to each other than under the lower pressure conditions. 

Under the low pressure conditions: 

ï The lower chamber pressure and the lower fuel injection temperature affected 

clearly the combustion performance of the fuels. 

ï Fuels could be roughly divided into two groups: 

1) Straightly usable in engine without any modifications: LFO & MGO 

2) Fuels that require some minor modifications (e.g. starting and stopping the 

engine with another fuel): kerosene and naphtha. 

ï The long ID of naphtha and kerosene affected the positions of Max.PI curve and 

MaxROHR curve. 

ï Kerosene was competitive under high pressure conditions but fell behind when the 

chamber pressure and injection temperature were lowered. 
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Abstract. The tensile strength of Sugar palm (Arenga pinnata) fibres was examined. Fibre 

samples were prepared and tested up to the point of rupture with a deformation rate of  

0.05 min-1. The tensile device (Labortech, MPTest 5.050, Czech Republic) were used to 

determine the tensile force. The aim of the paper was to describe a mechanical behaviour of Sugar 

palm (Arenga pinnata) fibres. Measured values can be used as a basis for further research on the 

application of Sugar palm fibres. 

 

Key words: tensile force, agriculture material, deformation energy. 

 

INTRODUCTION  

 

Environmental and economic concerns are stimulating research in the design of 

new materials for construction, furniture, packaging and automotive industries. 

Particularly attractive are the new materials in which a good part is based on natural 

renewable resources, preventing further stress on the environment. However, it is 

important to know that renewable resources depend on a balance, in which their harvests 

should be lower than its growth. Renewable, non-timber based materials could reduce 

the use of traditional materials such as wood, minerals and plastics for some applications 

(Le«o et al., 1998). Vegetable fibres offer several advantages in comparison with 

synthetic fibres. They are biodegradable (crucial at the end of life of products), non-

abrasive to processing equipment, are CO2 neutral and can be used as acoustic and 

thermal insulators. Furthermore, they are an important source of income for agricultural 

societies (Alves et al., 2010). 

Arenga pinnata (syn. Arenga saccharifera) is an economically important feather 

palm native to tropical Asia, from eastern India east to Malaysia, Indonesia, and the 

Philippines in the east. Common names include sugar palm, arenga palm, areng palm, 

black-fiber palm, gomuti palm, aren, enau, irok, and kaong. 

Another important product of the sugar palm is its fibres. It has several names such 

as Aren, gomuti, and black and locally it is known as the ijuk fibres. The 

commercialization of sugar palm fibres can be tracked back as early as 1416 during the 

Malacca Sultanate era. Later in 1800, sugar palm was planted by British East India 

https://doi.org/10.15159/AR.18.046
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Company in Penang to produce high durability rope made from its fibres (Othman & 

Haron, 1992). These multipurpose fibres can be used to make a number of products such 

as ropes, filters, brushers, brooms, mats, cushions and shelters for fish breeding (Mogea 

et al., 1991). Other than that, the preparation for sugar palm fibres is effortless as the 

fibres do not require any secondary processes such as water retting or mechanical 

decorticating process to yield the fibre. This is due to the fact that the fibres, originally 

wrapped around the sugar palm trunk from the bottom to the upper part of the tree, are 

in the form of natural woven fibre (Ishak et al., 2012; Ishak et al., 2013). 

The tree begins to produce fibre before flowering approximately after five years of 

plantation. The fibre is black and its length is up to 1.19 m. Its diameter ranges between 

94 and 370 ɛm and its density is 1.26 kg m-3 (Bachtiar et al., 2010). Bachtiar et al. (2010) 

reported the tensile strength, tensile modulus and elongation at break of sugar palm fibre 

to be 190.29 MPa, 3.69 GPa, and 19.6%, respectively. 

Further characterisation of tensile properties of sugar palm fibres was conducted by 

Ishak (2011). The fibres were obtained from different heights of sugar palm tree (1, 3, 

5, 7, 9, 11, 13, and 15 m) and tested for single fibre tensile test. The results showed that 

the fibres obtained from bottom part demonstrated inferior properties of tensile strength, 

modulus, elongation at break and toughness compared to fibres obtained in the area of a 

live palm frond. 

This experiment aims to describe the mechanical behavior of Sugar palm (Arenga 

pinnata) fiber under tension loading. 

 

MATERIALS AND METHODS  

 

Sample 

Samples of fibres produced from Sugar palm (Arenga pinnata), obtained from 

Balige, province of North Sumatra, Indonesia, were used for the experiment. The 

moisture content Mc = 11.12 Ñ 0.81% (d.b.) of the samples was determined using 

standard oven method, ASAE method (ASAE S410.1 DEC97), (ASAE, 1998). Samples 

of 500 g mass from a batch of Sugar palm (Arenga pinnata) were randomly selected for 

the moisture content determination. The mass of each sample ms (g) was determined 

using an electronic balance (Kern 440ï35, Kern & Sohn GmbH, Balingen, Germany). 

For determining mechanical properties were produced five sets (set 1 ï set 5) and each 

set was 5 fibres. 
 

Tension test 

To determine the relationship between tension force and deformation, a device 

(Labortech, MPTest 5.050, Czech Republic) was used to record the course of 

deformation function. The fibres of Sugar palm (Fig. 1) were glued into a paper to 

precisely fix gauge length L0 = 20 mm (Fig. 1) and subsequently were inserted into grips 

of testing machines. The carrier paper was cut before starting the tensile test. The fibres 

were tested up to the rupture with a tension speed of 0.5 mm.minī1 under temperature of 

20 ÁC. The experiment was repeated five times with randomly selected fibres. The 

microscope (Zeiss Jenavert, Carl Zeiss, Jena, Germany) was used to measure of fibre 

diameter. The dimensions were determined in 5 places at gauge length for each fibre. 



1048 

  
 

Figure 1. Method of fasting of the fibres to the tensile test. 
 

The fibre cross-section area (S) was calculated by Eq. (1) 

Ὓ
ʌὈ

τ
 (1) 

where D (mm) is the outer diameter of fibre. 

 

Stressïstrain curve 
Determined amounts of tension force were transformed into stress by Eq. (2) and 

the amounts of deformation were transformed into strain by Eq. (3) 

„
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where ů (MPa) is stress in fibre; F (N) is tension force; S (mm2) is appropriate cross 

section area of fibre; Ů (-) is strain; x (mm) is the elongation of fibre, and L0 (mm) is 

gauge length. 
 

Volume energy 
Volume energy is the area under the stressïstrain curve from the zero strain to 

maximum strain and it was calculated by Eq. (4) 

ʇ
„ „

ς
Ͻ‐ ‐  (4) 

where ɚ (J mī3) is the volume energy; i indicates the additional amount of strain in which 

the stress was determined (step of measurement was 0.001 mm); ůn (MPa) is tension 

stress at appropriate strain; ůn+1 (MPa) is tension stress at the sequential strain. Ůn is strain, 

and Ůn+1 is the sequential strain. 

 

RESULTS AND DISCUSSION 
 

For each of the five fibres the cross sectional area was determined by the equation 

Eq. 1 and its results are shown in Table 1 with additional information. The measurements 

show that all the specified geometrical properties of each fibre have similar properties 

throughout its length and it is given by the amount of variation coefficient less than 6%, 
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which is usually the quantity determined in biological materials (Mohsenin 1970; 

Stroshine 2000; Blahovec 2008; Mizera et al., 2016). The average values for each set are 

shown in Fig. 2 as the dependence between the tensile force and the elongation. 

 

Table 1. Geometric and mechanical properties of Sugar palm (Arenga pinnata) fibres 

Set 
Tension force, 

N 

Fibre diameter,  
mm 

Tension stress, 

MPa 

Deformation, 

mm 

Deformation 

energy, J 

I 29.43 Ñ 6.39 734.73 Ñ 41.37 31.20 Ñ 7.60 3.99 Ñ 0.98 70.99 Ñ 37.24 

II  35.38 Ñ 8.25 813.93 Ñ 52.76 37.15 Ñ 6.37 4.25 Ñ 1.12 94.98 Ñ 55.00 

III  32.26 Ñ 7.84 701.09 Ñ 39.54 28.43 Ñ 5.87 3.61 Ñ 0.89 41.19 Ñ 33.65 

IV 

V 

31.20 Ñ 7.61 

28.89 Ñ 6.27 

715.49 Ñ 40.23 

722.69 Ñ 41.65 

35.26 Ñ 6.58 

33.83 Ñ 7.56 

3.94 Ñ 0.95 

4.19 Ñ 1.03 

57.09 Ñ 39.42 

74.39 Ñ 42.54 

 

 
 
Figure 2. Dependency between tension force and deformation. 

 

From already published studies is evident that Sugar palm fibre has very similar 

rupture stress as other fibres produced from other natural materials such as bamboo, 

vakka, coconut, banana, pineapple, hemp, abaca or sisal (Mogea et al., 1991; Bachtiar et 

al., 2010; Ishak et al., 2012). 

Each measured relationship of tension force versus elongation was transformed 

using Eq. (2) and Eq. (3) into the stressïstrain curve. For transformation, the individual 

cross-section areas (Table 1) were used. 

Sahari, et al. (2012) studied tensile properties of Sugar palm (ijuk) fibre and 

compared it with fibres obtained from different parts of sugar palm tree namely the frond, 

trunk and bunch fibres. The results showed that the highest tensile properties (tensile 

strength, tensile modulus and elongation at break) were obtained at frond fibre followed 

by bunch fibre, ijuk fibre and lastly at trunk fibre. These results are in good agreement 

with their chemical compositions in the same study since the mechanical properties of 
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natural fibres are strongly influenced by their cellulose content (Habibi, et al., 2008) that 

provides strength and stability to the cell walls of fibres (Reddy & Yang, 2005). 

From already published studies is evident that sugar palm fibre has very similar 

rupture stress as other fibres produced from other natural materials such as bamboo, 

vakka, coconut, banana, pineapple, hemp, abaca or sisal (Othman & Haron, 1992; Le«o, 

et al., 1998; Reddy & Yang, 2005; Bachtiar, et al., 2010; Ishak, et al., 2011; Ishak, et al., 

2012; Mizera, et al., 2016). In terms of elongation, the sisal and date show similar 

deformation properties as sugar palm. 

From the point of view of classical construction materials, the mechanical 

behaviour of sugar palm fibre under tension loading can be also compared with standard 

materials such as aluminium or magnesium metal (Howard 2007). From the conducted 

study and previously published information about sugar palm (Alves, et al., 2010; Ishak, 

et al., 2011; Sahari et al., 2012), it follows that sugar palm fibre is environmentally 

friendly, biodegradable, and recyclable material and due to its mechanical behaviour 

under tension loading. In this study, the determined results of the mechanical behaviour 

could be applied as background for further research focused on the sugar palm fibre 

application. 

 

CONCLUSIONS 

 

The mechanical behaviour of Sugar palm fibre was determined. The fibre with its 

desirable properties, has great potential to be used. Not only is the fibre highly durable. 

On top of it, it is readily available in the form of woven fibres, making it easy to process. 

Since sugar palm remains largely unknown by many people and very little information 

is available about it, more research needs to be conducted to unveil its significance and 

to promote its usefulness for the benefits of the public. 

From an analysis of determined mechanical and physical properties determined in 

this study, it follows that the fibre produced by sugar palm shows high strength, stiffness 

and exhibits exceptional structural properties. With regard to its biodegradability and 

recyclability as well as its mechanical behaviour, the fibre produced from sugar palm 

could be used as a construction material of the future. 
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Abstract. The article focuses on a technology of flue gases stabilization in biological and hospital 

waste incinerating facility. Hazardous particles and compounds formed in flue gas during the 

process of thermal waste degradation need to be stabilized according to an enacted legislation. 

The aim of the research is to examine technological process of polychlorinated dibenzodioxins 

and polychlorinated dibenzofurans (PCDD/F) elimination in flue gas. PCDD/F is group of 

persistent organic pollutants which are resistant to environmental degradation and are highly toxic 

for the environment in very small amounts. Experiments were performed in semi operation 

hospital waste incinerating plant with heating power 1.5 MW and capacity 250 kg h-1 of 

incinerating material. It was observed that formation of PCDD/F exponentially grows with 

increasing concentration of chlorides in the flue gas, but formation varies based on type of 

congener. The highest concentration was measured for HxDF, 17,522 pg Nm-3 and HpDF, 

16,334 pg Nm-3 at chloride concentration of 867 mg Nm-3. However, concentration of PCDD 

congeners didnËt exceeded 4,000 pg Nm-3 for the same level of chlorides in flue gas. Two types 

of activated carbon Chezacarb and NORIT were tested for capability to stabilize PCDD/F in flue 

gas. Results show that refining effect for both sorbent are very similar. It was observed that 0.1 g 

of activated carbon should be applied per 1 Nm3 of flue gas in regard to reduce 3ï4 ng Nm-3 

PCDD/F under required emission limit. 

 

Key words: PCDD, PCDF, hospital waste, activated carbon. 

 

INTRODUCTION  

 

Elimination of hazardous particles and compounds in flue gas can be done by 

several methods such as a wet, semi-dry and dry process (Wey et al., 2001). Dry refining 

technology is based on a sorbent injection that is in a form of finely crushed dry powder. 

The agent is sprayed directly into the flue gas flow (Allen et al., 2001) or mixed with 

waste going into the reactor (Cunill et al., 1991). Neutral compounds are formed after 

reaction with injected sorbent and captured on solid particles separator subsequently. 

There is a vast range of commercially produced sorbents that can be used for stabilization 

of different particles with different efficiency. Sodium and calcium based sorbents can 

effectively eliminate sulphur dioxide and hydrogen chloride (Jirsa & MalaŠ§k, 2017), 

but for activated carbon based sorbent seems to be effective agent for persistent organic 

pollutants stabilization (Gunes et al., 2015). 

https://doi.org/10.15159/AR.18.031
https://doi.org/10.15159/AR.18.031
mailto:pjirsa@tf.czu.cz
https://en.wikipedia.org/wiki/Polychlorinated_dibenzodioxins
https://en.wikipedia.org/wiki/Polychlorinated_dibenzofurans


1053 

Hydrogen chloride and small amount of chlorinated radicals can form during 

incineration of material that contains chemically bonded chlorine (Phan et al., 2014). 

The combustion runs in oxidation atmosphere in presence of catalytically active particles 

of ash such as Cu2+. It is known as a DeaconËs process (Hisham & Benson, 1995). Under 

such condition, hydrogen chloride can transform to chlorine that can reacts with organic 

radicals and persistent Polychlorinated dibenzodioxins (PCDD) and Polychlorinated 

dibenzofurans (PCDF) can form (Phan et al., 2014). 

PCDD/F occurs while incineration of substances that contain chlorine (Zhou et al., 

2015). It is highly toxic for the environment in very small amounts. Production of 

PCDD/F in flue gases grows with increasing amount of hydrogen chloride and other 

chlorine element in flue gas (Van Caneghem et al., 2012). Its formation occurs at 

temperature range from 250 to 600 ÁC (Stanmore, 2004). Emission limits for PCDD/F is 

0.1 ng I-TEF m-3 at standard conditions. 

This paper follows up on research of the dry sorption refining technology in small 

biological and medical waste incinerating plant with heating power under 5 MW (Jirsa 

& MalaŠ§k, 2017). The aim of this study is to determine a formation of PCDD/F in flue 

gas during medical waste incineration in relation with concentration of chlorides. Further 

task of the study is to examine the effect of calcium hydroxide on PCDD/F elimination. 

Above all, it is determination of sorption efficiency of activated carbon-based sorbents 

Chezacarb and NORIT to reduce PCDD/F concentration in flue gas. 

 

MATERIALS AND METHODS  

 

Experimental unit and technology 

All experimental tests were conducted in semi-operation conditions of incinerating 

plant for hospital waste degradation in Strakonice, Czech Republic. It is a small-scale 

facility with output of approximately 1,400ï1,500 t processed waste annually. The 

facility consists of a pyrolysis furnace Hoval ï Schiestl GG 24, thermo-reactor TR 24 

and a steam boiler THD IV 0580 with heating power 1,508 kW. 

The incinerating plant operates discontinuously, waste is dosed into the furnace 

every 15 minutes with load of 60ï65 kg. The input material is a classified as a biological 

and hospital waste. It is described with following codes according to waste catalogue: 

180102, 180103, 180104, 200301, 150202, 150110 (European Waste Catalogue). The 

elemental characteristic of processed waste is in Table 1. 

 
Table 1. Hospital waste characteristics 

  Share of  

component, % 

H2O, 

% 

Ash, 

% 

Cl, 

% 

F, 

% 

S, 

% 

Heating value, 

MJ kg-1 

Textile 29 6.6 14.2 13.2 1.8 9.5 15.1 

Paper 24 5.8 5 0.5 - 4.2 15.4 

Plastic 23 0.1 0.5 18 3 6.7 24.8 

Biological component 14 32.1 18.6 5.3 2.1 12 11.4 

Solvent, oil 10 0.6 0.8 16.1 1.3 21.3 39.6 

Weighted average 
 

7.9 8.1 10.4 1.6 9.1 19.3 

 

Temperature in the furnace chamber is set at range 900ï950 ÁC. Two natural gas 

burners automatically control temperature at required level. Pyrolysis gas forms by waste 
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carbonization in the furnace chamber that is subsequently mixed with oxygen and burned 

in thermo-reactor at the temperature 1,100ï1,150 ÁC. Formed flue gas flows through 

a boiler where the temperature is reduced to 200ï250 ÁC. Reduced temperature of flue 

gas allows to inject a sorbent into the system. Hence the device for sorbent addition is 

placed after the boiler. Flue gas followingly passes through 8 m long contactor-pipe 

labyrinth which enhance amount of collisions between sorbent and flue gas particles. 

Next, flue gas temperature is reduced to 130ï135 ÁC in heat exchanger after which 

second 17 m long contactor-pipe labyrinth is placed. All solid particles involving 

hazardous compounds and sorbents injected into the system are captured on a tied filter 

subsequently. The technology diagram of the incinerating facility is given on the Fig. 1. 
 

 
 

Figure 1. Facility technology diagram (Jirsa & MalaŠ§k, 2017). 

 

Measuring of emissions in flue gas was taken according to appropriate legislative 

(Act No. 201/2012 Coll.). The measuring point is placed at the horizontal flue pipe with 

diameter 355 mm after a ventilator according to ISO 9096 and EN 13284-1. 

Within the experimental testing following properties and concentrations are 

determined according to international technical standards. It is specifically monitored: 

concentration of particulate matter (PM), hydrogen chloride (HCl), oxygen (O2) and 

polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF) according to 

following technical standards: 

¶ Gravimetric determination of the mass concentration of particulate matter (ISO 

9096 EN 13284-1); 

¶ Determining flow velocity and volume flow (ISO 10780); 

¶ Determination of moisture in the gas pipeline (EN 14790); 

¶ Paramagnetic determination of oxygen (EN 14789); 

¶ Photometric determination of the mass concentrations in inorganic chloride 

compounds (EN 1911); 

¶ Determination of the organic persistent substances mass, calculated from the 

measured values (PCDD/PCDF) (EN 1948, 1-4). 
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Methodology of PCDD/F determination according to EN 1948, 1-4 

Equipment was rinsed with acetone and toluene before the samples were taken. 

PUF and glass filter were extracted with toluene and dried. PUF and glass filter was 

marked with sampling standards for yield determination and blinded test was done then. 

PCDD/F samples were determined in the laboratory with addition of C13 internal 

standards (extraction and spraying standards) and determined on the GC-MS device. The 

yield of sampling standards was determined based on extraction standards. The results 

are given as an International toxicity equivalence factor I-TEF, see the Table 2. 

 

Table 2. Toxic equivalency factor (Schecter et al., 2006) 

Congener I-TEF value Congener I-TEF value 

Dibenzo-p-dioxins (PCDDs) 
 

Dibenzofurans (PCDFs) 
 

2,3,7,8-TCDD 1 2,3,7,8-TCDF 0.1 

1,2,3,7,8-PeCDD 0.5 1,2,3,7,8-PeCDF 0.05   
2,3,4,7,8-PeCDF 0.5 

1,2,3,4,7,8-HxCDD 0.1 1,2,3,4,7,8-HxCDF 0.1 

1,2,3,6,7,8-HxCDD 0.1 1,2,3,6,7,8-HxCDF 0.1 

1,2,3,7,8,9-HxCDD 0.1 1,2,3,7,8,9-HxCDF 0.1   
2,3,4,6,7,8-HxCDF 0.1 

1,2,3,4,6,7,8-HpCDD 0.01 1,2,3,4,6,7,8-HpCDF 0.01   
1,2,3,4,7,8,9-HpCDF 0.01 

OCDD 0.001 OCDF 0.001 

 

All volumes, weights of combustion air and emission concentration are given for 

normal conditions, i.e., at t = 0 ÁC, p = 101.325 kPa and the reference oxygen content in 

the flue gases Or = 11%. 
 

Used carbon based sorbents 

Chezacarb (CHZC) is commercial name for carbon based sorbent produced by 

Unipetrol a.s. It is produced during hydrogen production by partial oxidation of 

petroleum and petrochemical raw materials. Chezacarb is characterized by high level of 

specific surface area, above 1,000 m2 g-1 with high capacity and high porosity, more than 

3.5 cm3 g-1. It is effective in PCDD/F and PCB elimination. Small particles around 

20 mm are able to cluster around pollutants and binding them irreversibly 

(Unipetrol, n.d.). 

NORIT GL 50 is commercial name for carbon based sorbent produced by Cabot 

Corporation. It is a powdered steam activated carbon with an extra fine particle size that 

is suitable for the removal of dioxins, mercury and other contaminant traces from flue 

gases (Cabot Corporation, n.d.). 

 

RESULTS AND DISCUSSION 

 

Effect of chlorine in flue gas on PCDD/F and distribution of congeners 

The dependence of PCDD/F formation on hydrogen chloride concentration in flue 

gas was observed. The characteristics of the biological waste meet the fuel quality 

requirements. An average calorific value corresponds to wood (MalaŠ§k & Kuļera, 

2013) or vegetable matter (MalaŠ§k & Bradna, 2014). The concentration of hydrogen 
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chloride was changed by mixing 100 kg of crushed PET bottles and 3 litres of 4.6% 

solution NaClO with incinerated waste before dosage to the burning chamber. 

The measuring point was placed in front of the fabric filter. Flue gas temperature 

was 125ï130 ÁC and volume of oxygen was 8.09ï8.83%. The dependence of PCDD/F 

formation based on hydrogen chloride concentration in flue gas is shown in Figs 2, 3. 
 

 
 

Figure 2. Dependence of PCDD individual congeneres concentration on chlorides concentration 

in flue gas. 

 

 
 

Figure 3. Dependence of PCDF individual congeneres concentration on chlorides concentration 

in flue gas. 

 

The results show that the formation of both PCDD/F exponentially grows with the 

concentration of chlorides in the flue gas. However, the formation can vary based on 

type of congener. The distribution of concentration for different PCDD/F congeners are 

shown in Figs 4, 5. 

It is obvious that the concentration of polychlorinated dibenzofurans is almost one 
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with the lowest number of chlorine atoms, TeDD does not grow with increasing 

concentration of chlorides in flue gas. Concentration of PeDD and OCDD slightly 

increases with chlorides in flue gas. Concentration of HxDD and HpDD grows the most 

significantly with increasing concentration of chlorides in flue gas. The maximum 

concentration of is 3,811 pg Nm-3 for HxDD and 3,266 pg Nm-3 for HpDD at chloride 

concentration 867 mg Nm-3. 
 

 

Figure 4. Concentration of persistent compounds in flue gases with content of chlorine equal to 

458 mg Nm-3. 

 

 

Figure 5. Concentration of persistent compounds in flue gases with content of chlorine equal to 

867 mg Nm-3. 
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increasing concentration of chlorides in flue gas, but still quite significanly compare to 

PCDD. The maximum concentration is 1,966 pg Nm-3 for TeDF and 1,361 pg Nm-3 for 

OCDF at chloride concentration of 867 mg Nm-3. Very similar results were published 

for industrial incinerators (Chi et al., 2006) and for municipal waste incinerators (Kim 

et al. 2007). 

Noticeable slope change of concentration fuction for individual congeners is around 

600 mg Nm-3 of chlorides in flue gas when concentration of HxDD, HpDD and PeDF, 

HxDF, HpDF start growing dramatically compared to other PCDD and PCDF 

congeners. HxDF, HpDF have the major presence in flue gas. 
 

Effect of Ca(OH)2 on PCDD/F concentration reduction in flue gas 

The influence of calcium hydroxide on concentration of PCDD/F in flue gas was 

measured. Calcium hydroxide was injected into the flue gas flow at rate of 5 kg per hour. 

The sorbent was dosed after a cooler where the temperature of flue gas was 225 Ñ 3 ÁC. 

The mean volume of flue gas was 3,296 Nm3 h-1 and mean volume of O2 was 

10.3 Ñ 0.95%. The concentration of hydrogen chloride decreased from original 

concentration of 458 mg Nm-3 to 230 mg Nm-3. The reduction of individual congeners 

PCDD/F are shown in Table 3, 4. 

 
Table 3. Effect of Ca(OH)2 on PCDD concentration 

PCDD HCl TeDD PeDD HxDD HpDD OCDD Ɇ PCDD 
I-TEF mg Nm-3 pg Nm-3 pg Nm-3 pg Nm-3 pg Nm-3 pg Nm-3 pg Nm-3 

Initial concentration 458 133 208 206 133 152 832 

Concentration when 

5 kg Ca(OH)2 dosed 

230 51 86 94 85 87 403 

Reduction of congener 

concentration 

61.7% 58.7% 54.4% 36.1% 42.8% 51.6% 

 

Individual congener reacts on calcium hydroxide addition to the system differently. 

The major reduction 61.7% was observed regarding TeDD. With growing order of 

chlorine atoms, the reduction slowly decreases. The mean decrease of all PCDD 

congeners is 51.6%. 

 
Table 4. Effect of Ca(OH)2 on PCDF concentration 

PCDF HCl TeDF PeDF HexDF HepDF OCDF Ɇ PCDF 

I-TEF mg Nm-3 pg Nm-3 pg Nm-3 pg Nm-3 pg Nm-3 pg Nm-3 pg Nm-3 

Initial concentration 458 844 1,677 1,010 348 73 3,952 

Concentration when 

5 kg Ca(OH)2 dosed 
230 406 883 612 263 33 2,197 

Reduction of congener 

concentration 
51.9% 47.3% 39.4% 24.4% 54.8% 44.4% 

 

Similar effect was observed in regards with individual PCDF congeners as well. 

Maximum reduction 51.9% was seen with decreased concentration of TeDF. With 

increasing number of chlorine atoms in individual congener effect of Ca(OH)2 on 

subsequent PCDF reduction descened. The mean decrease of all PCDF congeners is 

44.4% and 45.7% for both PCDD and PCDF together. The result shows that calcium 
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hydroxide reduces the concentration of hydrogen chloride flue gas and subsequently 

reduces concentration of PCDD/F in flue gas. 

Gunes similarly published that the lowest removal efficiency for particle phase was 

found to be 80% for TeDF while the highest removal efficiency found to be 100% for 

TeDD, PeDD and PeDF. Particle phase removal efficiencies for the rest of congeners 

were observed to range from 97ï99% (Gunes et al., 2015). Lower chlorinated congeners 

have higher vapor pressures. So, they tend to go into gas phase and hence, have higher 

possibility of adsorption on activated carbon (Chi et al., 2006). On the other hand, higher 

chlorinated congeners tend to be present in particle phase due to their lower vapor 

pressures. These congeners are separated from gas stream after their adsorption onto 

activated carbon particles or their association with lime particles, consequently, filtration 

of the particles through bag house filter (Gunes et al., 2015). 
 

Effect of activated carbon on PCDD/F concentration reduction in flue gas 

Concentration of PCDD/F in flue gas can be decreased by calcium hydroxide that 

is usually used for reduction of acidic compounds in flue gas. However, the effect is not 

sufficient according to appropriate emission limits. Activated carbon is usually used for 

elimination of persistent organic pollutants in small incinerating facilities. 

First measurement of PCCD/F concentration in flue gases was taken when neither 

sorbents nor active carbon was added into a system. It represents the reference point for 

evaluation. The volume of glue gas flow was 3,071 Nm3 hr-1. 

Next 3.5 kg of calcium hydroxide per hour was injected into a flue gas stream after 

the heat exchanger (position A). The temperature of gases was 230 ÁC at dosing point. 

Calcium hydroxide can partially reduce concentration of PCDD/F by stabilizing 

chlorides in flue gas as it is shown in Table 4, 5. However, it cannot reduce PCDD/F at 

required level given by emission limits (Act No. 201/2012 Coll.). 

Hence, activated carbon was examined on efficiency to diminish PCDD/F 

concentration to the acceptable level. There were two carbon based sorbents selected 

Chezacarb and NORIT, both crashed in high speed mill crusher to fine particles with 

size smaller than 5 Õm. The dosing place had to be selected with regard to a flue gas 

temperature because there was a considerable content of oxygen. Dosing point was 

placed after a cooler (position B) where the temperature was 120 ÁC. Both sorbents 

Chezacarb and NORIT were dosed into the flue gas flow at rate of 300 g hr-1 and 

400 g hr-1. The results are shown in Table 5. 

 
Table 5. Stabilization effect of activated carbon on PCDD/F concetration 

  Reference 

emissions Ca(OH)2 

3.5 kg hr-1 

Chezacarb 

300 g hr-1 

Chezacarb 

400 g hr-1 

NORIT 

300 g hr-1 

NORIT 

400 g hr-1   No sorbents 

added 

O2 
% vol. 

8.58Ñ 1.24 8.76Ñ 1.28 8.45Ñ 1.26 8.94Ñ 1.48 8.65Ñ 1.28 8.67 Ñ 1.30 

Flue gas flow Nm3 hr-1 

3,071 3,208 3,710 4,100 3,890 4,020 

Concentration 

of PCCD/DF 

ng I-TEF Nm-3 

4.852 3.187 0.487 0.079 0.522 0.081 
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Result shows that both Chezacarb and NORIT are efficient to reduce concentration 

of persistent compounds in flue gases. Experiments were executed under the same 

conditions. All instruments and methodology were identical. Results are very similar, it 

is not possible to prefer one or the other sorbent based on sorption effectiveness. The 

results show that in order to satisfy emission limits for persistent compound 

approximately 0.1 g of activated carbon should be applied per 1 Nm3 of flue gases with 

concentration 3ï4 ng Nm-3 PCDD/F. Other researches published similar results. Abad 

stated that 92ï96% removal efficiency can be achieved when 100 g Nm-3 of activated 

carbon is applied (Abad et al., 2003). Kim published that removal efficiency over 98% 

can be reached when 50 mg Nm-3 of activated carbon is injected into a system with dual 

bag filter, but 200 mg Nm-3 of activated carbon is necessary with a single filter applied 

(Kim et al., 2007). 

 

CONCLUSIONS 

 

The paper deals with formation and stabilization of PCDD/F during a process of 

biological and hospital waste thermal degradation. The experiments were conducted in 

a semi operation hospital waste incinerating plant with heating power 1.5 MW. 

Formation of PCDD/F exponentially grows with increasing concentration of chlorides 

in the flue gas, but formation varies based on type of congener. Concentration of PCDF 

is almost one order of magnitude higher that the concentration of PCDD. HxDF and 

HpDF reach the highest concentration 17,522 pg Nm-3 and 16,334 pg Nm-3 at chloride 

concentration 867 mg Nm-3. However, concentration PCDD congeners does not exceed 

4,000 pg Nm-3 at the same level of chlorides in flue gas. Calcium hydroxide dosed into 

the flue gas flow can decrease level of hydrogen chlorine and subsequently eliminate 

concentration of PCDD/F with the mean reduction of 45.7% at rate 5 kg h-1 of Ca(OH)2 

dosed into the flue gas flow. However, the effect of PCDD/F elimination by Ca(OH)2 is 

not sufficient per emission limits. Activated carbon based sorbent is suitable to do so. 

Both examined carbon based sorbents commercially known as Chezacarb and NORIT 

achieve the same efficiency of PCDD/F stabilization in flue gas. It is not possible to 

prefer one or the other sorbent based only on sorption properties. In regards not to exceed 

emission limits of PCDD/F exposure, approximately 0.1 g of activated carbon must be 

applied per 1 Nm3 of flue gases with total PCDD/F concentration of 3ï4 ng Nm-3. 

Carbon based sorbent is a vital supplement for PCDD/F elimination in dry sorption based 

refining technology in small scale waste incinerators. 
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Abstract. The production process of an agricultural and industrial complex (AIC) includes 

processing of big areas of fertile soil that receive sun-generated electromagnetic energy. This is 

one of the peculiarities of the AIC, determined by the fact that the AIC produces primary (plant-

based) food. The plants use part of the sun-generated energy to synthesise biological energy, 

which forms the nutrition value of the product and which is measured by a rational (relative) 

factor per unit of area. A plant community is a biological system where each plant is a biological 

element. The amount of fuel energy (which is anthropogenic unlike sun-generated energy) 

consumed by an AIC company to produce plant-based food is determined by the energy 

efficiency of the technical elements (fuel cells, both mobile and immobile) included in the 

consumer energy system (CES).Crops also supply food for livestock farming, which is the second 

biological branch of AIC and produces the second type of food, meat and poultry. Animals and 

poultry are raised using daily feed flow as the source of energy. As the energy consumption and 

the energy efficiency (expenses and return on investment, respectively) are determined by the 

technical part of the consumer energy system, it is necessary to find the dependence between the 

CES and biological systems (crop farming and animal farming) in the food production process. 

 

Key words: energy saving, power consumption of production, criteria of energy efficiency, 

consumer power system. 

 

INTRODUCTION  

 

The concept of energy efficiency can be defined in various ways, the most popular 

of which is the relative decrease in energy consumption. Taking into account the overall 

aim of generating energy for the production of material goods and the fact that the 

material goods are the product of any enterprise, then product energy contents could be 

a relatively common unit of measurement, showing the amount of energy used to 

produce one piece of the final product. However, this value is applicable to similar plants 

producing similar products and is not suitable for evaluating the energy efficiency of a 

big corporation, region or state. As the sales markets and demand for products are the 

common evaluation factors of the units at this level, then the focus of analysis shifted 

from energy efficiency to gross regional product (GRP) and gross domestic product 

(GDP) energy contents, introducing a very specific indicator of energy contents of profit. 

https://doi.org/10.15159/AR.18.043
https://doi.org/10.15159/AR.18.043
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Even though this indicator shows efficiency indirectly (by means of demand),it does not 

impede the evaluation of energy-efficiency for the purposes of production development 

and for justifying the control methods of efficiency. International energy efficiency 

practices (Stasinopoulos et al., 2012), led to two important principles ï integrated 

approach to system design and sustainable system development. Numerous instructive 

examples of energy consumption efficiency analysis in various production processes, 

cited in the book, use the efficiency factor (generally accepted non-dimensional 

parameter) as the means of evaluation. óEfficient use of energyô (Karpov & Yuldashev, 

2010), the concept of consumer energy system (CES) Fig. 1 ï offers its own relative 

indicator to analyse the consumer energy efficiency. 
 

 
 

Figure 1. Energy scheme of the CES. 

 

This indicator defines the relative energy contents Qe that is constantly moving 

through the technical element (TE) as the ratio between the input energy Qi (original 

measurable energy supplied to TE) and output energy Qo (measurable energy, leaving 

TE), i.e. Qe = Qi / Qo. 

The introduction of the indicator makes it possible to analyse the efficiency of every 

individual TE as Qe = 1 ï æQ/QQ (where æQ = Qi ï Qk = energy losses in TE).and the 

efficiency of the energy transfer line connecting consecutive TEs, reveal the types of 

energy used by CES and efficiency of various types of products, simulate CES with a 

single TE that represents the total input energy and the sum of energy losses in the 

system. 
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Energy-technological processes (ETPs) that generate the result R by consuming the 

input energy are the key for CES energy efficiency. The value R is defined by the product 

manufacturing technology. The ETPs also determine the energy contents of the result R, 

where the energy contents is primary not only for the CES but also for the complete 

energy transfer system, from the energy generation point to the ETP. 

 

MATERIALS AND METHODS  

 

The basis of the research methods is made up of mathematical analysis of the 

energy efficiency criteria and suggestions to reduce energy waste. Therefore, the main 

and primary aim of the analysis of the biotechnical system (i.e. the conglomerate of the 

technical and biological systems within an AIC) is to define the specific role that the 

energy and technology processes of the technical system play in the efficiency of the 

biological system. Following our methodology, we first calculate the amount of 

consumed energy theoretically required (without losses) to receive R with the best 

achievable Qe = 1 (maximum efficiency), and then compare it to the measured amount 

of energy, actually consumed by ETP and exceeding the calculated net amount by the 

sum of various losses. 

The share of the losses compared to the theoretical (minimum) energy consumption 

used to receive R defines both the reason (losses) and the value of the actual increment 

of the minimum Qe = 1 (at the minimum energy consumption). The advantage of the 

method to analyse the energy efficiency (using modern-type meters, PES and ETP with 

pre-defined R), offered by the Scientific School, entails the possibility to divide 

(differentiate) the consumed energy into two types: active energy and losses caused by 

the physical properties of various TEs. 

Taking a multi-level hydroponic narrow-shelf greenhouse technology as an 

example (Kabanen, 2008), he proves that due to the design of the electric lamp it is not 

physically possible to arrange the shelves and the light flow within the greenhouse space 

to avoid the light losses. Moreover, this type of loss cannot be compensated even by 

increasing the power of the lamp and the energy consumption. The losses can be reduced 

or eliminated by using a light emitting diode instead of the traditional lamp. 

Therefore, the Scientific School method allows defining and reducing in each of 

the CES energy lines the losses that increase the relative energy contents over 1. The 

totalities of all the theoretical (calculated) amounts of energy in all energy lines on one 

hand and all losses on the other are the two complementary components of the amount 

of energy that CES used to make the product. The school suggests treating the first 

component as a system active energy and the second as a system loss. These two 

components determine the energy contents of the product, differentiated by the usage 

efficiency, not by a traditionally calculated statistical average one. We have to note that 

this differentiation is possible for energy consumer systems, but not for the energy 

transfer systems, which is why we can reasonably argue that any attempt to reduce the 

energy contents must begin with the energy audit of the consumer systems. 

The possibility to control energy savings in technical consumer systems (i.e. in 

CES) has been experimentally verified in laboratory and real-life conditions, so we can 

claim that we are scientifically and methodologically ready to address this issue. 
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The extended CES layout including both fixed and mobile processes, land treatment 

and livestock-related processes describes the links between CES and the processes that 

support biological activities. Main focus was on basic energy flows to biological objects 

(plants, animals, poultry). Fig. 2 shows the results of the analysis of energy links between 

technical and biological objects. 

 

 
 

Figure 2. Energy links between CES, plant and animal farming. 

 

The general industry-related energy layout reveals some important characteristics. 

Solar energy, transformed by plants into nutritional biological energy, and not 

anthropogenic (fuel) energy, is the source of nutritional biological energy contained in 

the basic agricultural plant products. The figure shows examples of fuel consumption in 

order to grow plants in open soil and in a greenhouse (left) and to keep animals (right). 

The ófodderô line connecting the left and the right sides shows that the fodder of plant 

origin, containing biological energy and not fuel energy, is the main energy flow keeping 

the animals alive. This means that the energy contents of food production (both plant 

and animal) in the traditional meaning of the term is created by the technical system 

(PES), maintaining the plant and animal farming only, i.e. the energy contents of the 

farms fully depend on the energy efficiency of the power equipment used, on the plant 

farming technology and on the soil productivity. 

As proven by the electric water heating experiments (Karpov et al., 2016), the 

technical equipment of the energy and technological process (ETP) can be considered a 

TE where energy is supplied and technological result R of the energy consumption is 

created and monitored. Meanwhile, the action (energy consumption) process is the only 

one of all the TE processes to register the energy losses that increase the energy contents 

of the product and reduce the energy use efficiency. 


































































































































































































































































































































































































































































