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Abstract

:

In modern agriculture, packaging materials are becoming an important means of production in the technologies for harvesting bulk materials. The agricultural net currently used for this purpose is usually made of HDPE—high-density polyethylene. The aim of the study was to evaluate the agricultural net produced in light technology under the commercial name of Covernet. Based on the tests conducted for nine variants of different models of round balers and different bulk materials collected by them, it can be concluded that, in each case, the net (Tama LT) wrapped the cylindrical bales well or very well. The mean elongation of COVERNET during bale wrapping was over 8% for the tested machines and harvested materials. The tests confirmed the usefulness of the new generation of agricultural nets (Tama LT) for wrapping various agricultural bulk materials of various humidities. There is an urgent need to develop and implement in practice a technology for recovering used agricultural nets and converting them into granules that can be used again in their production.
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1. Introduction


The intensive development of agriculture is connected with the biological progress and the breeding of modern variations of crop species that are more efficient and better adapted to local environmental and climatic conditions [1,2,3,4,5,6,7]. Another aspect of this progress is the implementation of new production technologies and the adaptation of new generations of materials for agricultural production which make farming more sustainable [8,9,10,11,12]. In many cases, measures taken in this area also enable the reduction in the negative impact of agriculture on directly related ecosystems. The consumption of materials that are harmful to the environment is reduced when harvesting straw and fodder [13]. In modern agriculture, packaging materials are becoming an important means of production in the technologies for harvesting bulk materials. The main problem with this method of packaging bulk materials is the generation of thousands of metric tons of waste. Another adverse effect during the HDPE production is the emission of greenhouse gases into the atmosphere. The carbon footprint of HDPE production is 1.60 kg CO2·kg−1 of polyethylene granules [14]. The agricultural net currently used for this purpose is usually made of HDPE—high-density polyethylene [15,16,17,18,19,20]. Manufacturers use various types of HDPE in the net production process [21]. High-grade raw materials of better quality make it possible to produce polymers of greater strength. In contrast, lower-quality raw materials are not as durable when using material of the same weight [22,23,24]. Therefore, manufacturers utilize thicker base material to improve the strength of agricultural nets. This means more of a consumption of raw material and more HDPE required per 1 running meter of net. This leads to an increase in the weight of the net roll and its diameter while maintaining the same length of the net. As a result, it is impossible to produce a net from a standard raw material of higher strength without increasing the diameter and weight of the roll. Considering this situation and new requirements for environmental protection, the Tama Plastic Industry in Poland has introduced an innovative solution for net production, called Tama Light Technology (Tama LT). An advanced HDPE formula was used for this purpose in combination with a completely new production technology. The technology called (Tama LT) has allowed us to manufacture a net that is lighter and, at the same time, much more durable compared to the standard net. The introduction of a new generation of lightweight agricultural netting on the market required the verification of its suitability for packing agricultural bulky materials using baling presses.




2. Materials and Methods


2.1. Research Subject


Rolls of the Tama LT net under the trade name COVERNET were used in the field tests. COVERNET is a new-generation product for packing agricultural bulk materials with a minimum breaking strength of 2.5 kN. The aquamarine color net was 123 cm wide, with a guaranteed length of 2000 m and a gross roll weight of 20.50 kg.




2.2. Test Conditions


Before starting the operation of each round baler and the harvesting of bulk materials, it was checked whether the machine settings were in accordance with the manufacturer’s recommendations. It was also checked if the owner did not make any structural changes to the machine. Then, the agrotechnical conditions during field tests were determined: the place of the test, the characteristics of the machine unit, the weather and agrotechnical conditions and the type of harvested plant material. The air temperature was measured with the LB-531 thermohygrometer (LAB-EL Laboratory Electronics, Herbaciana, Reguły, Poland) with an accuracy of 0.01 °C.




2.3. Measurement Methods


Before putting a roll of COVERNET in the machine’s hopper, the distances between the net threads were measured to compare them after the bale had been wrapped. Comparing the distance between the threads in the net roll and in the wrapped bale allowed for determining the percentage net elongation during wrapping. For this purpose, the base of “10 triangles in the net” extended from a roll was calculated on a level surface before being placed in the machine’s hopper, and then their length was measured. The measurement was conducted in four repetitions, and the measured distances of “10 bases of triangles” were recorded. Once the bale was wrapped, the base of the “10 triangles in the net” was calculated again on the inner layer of the net surface, and their length was measured. The outer net layer was not included in the measurements. The number of net wrap layers was determined (NL). Once the bale was unloaded from the round baler, the width of the net coverage was measured from the front and back of the bale. The measurement was conducted with a tape measure in four repetitions, and the measured distances were recorded with an accuracy of 1 mm.




2.4. Statistical Analysis


Parametric and non-parametric methods were applied in the statistical analysis of the measurement results, depending on the results of tests verifying the analysis assumptions. The distribution normality was checked using the Shapiro–Wilk test. Then, Pearson’s correlation or non-parametric Spearman’s rank correlation was used to determine whether the results of the measurements of net features depend on the order in which the bales were formed. The correlation between length 10Δ [cm] (LEN 10Δ) and the percentage net elongation (ELO) were also checked. The t-distribution method or the Wilcoxon non-parametric method (when the distribution normality assumption was not met) was used to compare the averages of two dependent populations. These methods were used to compare the mean net coverage at the bale front (CF) and at the bale back (CB). A correlation analysis between features of different types and a comparison of averages between features of the same type were carried out to determine whether all features should be analyzed separately. If no significant differences between the averages or a strong correlation was shown, only selected features were analyzed. The conclusions on these features were transferred to the other corresponding features: length 10Δ and elongation (ELO). In order to visually assess the results of the tests of round balers and the bulk materials collected by them, descriptive statistics were calculated and presented in a graphic form as violin plots. These charts showed the range of feature variability and the number of observations corresponding to a given feature value. A variance analysis was carried out for each of the features, with round balers and collected bulk materials as factors. Before starting the analysis, the homogeneity of variance of the compared factor levels was checked using Levene’s test. If the assumptions of the normal variance analysis were not met, the non-parametric Kruskal–Wallis test was used. All analyses were carried out in the STATISTICA statistical package, and the violin plots were made using the ggplot2 procedure on the R statistical platform.





3. Results


The COVERNET from Tama, produced in light technology (Tama LT), was evaluated during field tests in the agrotechnical period between 3 June 2017 and 25 August 2017 during the harvesting of various agricultural bulk materials with round balers. The tests were conducted in several regions of Poland in farms equipped with a round baler, which voluntarily agreed to test the new generation of agricultural nets. The following bulk materials were collected: dried mixed-grass fodder intended for silage and straw from various cereal species: winter rye, winter triticale, winter wheat and spring barley. The air temperature during the harvesting of dried greens fodders ranged from 19 to 27 °C. During the harvesting of straw from various species of cereals, the air temperature ranged from 21 to 26 °C. COVERNET was tested in round balers from domestic manufacturers of agricultural machinery: Sipma S.A., UNIA Sp. z.o.o., POL-MOT Warfama S.A. and METAL-FACH Sp. z o.o. (Table 1).



The collected test results were evaluated with the Shapiro–Wilk test to verify the null hypothesis confirming their normal distribution. The test showed that most of the analyzed round balers and the bulk materials they collected did not meet this assumption (Table 2).



The assumption about the distribution normality of all the results for the round balers and the bulk materials collected by them was not met. Therefore, correlations between the bale number and the results of the measurements of respective features were determined using the non-parametric Spearman’s rank correlation (Table 3). All determined coefficients have values close to zero, so it can be concluded that there is no relationship. Therefore, the number of bales made by round balers did not affect the quality of net wrapping.



This was followed by the calculation of the descriptive statistics (Table 3) of all analyzed features: mean, minimum and maximum value, standard deviation and standard error. The calculation results led to the conclusion that the baling presses picked the net correctly, and the set number of layers in most of the tested baling presses and collected bulk materials did not change. This proves that the factory settings of the machines made by the operator before the start of harvesting do not change during operation. The net is correctly picked by the wrapping devices installed in the round balers, regardless of their design. During the wrapping operation, there is no slipping effect of the thinner net (Tama LT) on the feeding rollers of the net bale wrapping device. The number of net wraps of bales for the Sipma Z-569/1 Farna II baler during the harvest of spring barley straw was 2.2. For the UNIA DF 1.7 Zd machine during the harvest of dried green fodder, the number of net wraps of bales was 2.6. For the Warfama Z-543 baler during the harvest of spring barley and winter wheat straw, the number of net layers was 2.5. Very small differences in the number of net layers placed on successive cylindrical bales were found only in three cases: Sipma PS 1211 FARMA PLUS round balers when harvesting winter triticale straw, UNIA Df 1.8 Dd when harvesting dried green fodder and Sipma Z-569/1 Farna II when harvesting dried green fodder. These differences had no effect on the shape of the bales after unloading them from the round baler chamber. The shape of the bales also did not change during the loading into the means of transport, during the transport to the farm, when wrapping the fodder bales with foil or during the storage of winter triticale bales in a heap. Very small differences in the number of net wraps may result from collecting dried fodder, characterized by a higher humidity and generating less tension on the net. Then, when unloading the net-wrapped bales from the round baler chamber, there may be slight movements of the net on the bale. The net loses its ability to move when the threads catch on the stalks of the collected bulk material sticking out on the outer surface of the bale. The number of bale wraps with the net during the harvesting of dried green fodder for the Sipma Z-569/1 Farna II machine ranged from 2.3 to 2.5 (mean 2.4), and for UNIA Df 1.8 Dd, it ranged from 2.7 to 2.8 (mean 2.73). Cylindrical bales formed from dry cereal straw generate more tension on the net than bales of dried green fodder, hay or straw of a higher moisture content. Very small differences in the number of net layers placed on cylindrical bales harvested with the Sipma PS 1211 FARMA PLUS round baler during the harvesting of winter triticale straw resulted from the manual control of the net feeding function in the panel controlling the round baler’s parameters. The number of wraps with the net Tama LT on a bale of winter triticale straw ranged from 2.2 to 3.5 (mean 3.64). Furthermore, no changes in the net length or elongation were found in the Metal-Fach Z-562 round baler when harvesting winter rye and winter wheat straw. In this case, the machine was set to the maximum number of net wraps, which was 2.8. The maximum number of bale wraps with the net aimed at the best possible protection of the harvested straw from weather conditions, as it was stored in an outdoor heap.



The smallest and highest mean net coverage of the bale was 112.75 cm and 125 cm, respectively; the differences in coverage between the front and back of the bale were small. The Wilcoxon test was used to compare two dependent populations of the back and front of the bales and demonstrated that these means differ significantly (Table 4 and Table 5).



The analysis of the results of the length 10Δ on the net before attaching it to the machine hopper and then after wrapping the bale with the net allowed us to determine its percentage elongation. The results of the length 10Δ were the same for the net before it was attached to the machine hopper, which proves the high quality of the net. After wrapping the bale with the net, the length 10Δ leads to the conclusion that the mean values of this parameter are similar for all tested round balers and collected bulk materials. This demonstrates a high correlation between these features. The calculated Spearman’s rank correlation coefficient for all observations was r = 0.9947. The general correlation coefficient for the tested round balers and collected bulk materials was 0.7807 for variant 5.2. and 1.0000 for the other variants. All correlation coefficients are significant at the significance level of 0.05, so one of the analyzed features, i.e., net elongation, can be selected for further analysis.



The coverage of cylindrical bales with a light type net (Tama LT) on the front and back in the tested variants for the respective machines and bulk materials is presented in the violin plots. Their shape is similar, which may indicate the lack of significant differences between the means of these features in the respective test variants. However, the results of the Wilcoxon test for all observations showed that the means of CF from CB differ significantly. In order to check this assumption, a comparison test was conducted for two means for dependent populations—the Wilcoxon test when the assumption of distribution normality was not met, and the t-distribution test when the assumption was met (Table 6). Since, in some of the analyzed presses and the bulk materials collected by them, the mean CF and CB differ significantly, all these features will be taken into consideration in the following sections.



The dispersion of observations in all plots (Figure 1) varies, which may indicate the heterogeneity of variance. In addition, it is not always symmetrical, which proves that the hypothesis of the distribution compatibility with the normal distribution is rejected (Table 2).



The experimental system was non-orthogonal (Table 1), and, therefore, the comparison was made for levels of one factor that was a combination of two factors: press and bulk material. Since the assumption of the homogeneity of variance for the compared groups was not met for any of the features (p-value < 0.05), the non-parametric Kruskal–Wallis test was used.



The results of the non-parametric analysis of variance are shown in Table 7. No significant differences in terms of all features were found between the balers of the same manufacturer collecting different bulk materials.



There were no significant differences between the forage harvesting machines in terms of the elongation of the net while wrapping the bales. The lowest net elongation of 6.71% was found for the Metal–Fach Z-562 baler when harvesting winter wheat straw. The greatest elongation of the net, amounting to 9.33%, was found for the Sipma PS 1211 FARMA PLUS machine during the harvesting of straw from winter triticale. However, significant differences in the wrapping of the bales with the net in the front and back were found between the Sipma Z-569/1 Farma II baler and the UNIA DF 1.8 Dd baler, which collected dried forage. Wrapping the bales by the UNIA DF 1.8 Dd round baler over a smaller width (CF = 112.75 and CB = 112.08) was directly caused by the design of the wrapping device in the machine. During bale wrapping, the fed net was additionally narrowed on the guiding roller, leading to its distribution over a narrower width. Round balers that collected spring barley straw did not differ significantly in their analyzed features. On the other hand, the balers harvesting winter wheat straw differed in bale wrapping in the front and back and did not differ in the case of the net elongation. In the Metal-Fach Z-562 baling press, a metal roller placed in guides was used to brake the roll and to tension the net. In this case, the acting force was always the same and could not be changed. Overall, out of the 36 pairs of compared factor levels, 19, 20 and 25 pairs did not differ in terms of the front coverage (CF), back coverage (CB) and net elongation (ELO), respectively, which is the majority of the pairs compared.



The introduction a new generation of lightweight nets for wrapping bulk materials to the Polish market of agricultural means of production has resulted in a gradual reduction in the consumption of HDPE for the production of agricultural nets in subsequent years (2017–2022) (Table 8). This can also reduce the weight of waste, which is about twice as high because of the plant material, soil and moisture affecting the net.




4. Conclusions


No studies of a similar nature were found in the available literature, which would present the results of a new generation of LT agricultural netting for packing bulk materials. There are also no data in the context of the environmental burden caused by agricultural nets. Based on the tests conducted for nine variants of different models of round balers and the different bulk materials collected by them, it can be concluded that, in each case, the net (Tama LT) wrapped the cylindrical bales well or very well. The Tama LT net has received a positive assessment. In every variant tested, the Tama LT net held the compressed material well, maintaining its form shaped in the baler chamber. When the machine was equipped with a net wrapping device for adjusting the net tension during the wrapping, the bales were completely covered with the net. By increasing the braking force of the Tama LT net roll, it was possible to wrap the outer surface around the bale circumference, as well as the side surfaces, which is very beneficial. In this case, the edges of the bales are even, so they can be wrapped more precisely when harvesting green fodder for silage. Then, better conditions are provided for the silage of green fodder to obtain a better quality of the fodder. The mean elongation of the COVERNET during the bale wrapping was over 8% for the tested machines and harvested materials. The Tama LT net was efficiently picked and fed by the wrapping devices of various designs used in the tested round balers. The Tama LT net also ensured the trouble-free operation of the balers. The tests confirmed the usefulness of the new generation of agricultural nets (Tama LT) for wrapping various agricultural bulk materials of various humidities. There were no cases of bale deformation or net breaking when the bales were unloaded from the bale chamber onto the field surface. There was also no net breaking and no bale deformation during the bale loading, transport and storage in heaps. Therefore, the net manufactured in the LT technology with a breaking strength of 2.5 kN guarantees that it can be used for wrapping bales of various agricultural bulk materials. The new-generation agricultural netting can be used for baling presses equipped with wrapping devices. The net produced in light technology (Tama LT) is therefore a high-quality product that is usable under various harvesting conditions, despite the lower weight per 1 m of the net.



There is currently no developed technology for recycling used agricultural netting after its use in the harvesting of agricultural bulk materials. The introduced new technology for the agricultural net production allows for reducing CO2 emissions by 25% compared to the standard technology. This is directly related to the lower demand for granulate at the stage of agricultural net production in modern LT technology. At the same time, there is an urgent need to develop and implement in practice a technology for recovering used agricultural nets and converting them into granules that can be used in their production.
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Figure 1. Cover the bales with COVERNET (Tama LT) on the front and back of the bale. 1.1—Sipma Z-569/1 Farma II—dried green fodder; 1.2—Sipma Z-569/1 Farma II—spring barley straw; 2—UNIA DF 1,7 Zd—dried green fodder; 3—UNIA DF 1,8 Dd—dried green fodder; 4—Sipma PS 1211 FARMA PLUS—winter triticale straw; 5.1—Warfama Z-543—spring barley straw; 5.2—Warfama Z-543—winter wheat straw; 6.1—Metal-Fach Z-562—winter rye straw; 6.2—Metal-Fach Z-562—winter wheat straw. 
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Table 1. Variants harvest of bulk materials during tests of the COVERNET mesh produced in the Tama LT technology.
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No

	
Round Baler Type

	
Bulk Material




	
Dried GreenFodder

	
Spring Barley Straw

	
Winter Triticale Straw

	
Winter Wheat Straw

	
Winter Rye Straw






	
1.

	
Sipma Z-569/1 Farna II

	
+

	
+

	
-

	
-

	
-




	
2.

	
UNIA DF 1,7 Zd

	
+

	
-

	
-

	
-

	
-




	
3.

	
UNIA Df 1,8 Dd

	
+

	
-

	
-

	
-

	
-




	
4.

	
Sipma PS 1211 Farma PLUS

	
-

	
-

	
+

	
-

	
-




	
5.

	
Warfama Z-543

	
-

	
+

	
-

	
+

	
-




	
6.

	
Metal-Fach Z-562

	
-

	
-

	
-

	
+

	
+
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Table 2. p-values of the Shapiro–Wilk test of normality.
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Trait of Net

	
Total

	
Harvesting Variant *




	
1.1

	
1.2

	
2

	
3

	
4

	
5.1

	
5.2

	
6.1

	
6.2






	
CF

	
0.0059

	
0.0061

	
0.0008

	
0.0476

	
0.0056

	
0.0008

	
0.8290

	
0.1131

	
0.0382

	
0.2501




	
CB

	
0.0020

	
0.1200

	
0.0552

	
0.0326

	
0.0803

	
0.0350

	
0.1255

	
0.1341

	
0.0140

	
0.2938




	
NL

	
0.0000

	
0.0009

	
+

	
+

	
0.0000

	
0.0002

	
+

	
+

	
+

	
+




	
LEN 10

	
0.0000

	
0.0000

	
0.0000

	
0.0001

	
0.0023

	
0.0004

	
0.0011

	
0.0056

	
+

	
0.0000




	
ELO

	
0.0000

	
0.0001

	
0.0000

	
0.0001

	
0.0023

	
0.0004

	
0.0011

	
0.0042

	
+

	
0.0000








* 1.1—Sipma Z-569/1 Farma II—dried green fodder; 1.2—Sipma Z-569/1 Farma II—spring barley straw; 2—UNIA DF 1,7 Zd—dried green fodder; 3—UNIA DF 1,8 Dd—dried green fodder; 4—Sipma PS 1211 FARMA PLUS—winter triticale straw; 5.1—Warfama Z-543—spring barley straw; 5.2—Warfama Z-543—winter wheat straw; 6.1—Metal-Fach Z-562—winter rye straw; 6.2—Metal-Fach Z-562—winter wheat straw. + the round baler wound the same number of net layers onto the bale, or the length of 10Δ and the elongation were the same for each bale.
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Table 3. Dependence of features on bale number—Spearman’s rank correlations.






Table 3. Dependence of features on bale number—Spearman’s rank correlations.





	Variables
	CF
	CB
	NL
	LEN 10Δ
	ELO





	Bale number
	0.093653
	0.044672
	−0.162239
	0.156588
	0.148954
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Table 4. Descriptive statistics of round balers collecting dried green fodder.






Table 4. Descriptive statistics of round balers collecting dried green fodder.





	
Trait of Net

	
Unit

	
Machine and Bulk Material

	
No. of

Bales

	
Mean

	
Minimum

	
Maximum

	
SD

	
SE






	
CF

	
cm

	
Sipma Z-569/1 Farma II

dried green fodder

	
14

	
121.57

	
120

	
123

	
0.8516

	
0.2276




	
CB

	
cm

	
14

	
123.43

	
122

	
126

	
1.1579

	
0.3095




	
NL

	
-

	
14

	
2.4

	
2.3

	
2.5

	
0.0555

	
0.0148




	
LEN 10Δ

	
cm

	
14

	
61.43

	
61

	
62

	
0.5136

	
0.1373




	
ELO

	
%

	
14

	
7.77

	
7.02

	
8.77

	
0.8987

	
0.2402




	
CF

	
cm

	
UNIA Df 1,8 Dd

dried green fodder

	
12

	
112.75

	
112

	
114

	
0.6216

	
0.1794




	
CB

	
cm

	
12

	
113.08

	
112

	
115

	
0.9962

	
0.2876




	
NL

	
-

	
12

	
2.73

	
2.7

	
2.8

	
0.0452

	
0.0131




	
LEN 10Δ

	
cm

	
12

	
61.04

	
59

	
63

	
1.5442

	
0.4458




	
ELO

	
%

	
12

	
7.09

	
3.51

	
10.53

	
2.7081

	
0.7818




	
CF

	
cm

	
UNIA DF 1,7 Zd

dried green fodder

	
12

	
117.67

	
117

	
118.5

	
0.5774

	
0.1667




	
CB

	
cm

	
12

	
119.58

	
117.5

	
123

	
2.0542

	
0.593




	
NL

	
-

	
12

	
2.6

	
2.6

	
2.6

	
0

	
0




	
LEN 10Δ

	
cm

	
12

	
62.17

	
62

	
63

	
0.3257

	
0.094




	
ELO

	
%

	
12

	
9.06

	
8.77

	
10.53

	
0.5732

	
0.1655
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Table 5. Descriptive statistics of round balers collecting straw after harvesting cereals.






Table 5. Descriptive statistics of round balers collecting straw after harvesting cereals.





	
Trait of Net

	
Unit

	
Machine and Bulk Material

	
No. of

Bales

	
Mean

	
Minimum

	
Maximum

	
SD

	
SE






	
CF

	
cm

	
Sipma Z-569/1 Farma II

spring barley straw

	
30

	
121.07

	
120

	
123

	
0.9444

	
0.1724




	
CB

	
cm

	
30

	
121.83

	
119

	
124

	
1.3667

	
0.2495




	
NL

	
-

	
30

	
2.2

	
2.2

	
2.2

	
0

	
0




	
LEN 10Δ

	
cm

	
30

	
61.73

	
61

	
62

	
0.3144

	
0.0574




	
ELO

	
%

	
30

	
8.3

	
7.02

	
8.77

	
0.5517

	
0.1007




	
CF

	
cm

	
Warfama Z-543

spring barley straw

	
12

	
120.58

	
116

	
125

	
2.4293

	
0.7013




	
CB

	
cm

	
12

	
122.17

	
114

	
127

	
3.2427

	
0.9361




	
NL

	
-

	
12

	
2.5

	
2.5

	
2.5

	
0

	
0




	
LEN 10Δ

	
cm

	
12

	
61.67

	
61

	
62

	
0.4438

	
0.1281




	
ELO

	
%

	
12

	
8.19

	
7.02

	
8.77

	
0.777

	
0.2243




	
CF

	
cm

	
Warfama Z-543

winter wheat straw

	
12

	
122.58

	
120

	
126

	
1.6214

	
0.468




	
CB

	
cm

	
12

	
123.21

	
120

	
126

	
2.1047

	
0.6076




	
NL

	
-

	
12

	
2.5

	
2.5

	
2.5

	
0

	
0




	
LEN 10Δ

	
cm

	
12

	
61.38

	
61

	
62

	
0.3108

	
0.0897




	
ELO

	
%

	
12

	
7.53

	
7.02

	
8.77

	
0.5836

	
0.1685




	
CF

	
cm

	
Sipma PS 1211 FARMA PLUS

winter triticale straw

	
19

	
124.63

	
122

	
131

	
1.921

	
0.4407




	
CB

	
cm

	
19

	
125

	
121

	
130

	
2.2361

	
0.5199




	
NL

	
-

	
19

	
2.64

	
2.2

	
3.5

	
0.4194

	
0.0962




	
LEN 10Δ

	
cm

	
19

	
62.32

	
62

	
63

	
0.342

	
0.0785




	
ELO

	
%

	
19

	
9.33

	
8.77

	
10.53

	
0.6019

	
0.1381




	
CF

	
cm

	
Metal-Fach Z-562

winter rye straw

	
20

	
117.38

	
116

	
119

	
0.8717

	
0.1949




	
CB

	
cm

	
20

	
117.33

	
116

	
119

	
0.8626

	
0.1929




	
NL

	
-

	
20

	
2.8

	
2.8

	
2.8

	
0

	
0




	
LEN 10Δ

	
cm

	
20

	
61

	
61

	
61

	
0

	
0




	
ELO

	
%

	
20

	
7.02

	
7.02

	
7.02

	
0

	
0




	
CF

	
cm

	
Metal-Fach Z-562

winter wheat straw

	
17

	
116.29

	
114

	
120

	
1.6111

	
0.3907




	
CB

	
cm

	
17

	
116.5

	
114

	
119

	
1.4361

	
0.3483




	
NL

	
-

	
17

	
2.8

	
2.8

	
2.8

	
0

	
0




	
LEN 10Δ

	
cm

	
17

	
60.82

	
60

	
61

	
0.393

	
0.0953




	
ELO

	
%

	
17

	
6.71

	
5.26

	
7.02

	
0.6916

	
0.1677
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Table 6. Comparison test of two dependent means between CF and CB; Wilcoxon and Student’s t depending on the fulfillment of assumptions.






Table 6. Comparison test of two dependent means between CF and CB; Wilcoxon and Student’s t depending on the fulfillment of assumptions.





	Round Balers—Bulk Material
	N
	Z/t
	p





	Total
	115
	4.9885
	0.0000



	1.1
	13
	3.1798
	0.0015



	1.2
	26
	2.7430
	0.0061



	2
	12
	3.0594
	0.0022



	3
	5
	1.3484
	0.1775



	4
	16
	0.4395
	0.6603



	5.1
	12
	T = −2.455
	0.0320



	5.2
	12
	T = −0.7718
	0.4565



	6.1
	9
	0.00
	1.0000



	6.2
	14
	T = −0.7318
	0.4749
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Table 7. Kruskal–Wallis test p-value for multiple (two-sided) comparisons between round baler and bulk material levels.






Table 7. Kruskal–Wallis test p-value for multiple (two-sided) comparisons between round baler and bulk material levels.





	
Coverage Front

(CF)

	
General Hypothesis Test H (8. N = 148) = 121.1490 p = 0.000




	
1.1

	
1.2

	
2

	
3

	
4

	
5.1

	
5.2

	
6.1

	
6.2




	
1.1

	
-

	
1.0000

	
0.1949

	
0.0000

	
0.2361

	
1.0000

	
1.0000

	
0.018

	
0.0016




	
1.2

	
1.0000

	
-

	
0.0753

	
0.0000

	
0.0231

	
1.0000

	
1.0000

	
0.0018

	
0.0001




	
2

	
0.1949

	
0.0753

	
-

	
0.8696

	
0.0000

	
1

	
0.0046

	
1.0000

	
1.0000




	
3

	
0.0000

	
0.0000

	
0.8696

	
-

	
0.0000

	
0.0004

	
0.0000

	
1.0000

	
1.0000




	
4

	
0.2361

	
0.0231

	
0.0000

	
0.0000

	
-

	
0.05

	
1.0000

	
0.0000

	
0.0000




	
5.1

	
1.0000

	
1.0000

	
1.0000

	
0.0004

	
0.05

	
-

	
1.0000

	
0.2381

	
0.0329




	
5.2

	
1.0000

	
1.0000

	
0.0046

	
0.0000

	
1.0000

	
1.0000

	
-

	
0.0001

	
0.0000




	
6.1

	
0.0180

	
0.0018

	
1.0000

	
1.0000

	
0.0000

	
0.2381

	
0.0001

	
-

	
1.0000




	
6.2

	
0.0016

	
0.0001

	
1.0000

	
1.0000

	
0.0000

	
0.0329

	
0.0000

	
1.0000

	
-




	
Coverage back (CB)

	
General hypothesis test H (8. N = 148) = 114.7640 p = 0.000




	
1.1

	
1.2

	
2

	
3

	
4

	
5.1

	
5.2

	
6.1

	
6.2




	
1.1

	
-

	
1.0000

	
0.1415

	
0.0000

	
1.0000

	
1.0000

	
1.0000

	
0.0000

	
0.0000




	
1.2

	
1.0000

	
-

	
1.0000

	
0.0000

	
0.0664

	
1.0000

	
1.0000

	
0.0019

	
0.0003




	
2

	
0.1415

	
1.0000

	
-

	
0.0628

	
0.0016

	
1.0000

	
0.4442

	
1.0000

	
1.0000




	
3

	
0.0000

	
0.0000

	
0.0628

	
-

	
0.0000

	
0.0000

	
0.0000

	
1.0000

	
1.0000




	
4

	
1.0000

	
0.0664

	
0.0016

	
0.0000

	
-

	
1.0000

	
1.0000

	
0.0000

	
0.0000




	
5.1

	
1.0000

	
1.0000

	
1.0000

	
0.0000

	
1.0000

	
-

	
1.0000

	
0.0103

	
0.0022




	
5.2

	
1.0000

	
1.0000

	
0.4442

	
0.0000

	
1.0000

	
1.0000

	
-

	
0.0004

	
0.0001




	
6.1

	
0.0000

	
0.0019

	
1.0000

	
1.0000

	
0.0000

	
0.0103

	
0.0004

	
-

	
1.0000




	
6.2

	
0.0000

	
0.0003

	
1.0000

	
1.0000

	
0.0000

	
0.0022

	
0.0001

	
1.0000

	
-




	
Elongation 

(ELO)

	
General hypothesis test H (8. N = 148) = 89.82629 p = 0.0000




	
1.1

	
1.2

	
2

	
3

	
4

	
5.1

	
5.2

	
6.1

	
6.2




	
1.1

	
-

	
1.0000

	
0.0974

	
1.0000

	
0.0029

	
1.0000

	
1.0000

	
1.0000

	
0.6661




	
1.2

	
1.0000

	
-

	
1.0000

	
1.0000

	
0.1086

	
1.0000

	
0.9576

	
0.0005

	
0.0002




	
2

	
0.0974

	
1.0000

	
-

	
0.4719

	
1.0000

	
1.0000

	
0.0186

	
0.0000

	
0




	
3

	
1.0000

	
1.0000

	
0.4719

	
-

	
0.0329

	
1.0000

	
1.0000

	
0.4861

	
0.2511




	
4

	
0.0029

	
0.1086

	
1.0000

	
0.0329

	
-

	
0.2774

	
0.0004

	
0.0000

	
0.0000




	
5.1

	
1.0000

	
1.0000

	
1.0000

	
1.0000

	
0.2774

	
-

	
1.0000

	
0.0634

	
0.0307




	
5.2

	
1.0000

	
0.9576

	
0.0186

	
1.0000

	
0.0004

	
1.0000

	
-

	
1.0000

	
1.0000




	
6.1

	
1.0000

	
0.0005

	
0.0000

	
0.4861

	
0.0000

	
0.0634

	
1.0000

	
-

	
1.0000




	
6.2

	
0.6661

	
0.0002

	
0.0000

	
0.2511

	
0.0000

	
0.0307

	
1.0000

	
1.0000

	
-








p < 0.05 means significant differences.
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Table 8. Estimated HDPE consumption data in Poland for the production of agricultural mesh in the years 2017–2022 in Mg.






Table 8. Estimated HDPE consumption data in Poland for the production of agricultural mesh in the years 2017–2022 in Mg.





	Year
	Consumption of HDPE
	HDPE Consumption without LT

Technology
	Saving HDPE
	Reducing the Weight of Waste *





	2017
	6352
	6795
	443
	885



	2018
	5589
	6039
	450
	900



	2019
	5369
	5841
	473
	945



	2020
	6453
	7046
	593
	1185



	2021
	6001
	6646
	645
	1290



	2022
	5565
	6270
	705
	1410



	Total
	35,329
	38,636
	3308
	6615







* 50% of the *waste in the used net is: soil, plant residues from silage, straw or hay and water.
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