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Abstract

:

The amount of power consumption of the product life cycle has a significant impact on global warming. To determine these negative impacts, life cycle assessment (LCA) is used. These methods are time-consuming and expensive training costs that require the characteristics of the mass and material characteristics of the products. The aim of the present study was to develop a method that uses only product typology and volumetric product properties without knowing the structural and material composition. To achieve the objective, 134 pieces of power tools were used, divided into 10 groups according to their type. The volume of the product was determined by 3D scanning with subsequent material and the LCA method based on the Oil Point Method (OPM). The end of life (EoL) of the product was evaluated in landfilling, combustion, and 90% recycling variants. Equations were obtained from Monte Carlo Simulation with 95% reliability and allowed the determination of the energy requirements for the production of power tools and CO2 emissions, including data for packaging and transport of goods. The Volumetric Evaluating Method of Ecodesign (VEME) can quickly evaluate impact in three EoL procedures and optimise the volume of power tools and the location of production of products without LCA knowledge.
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1. Introduction


By its actions, human society creates negative environmental impacts on the planet. The environmental behaviour of society is limited by conventions, directives, and standards. The Paris Protocol is one of the major international treaties and has already been ratified by 197 countries. The aim of the agreement is to reduce greenhouse gas emissions so that the temperature rise does not exceed an average temperature of 1.5 °C, compared to pre-industrial levels [1]. Product regulation efforts are made using ISO 14000 (environmental management) life cycle assessment standards. Standards ISO 14044 (Environmental management—Life cycle assessment—Principles and framework) and ISO 14040 (Environmental management—Life cycle assessment—Requirements and guidelines) serve as a guide for the assessment of the individual life stages of a product [2].



Life cycle assessment (LCA) tools use different approaches and provide diverse results in accordance with environmental impact assessment requirements [3]. Approaches to environmental impact assessment can be:




	
Qualitative



	
Semi-quantitative



	
Quantitative








Qualitative approaches are used for rapid assessment of environmental impacts without in-depth knowledge of LCA methods. These include, for example, Ecodesign Checklist (evaluation in three criteria), LiDS Wheel (spider web/radar diagram assessing both existing and new products in eight factors), and The Golden Rules (a method designed to compare and assess concepts, for example) [4,5,6]. There are many more methods: Volvos Lists, ABC-Analysis, Philips Fast Five Awareness, Econcept Spiderweb, The Morphological Box and others. Methods based on a qualitative approach are suitable for a quick and indicative evaluation of a product or service. It is possible to assess the early stages of design without knowledge of LCA with qualitative output. Some tools allow for direct evaluation of impacts [6,7].



The MECO Matrix is a semiquantitative approach that is based on a simplified LCA method as well as the ERPA Matrix. These methods combine both qualitative and quantitative approaches (direct evaluation of impacts) [6,7,8].



Methods using quantitative inputs are, for example, MET Matrix. This method is used in all phases of the life cycle, including the possibility of comparing impact analyses. It contains more than 1000 items integrated into 3D software [7,9]. Input/Output (I/O) allows indirect determination of environmental impacts using economic indicators. It is possible to determine energy and material flows during production and their quantification in economic sectors or in the whole system. The solution through I/O analysis provides a comprehensive environmental overview of the economic entity [10]. The Oil Point Method (OPM) evaluates the life cycle in phases: materials production, manufacturing processes, transport, use and end of life. It uses Oil Point (OP) units for calculation, where 1 OP equals 45 MJ (1 kg of crude oil). OPM contains OP values of more than 70 materials, 20 production processes, and 5 end of life processes [11]. LCA software solutions such as OpenLCA, SimaPro, GaBi, and Umberto provide better results than qualitative or semiqualitative approaches, but training and implementation of tools are costly. The undeniable advantage of LCA-based methods is the ability to assess the entire life cycle of a product/service and take steps to improve it. According to the research findings, ecodesign experts no longer focus on product design [12]. When designing products, the industrial designer is an expert in aesthetics and ergonomics. The use of ecodesign tools by industrial designers, especially quantitative LCA methods, is not common [13]. With the coming of Industry 4.0, there are demands for the integration of new materials and the optimization of product shapes. This responsibility of the industrial designer is aimed at sustainable production of products [14]. The design of new products should make targeted use of recycled materials to reduce the use of primary raw materials in high-volume production. Considering the worldwide sales of power tools, it is necessary to optimise products even at this early stage of design. Global sales of power tools are expected to reach USD 48 billion in the year 2027 (an increase of 4.8% in 2020) [15]. For these reasons, it is essential to focus on sustainable power tool production. Qualitative methods used in the early stages of design do not allow the use of LCA for principled reasons. Quantitative approaches require mass and material characteristics that are not known in the early stages of design. For these reasons, there is no approach/method that provides quantitative data using LCA at the early design stage. Quantitative approaches require weight and material characteristics that are not known. The volumetric approach that could capture product characteristics has not yet been applied, probably due to the time-consuming nature of processing extensive LCA. Can the amount of emissions CO2 and energy consumption for production be based only on the volume and nature of the product? An important element in the EU is also informing consumers through the “Energy Labels” about energy consumption during the use phase. The missing information on consumption labels is the energy requirements for production, product packaging, and transport. This information could be furnished for power tools, and the consumer could choose a product that is more environmentally friendly. The European Product Database for Energy Labeling (EPREL) takes care of this registration and manufacturers are obliged to log in to the database. An overview of products that are subject to labelling is regulated by Regulation (EU) 2017/1369 of the European Parliament [16,17].



The purpose of the present research was to determine the environmental impact of selected power tools in an early stage of design without knowledge of their internal components. Tools and methods based only on qualitative data are available for the assessment of early stage product design. With regard to qualitative input, it was not possible to expect high-quality quantitative outputs. Quantitative approaches require a deep knowledge of LCA and a comprehensive knowledge of the products being analysed (material composition, manufacturing technology, etc.). The new approach will allow the determination of energy requirements and CO2 emissions at different ends of the life cycle based only on the proportions of the volume of the product, its typology, and the location of production. The new method will allow optimization of power tools production, volume proportions, application of production intensity labels, integration of knowledge in circular economy, potential of materials recycling in recycling centres, and shapes optimization by industrial designers. The advantage of the method is the high efficiency of work, without knowledge of LCA, and low requirements for input data (type and volume of product and place of production). The novelty of the method lies in linking a very early stage of product design with the LCA method, which has not been used before. Calculating the impact of EoL variants can be done with a single quantitative variable, namely, the volume of the product under evaluation.




2. Materials and Methods


The materials used were samples of power tools (manufactured between the years 1989 and 2018). These tool samples were analysed in the following basic steps:




	
Range of examined samples;



	
3D digitisation of samples;



	
Material and construction analysis;



	
LCA method;



	
LCA simulation of power tools.








2.1. Range of Examined Samples


The research was carried out with handheld power tools, which were obtained in cooperation with the recycling centre ENVIROPOL s. r. o. (Jihlava, Czech Republic). The selection was made without focusing on the type of tool, but considering the overall condition of the tool. A total of 134 pieces of power tools were analysed and subsequently categorised into 10 type groups according to type:




	
Random orbital sanders (6 pcs.);



	
Sheet sanders (16 pcs.);



	
Electric planers (9 pcs.);



	
Handle jigsaws (24 pcs.);



	
Belt sanders (7 pcs.);



	
Percussion drills (17 pcs.);



	
Circular saws (7 pcs.);



	
Angle grinders (26 pcs.);



	
Electric chainsaws (16 pcs.);



	
Reciprocating saws (6 pcs.).








The flowchart describes a procedure that involves preparing data for LCA and simulation after obtaining the resulting equations (Figure 1).




2.2. 3D Digitisation of Samples


The volumetric properties of handheld power tools were determined by 3D scanning. Samples were analysed using an EinScan HD Pro handheld 3D scanner and a structural LED light using marking points and contours. Digitisation was performed in manual mode with the setting at medium details with a 0.7 mm accuracy. All 3D data obtained were in STL format and modified in Rhinoceros 7 software with subsequent determination of product volume in ml (accuracy to 0.001 mm3). Sample of scanned power tools and theirs photographs (Figure 2).




2.3. Material and Construction Analysis


The examined samples were disassembled into individual parts (bearings, cover, screws, bolts, springs, contacts, gears, etc.). The individual parts of the tool were weighed (Sartorius PMA7500 weight with a tolerance of 0.1 g), entered into MS Excel tables, and described in terms of materials used. Using the weight differences, the individual material properties of the combined parts of the tool, such as power line wires, stators, bearings, and some motion mechanisms, were calculated. To determine the exact quantity of individual materials, the rotors and stators were irreversibly disassembled (Figure 3). All parts were weighed and further analysed after photographs were taken.




2.4. LCA Method


Life cycle assessment was performed using the OPM method. This LCA method provided a sufficient number of materials, processes, and possible EoLs. Power tools were developed in three EoL variants for each product:




	
Landfilling (100% of the materials are landfilled);



	
Combustion (materials that can be transformed into energy);



	
90% recycling (90% of the materials are linearly recycled).








The phase of the transport was carried out at intervals from (truck = 300 km a truck = 1700 km and van = 500 km) to (truck = 300 km, ship = 14,500 km, truck = 1700 km and van = 500 km). The sea transportation was determined and calculated for approximate distances by https://sea-distances.org/ (accessed on 29 December 2021). The transport conditions were the same for landfilling, combustion and recycling (phases can be individually optimised). The product packaging material was calculated as cardboard B (200 g/m2) and PE foil 0.1 mm. The size of the package was derived from the volume of the tool with the addition of 65/50/45 mm around the tool itself, including a horizontal and two vertical filling segments. During machining, 60.4% of the weight loss of the machined material was taken into account [18]. The use phase was calculated for 1000 h and is not included in the overall calculations.



All 134 tool samples were subjected to LCA by the Oil Point Method (OPM) for end-of-life impacts—landfilling, combustion, 90% recycling—and with the rate of recycling course from 0% to 100%. Recycling rate was set to 45%, in accordance with the EU directive [19] and turning point requirements for the end-of-life cycle combustion (the point where the amount of energy in combustion is equal to the energy recovered by recycling).




2.5. LCA Simulation of Power Tools


The simulation was based on data acquired from the analysis of individual groups of power tools focused on product volume and production energy requirements. The input data for the simulation were subjected to linear regression (LR) and tested for a normal distribution with a p-value < 0.05. Due to the time-consuming nature of individual LCA, a simulation using the Monte Carlo method was performed. The simulation for n = 1000 steps was used with individual groups of tools in the EoL variants of landfilling, combustion, and 90% recycling. Data from the input analysis with the normal distribution with the standard deviation of the baseline were processed at the test level alpha = 0.05. Subsequent analysis included linear regression to obtain line equations with 95% confidence with p-value < 0.05 (t-Test paired with a two-tailed distribution). The simulation was performed for two output categories with three EoL options:




	
Energy for production (MJ and kWh);



	
Emission of CO2 (kg CO2 eq.).








Analysis of emissions kg CO2 eq. was applied to countries CZ, PL, EE, SE, TR, BR, CN, IN, US, JP (according to ISO code 3166-1) and the United Kingdom as UK. The countries were selected with respect to different energy mixes. The results obtained from the simulation and energy mixes of individual states (values of kg CO2 eq. per kWh as of June 2019) were used to calculate the emissions of kg CO2 eq. [20].





3. Results


The total weight of 134 pieces of power tools was 310 kg, with more than 9700 individual parts and material groups. Prior to processing with the LCA method, the power tool samples were sequentially photographed and scanned with a 3D scanner to determine the product volume. Product volumes ranged from 757 mL (angle grinders) to 5530 mL (electric chainsaws).



For material analysis the tools were disassembled into individual parts and inventoried for data preparation for LCA. Manufacturing operations were assigned to the given materials and parts (for example, reciprocating saw, see Table 1). Inventory analysis showed that in the early 1990s, pure ABS was used to cover the products. Later it was composite materials PA6 and PA66 reinforced with between 30% and 50% GF. The construction of balancers and bearings are usually made of zinc alloy and aluminium alloy and steel. Flexible parts such as bearing housings are made of EPDM and PB. Brass and bronze were used for plain bearings and contacts. A significant amount of steel is used in electric motors in stator plates and armature of rotors, and copper in rotor windings, stator, and wires. The essential materials for power tools are steel, composite, copper, and aluminium (Dural), which have a significant impact on LCA calculations.



3.1. LCA Method


The LCA method for each tool contained a total of 402 individual EoL analyses, which were combined into product groups followed by linear regression. In 6 samples from 30 groups of categories the p-value was higher than significance level alpha. The reason for a p-value > 0.05 was the low number of samples analysed in a category, with high variability within a narrow tool volume interval. The dependence of volume and energy requirements on product production is evident despite the non-robust number of samples. There was no dependence of the tool power on the tool volume. However, this power input corresponds to the intended use phase. The use phase of 1000 h ranged between 125 W (1406 MJ = 391 kWh, energy for production compared to the use phase 7.5%) and 2200 W (24,750 MJ = 6875 kWh, energy for production compared to the use phase is 2.4%). The energy requirements for the packaging material were 8.537 MJ ± 0.270 MJ (landfilling), −3.862 MJ ± 0.122 MJ (combustion) and 11.374 MJ ± 0.359 MJ (90% recycling). The energy profiles obtained were unique for each individual sample and were not identical (landfilling, combustion, and 90% recycling).




3.2. Landfilling


The resulting life cycle in landfill mode reported zero values for all materials and EoL, according to the rules of the OPM method of the power tool example. The graph (Figure 4) represents the energy requirements for production when all tool parts are landfilled (=0% recycling, no action on the integrity of the samples). It was found that a significant proportion of the materials in the tooling are steel, composite, aluminium/Dural, copper and zinc alloy. This proportion depends on the volume and category of the tool.




3.3. Combustion


The combustion mode (Figure 5) was only possible for materials that contain feedstock share indicators, such as ABS, PP, PMMA, PVC, etc. The composite material PA6, PA66, PP, POM, PBT was used for energy only in percentages without glass fibres (GF) reinforcement. Capacitors, printed circuit boards (PCBs), V-Belts, and lubricants were also transformed to energy. The energy obtained from the combustion of the packaging material, which always had an energy potential, was also calculated. The highest possible value obtained was 6.017 MJ for electric chainsaws (the values depended on the size of the power tools). In the case of combustion, the energy in MJ is transferred to an independent system.




3.4. Turning Point & 90% Recycling


For products with a high proportion of used plastic on the inner part and on the outer covers, it was not possible to find a turning point on the entire recycling scale from 0% to 100%. The return of some types of plastic back into circulation is energetically demanding due to the multiple values of fuel share (recycling) compared to the values of feedstock share (landfilling). Recycling requires a high amount of energy for shredding, separation, and re-melting (Figure 6). The average reduction in energy requirements for product recycling compared to EoL landfilling is 13.2% ± 1.6%. The maximum energy saved by recycling was 32.4%. The increase in energy requirements for EoL (90% recycling) is only in 13 out of 134 tools, with an average value of 1.6% ± 0.8% (maximum increase was 6.2%). In 47 cases, the turning point was more energetically difficult than the demand of the EU for 45% recycling. The location of the turning point is shown in the graph (Figure 7). In 45.5% of cases, it was not possible to find a turning point on the whole recycling scale from 0% to 100%.




3.5. Simulation Monte Carlo


The acquired data showed the dependence of product volume on the energy used for power tool production. It was found that the most accurate correlation coefficient rxy for the tool group of angle grinders reach from 96.7% to 97.5%. The smallest value of the correlation coefficient rxy was found in sheet sanders, from 60.8% to 72.8% (Table 2). A value above 0.60 showed a strong dependence on a perfect positive association of almost 1.00. All simulations were performed with 95% confidence with p-value < 0.05. They described how the model captures the data. The graph of the dependence of the volume on the energy requirements for production shows the division of tools into groups according to categories (Figure 8). The values of the rxy correlation coefficients obtained from the simulations were highly dependent on the data obtained from the LCA. In the case of high rxy values, they confirmed the dependence of the input data. For a low rxy value of about 0.6, the data were from a small number of samples on a short range of volumes with a large variability of the tool energy, especially for landfilling (for 90% recycling the variability was smaller and from this point of view was rxy higher, not valid for random orbital sanders and belt sanders when the number of samples was low). These categories were further divided into 3 variants of EoL (example on Figure 9).



The low dependence of power tools volume and energy requirements on product production is due to the high number of individual parts in a small volume and is characteristic of percussion drills, angle grinders, and reciprocating saws. Some tools, such as sheet sanders, circular saws and handle jigsaws, are larger in volume for ergonomic reasons, for sufficient grip and guidance of the tool, for example. This phenomenon is manifested by the high internal volume of air within the tool due to the different construction design of the products (high variability of tool design) and thus a low value of rxy.




3.6. Emission CO2


Simulation of emissions kg CO2 eq. was derived from data obtained from production energy requirements in MJ (values were converted to kWh). Final emission values kg CO2 eq. for individual product categories were recalculated and graphically equal to the energy requirements in kWh (Table 3). Emissions kg CO2 eq. for individual states were the average energy requirements for the production of individual groups of tools (Figure 10). Emissions of the selected countries (Table 4) kg CO2 eq. per kWh corresponded to their energy mixes and thus their order values ranged between 93 g CO2 eq. per kWh for SE (Sweden) up to 875 g CO2 eq. per kWh for EE (Estonia) [20].





4. Discussion


In this research, the energy requirements for the production of handheld power tools and calculations of kg CO2 eq. were included. The results presented significant differences at the three ends of end of life (landfilling, combustion, and 90% recycling) and also at 0–100% recycling calculations. The data was obtained from individual power tool analyses and further statistically processed. For statistical processing of the data, the t-test paired with a two-tailed distribution with alpha value = 0.05 was used. In general, 20% of the 10 categories of power tools had p-values > 0.05. These tools were not excluded from the following simulations. The 10 product categories were used for the simulation with 95% confidence and a p-value < 0.05.



End-of-life energy requirements for the power tool categories were logically ordered from the highest landfilling, combustion, and 90% recycling (in two cases 90% recycling was more energy intensive than combustion). This was due to the high proportion of recycled plastics. In total, in 74 cases of individual tool samples, recycling was more energy intensive (the reason for this is the technological processes involved in recycling: shredding, separation, and re-milling). This phenomenon was only for products with a high proportion of plastic components. Using Monte Carlo simulation, missing samples were calculated to refine the volume dependencies on the energy requirements of production, and equations were obtained. The packaging energy requirements for EoL landfilling were 8.5 MJ ± 1.1 MJ; this value corresponds to 5.5% of the total energy expenditure for production. For 90% recycling, the energy per packaging material was 11.4 MJ ± 1.3 MJ. The results are consistent with those found for cardboard packaging with similar parameters [21]. The energy savings for 90% recycling goes towards zero recycling (full landfilling) a maximum of 32.4% (average achievement is 13.3% ± 4.9%). The values correspond to the most represented materials, namely steel, aluminium, copper, and plastic. This reduction corresponds to a statistical reduction potential of up to 27% ± 9.0% (theoretical value) [22]. The different values of energy savings are due to the level of recycling of each material. This level has been calculated with the linear recycling level of each material. The global values of the recycling potential by 2050 are calculated to be 64% steel, 94% aluminium, and 55% plastic, and the amount of energy to produce them decreases as the recycling percentage increases [23]. The rxy values of the indicators are in the range from 60.8% to 97.5% and reflect the amount of variability of the simulation model. Higher percentage rxy values are due to the smaller volume of air inside the tool and to very similar material composition (the package encloses close internal components both in the grip area and in the gearbox area). From the volume and material properties, it is possible to derive their carbon footprint according to the location of production and the subsequent use phase. It is clear from the results that the amount of emissions kg CO2 eq. depends on the energy mix of the countries where they are produced. From the selected countries, SE (Sweden) is the best in terms of carbon footprint and EE (Estonia) the worst. The calculation of emissions has the same characteristics as the energy requirements for the production of power tools, as they are derived and recalculated from it. The proposed method includes a use phase (1000 h), but is not included in the calculation equations (energy requirements and CO2 emissions) to determine the energy requirements for tool production. The energy requirement of each power tool is determined by its power input and time of use, which determine the dominant part of the product life cycle. The method does not take into account maintenance costs and also service interventions on the products, due to the lack of data for a more detailed evaluation. Currently, no research has been conducted in the area of designing and assessing power tools based on the volume proportions of the product. This is a completely new approach that can be most closely compared to the method that has been used for a long time in the construction industry in the Czech Republic. The statistical method “price indices in the construction industry” is used for quick valuation of categorised types of buildings according to the “uniform classification of construction objects” (houses, bridges, etc.), using the external volume of the building [24]. Buildings are made up of basic materials and elements according to the same principle as power tools. In the construction industry, outputs are given in monetary units relative to their volume, and in the new VEME method (Volumetric Evaluating Method for Ecodesign), outputs are given in energy units also relative to their volume.



Research was carried out on power tools, and samples were selected according to their condition and frequency in the electrical waste. The sample range represented a cross section of products from 1989 to 2018 and does not include all existing types of power tools. The OPM that was used for LCA calculations provided relevant results, as the quality of the method has previously been compared with EDIP and Eco-Indicator 95 [11]. CO2 emissions were recalculated from kWh only for the production of selected countries, according to the Carbon Footprint June 2019 [20]. The calculations of CO2 emissions from kWh were indicative and the issues involved in determining them are very extensive and complicated. The energy intensity of production, including kg CO2 eq. emissions, should motivate manufacturers to make production more environmentally friendly, but also to optimise material flows, including volume proportions, at an early stage of product design. This responsibility lies mainly with the industrial designers who design products [14]. An increase in the price of the emission allowances will logically lead to the optimisation of the production location and the reduction of energy requirements [25]. Optimisation for a single product may seem insignificant, but for millions of tools produced, it already has a significant impact. The energy intensity for the production of raw materials and the price of materials are closely linked [26]. The potential of research can be targeted at enlarging the range of power tools samples, converting volume characteristics to weight properties, transforming electric engines from alternating current (AC) to direct current (DC), and optimising transport range and location of pollutions.




5. Conclusions


The volume characteristics of handheld power tools and the energy requirements for their production represent interdependencies. The life cycle, especially of EoL power tools, is influenced by the type of tool, the material used, and the volume characteristics of the tool. According to the performed analysis, the volume of the power tool consists of a set of parts, which as a result must meet the economic, constructional, and ergonomic requirements for the product. Large amounts of plastics (PA, PA66, Epoxy, PU, PC, PET film, and PMMA) with a high fuel share content impair the efficiency of recycling. Tools with a high proportion of these plastics (e.g., electric chainsaws and handle jigsaws), including GF-reinforced plastics, have the same or worse results in recycling as in landfilling (only in 13 samples out of 134). The energy requirements for tool transport can be twice the energy required to produce its packaging. The method for the analysis of power tools is based on OPM without knowledge of LCA software (Gabi, SimaPro, open LCA), which requires expensive training of the solver and is easily integrated into MS Excel. The method provides a simplified analysis target on the volumetric characteristics of the power tools. With the help of established equations, it is possible to quickly determine the energy requirements for their production. The equations of the overall analysis are divided into 10 main groups according to the type of power tool. These groups contain 60 equations (kWh and MJ) describing product production requirements and 30 equations for determining emissions (kg CO2 eq.). To determine the emissions (kg CO2 eq.) according to the geographical location of the production location, 11 equations are set.



It was found that different product types (angle grinders, belt sanders, etc.) have different material and structural characteristics, depending on the volume. With 90% recycling, it is possible to save up to 32.4% of energy compared to landfilling. Of all 134 samples, 9.7% of the quantity of recycled samples required up to 6.2% more energy than landfilling. This is because of the high energy requirements for material recycling. In some cases, incineration is more effective than recycling materials (especially plastic) due to the high fuel share values compared to the feedstock share values.



The method provides an optimization tool for product development, production, and determination of kg CO2 eq. emissions according to the energy mixes of individual countries. The new approach can be used by designing products in industrial design and in the areas of economic evaluation of the method and place of production. The contribution of the conducted research is the acquisition of knowledge in the areas of energy requirements for production according to different variants of EoL with respect to the volume proportions of products. The acquired knowledge can be used not only in production optimisation, but also in educational activities of industrial designers at the early stage of product design. Future research will focus on the addition of other categories of products in the field of power tools and their expansion. Another possibility is the application of the method to household appliances, for example. The potential of this research enables the extension of energy labelling of products (consumption) by energy requirements for the production of tools, transport, and packaging. The weak point of this method is the determination of parameters (kWh, MJ and kg CO2 eq.) from equations at low product volumes in three EoL studies. The knowledge of the research has given rise to the new VEME method. This method, using the proposed software, allows industrial designers to directly evaluate the environmental and economic impacts by input two parameters (volume and typology of the products) and subsequently optimise the final design of the product. The advantage of this software is that it is easy to use, without the need for knowledge of LCA, and can be used by the general public. This software is available online at VEME.cz
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Figure 1. Flowchart of the new volumetric method. 
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Figure 2. Sample of 3D scanned power tool and its photograph (reciprocating saw). 
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Figure 3. Photography of external and internal components (reciprocating saw). 
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Figure 4. Graph of material composition and energy requirements—Landfilling (reciprocating saw). 






Figure 4. Graph of material composition and energy requirements—Landfilling (reciprocating saw).



[image: Sustainability 14 01498 g004]







[image: Sustainability 14 01498 g005 550] 





Figure 5. Graph of material composition and energy requirements—Combustion (reciprocating saw). 
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Figure 6. Graph of material composition and energy requirements—90% recycling (reciprocating saw). 
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Figure 7. Graph of the turning point for recycling and energy requirements (reciprocating saw). 
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Figure 8. Graph of simulation volume and energy requirements for power tools. 
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Figure 10. Graph of simulation volume and emissions kg CO2 eq. per country. 
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Figure 9. Graph of simulation energy requirements for the category of reciprocating saws: (a) simulation of landfilling; (b) simulation of combustion; (c) simulation of 90% recycling. 
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Table 1. Example of product weight and material composition analysis (reciprocating saw).
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	Description
	Material
	Quantity (kg)





	PA6-GF30
	PA6-GF30 *
	0.741



	Thermoplastic Elastomer
	TPE **
	0.038



	PA6
	PA6
	0.016



	Steel (89% Primary)
	Steel
	0.740



	Sheets
	Steel
	1.481



	Dural *
	Al + Cu + Mg
	0.377



	Copper
	Copper
	0.359



	Contacts (Brass)
	Brass
	0.014



	Turning, Milling
	Removed
	0.447



	Bolts, Screws, Nuts
	Steel
	0.075



	Springs (Steel)
	Steel
	0.004



	Wire Wrapping
	PVC
	0.018



	Capacitor **
	PP + Al + Paper
	0.005



	PCB Composite
	Composite Board **
	0.017



	Resin
	Epoxies
	0.021



	Carbon Brushes
	Carbon
	0.002



	Ferrite
	Steel
	0.006



	Lubricant
	Vaseline
	0.115



	∑
	
	4.030



	Description
	Material
	Area (m2)



	Electro-Plating
	Cr, Ni, Zn, Cu
	0.01080



	Paints **
	Liquid Paints
	0.03690



	∑
	
	0.048



	Description
	Material
	Length (m)



	Welding
	Steel
	0.000



	∑
	
	0.000







* Recalculated, ** Approximately Calculated.
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Table 2. Equations for calculating energy requirements for power tools production.
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Category of Power Tools

	
End of Life

	
Equations

	
rxy (%)

	
Max. (MJ)






	
Random Orbital Sanders

	
Landfilling

	
MJ = 0.1130 mL − 6.3417

	
85.0

	
231.635




	
Combustion

	
MJ = 0.0987 mL − 5.0446

	
83.1

	
201.768




	
Recycling

	
MJ = 0.0923 mL + 0.3706

	
84.3

	
207.114




	
Sheet Sanders

	
Landfilling

	
MJ = 0.0858 mL − 1.8374

	
63.5

	
172.657




	
Combustion

	
MJ = 0.0767 mL − 6.1391

	
60.8

	
186.203




	
Recycling

	
MJ = 0.0802 mL − 7.3565

	
72.8

	
168.569




	
Electric Planers

	
Landfilling

	
MJ = 0.1244 mL − 12.4813

	
77.2

	
379.145




	
Combustion

	
MJ = 0.1197 mL − 20.5420

	
72.6

	
367.111




	
Recycling

	
MJ = 0.0962 mL − 2.5479

	
85.6

	
310.620




	
Handle Jigsaws

	
Landfilling

	
MJ = 0.1148 mL − 6.8751

	
76.9

	
187.948




	
Combustion

	
MJ = 0.1006 mL − 2.5794

	
73.2

	
167.012




	
Recycling

	
MJ = 0.1057 mL + 1.1723

	
80.0

	
178.733




	
Belt Sanders

	
Landfilling

	
MJ = 0.0916 mL − 10.1117

	
83.1

	
361.017




	
Combustion

	
MJ = 0.0789 mL − 1.5414

	
82.1

	
323.669




	
Recycling

	
MJ = 0.0863 mL − 14.8796

	
78.3

	
332.011




	
Percussion Drills

	
Landfilling

	
MJ = 0.1464 mL − 4.6675

	
81.7

	
242.838




	
Combustion

	
MJ = 0.1369 mL − 7.9260

	
83.0

	
249.559




	
Recycling

	
MJ = 0.1253 mL − 2.8582

	
88.4

	
197.477




	
Circular Saws

	
Landfilling

	
MJ = 0.1398 mL − 26.7613

	
70.9

	
514.831




	
Combustion

	
MJ = 0.1268 mL − 10.7441

	
65.6

	
449.513




	
Recycling

	
MJ = 0.1016 mL − 0.3742

	
87.3

	
364.190




	
Angle Grinders

	
Landfilling

	
MJ = 0.1643 mL − 0.6158

	
97.0

	
472.063




	
Combustion

	
MJ = 0.1543 mL − 0.3622

	
96.7

	
421.890




	
Recycling

	
MJ = 0.1274 mL − 0.0324

	
97.5

	
377.232




	
Electric Chainsaws

	
Landfilling

	
MJ = 0.0914 mL − 12.6966

	
83.4

	
593.812




	
Combustion

	
MJ = 0.0817 mL − 13.4431

	
79.8

	
538.526




	
Recycling

	
MJ = 0.0854 mL − 2.9266

	
88.1

	
599.633




	
Reciprocating Saws

	
Landfilling

	
MJ = 0.1170 mL − 0.1189

	
95.8

	
386.829




	
Combustion

	
MJ = 0.1096 mL − 2.7789

	
94.9

	
357.259




	
Recycling

	
MJ = 0.1029 mL − 1.9729

	
96.8

	
343.970
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Table 3. Equations for calculating emissions kg CO2 eq. for power tools production.
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Category of Power Tools

	
End of Life

	
Equations (kg CO2 eq.)

	
Max. (kg CO2 eq.)






	
Random Orbital Sanders

	
Landfilling

	
kgCO2(LF)OS = 0.0157 mL − 0.5501

	
36.031




	
Combustion

	
kgCO2(CM)OS = 0.0133 mL − 0.0458

	
30.145




	
Recycling

	
kgCO2(RC)OS = 0.0135 mL − 0.6592

	
29.851




	
Sheet Sanders

	
Landfilling

	
kgCO2(LF)SS = 0.0122 mL − 0.7163

	
26.002




	
Combustion

	
kgCO2(CM)SS = 0.0109 mL − 0.9540

	
23.353




	
Recycling

	
kgCO2(RC)SS = 0.0104 mL + 0.0894

	
24.113




	
Electric Planers

	
Landfilling

	
kgCO2(LF)EP = 0.0180 mL − 2.4227

	
56.797




	
Combustion

	
kgCO2(CM)EP = 0.0162 mL − 1.6797

	
51.132




	
Recycling

	
kgCO2(RC)EP = 0.0140 mL − 1.2567

	
46.203




	
Handle Jigsaws

	
Landfilling

	
kgCO2(LF)HJ = 0.0159 mL − 0.7933

	
27.350




	
Combustion

	
kgCO2(CM)HJ = 0.0144 mL − 0.7890

	
26.859




	
Recycling

	
kgCO2(RC)HJ = 0.0150 mL − 0.0319

	
26.068




	
Belt Sanders

	
Landfilling

	
kgCO2(LF)BS = 0.0127 mL − 1.2017

	
50.233




	
Combustion

	
kgCO2(CM)BS = 0.0112 mL − 0.3311

	
45.141




	
Recycling

	
kgCO2(RC)BS = 0.0119 mL − 1.7030

	
47.801




	
Percussion Drills

	
Landfilling

	
kgCO2(LF)PD = 0.0210 mL − 1.2947

	
34.825




	
Combustion

	
kgCO2(CM)PD = 0.0190 mL − 0.6383

	
33.562




	
Recycling

	
kgCO2(RC)PD = 0.0175 mL − 0.3419

	
31.683




	
Circular Saws

	
Landfilling

	
kgCO2(LF)CS = 0.0191 mL − 2.8581

	
77.744




	
Combustion

	
kgCO2(CM)CS = 0.0187 mL − 3.5570

	
70.869




	
Recycling

	
kgCO2(RC)CS = 0.0141 mL + 0.0978

	
53.537




	
Angle Grinders

	
Landfilling

	
kgCO2(LF)AG = 0.0228 mL + 0.0182

	
71.382




	
Combustion

	
kgCO2(CM)AG = 0.0218 mL − 0.0742

	
65.544




	
Recycling

	
kgCO2(RC)AG = 0.0179 mL − 0.0955

	
54.858




	
Electric Chainsaws

	
Landfilling

	
kgCO2(LF)EC = 0.0131 mL − 2.1882

	
83.486




	
Combustion

	
kgCO2(CM)EC = 0.0113 mL − 1.4077

	
70.347




	
Recycling

	
kgCO2(RC)EC = 0.0120 mL − 0.7109

	
92.769




	
Reciprocating Saws

	
Landfilling

	
kgCO2(LF)RS = 0.0165 mL − 0.2223

	
56.703




	
Combustion

	
kgCO2(CM)RS = 0.0155 mL − 0.5875

	
51.648




	
Recycling

	
kgCO2(RC)RS = 0.0142 mL + 0.0105

	
44.599
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Table 4. Equations for calculating emissions kg CO2 eq. per country.
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	Country
	Equations (kg CO2 eq.)
	Max. (kg CO2 eq.)





	CZ
	kgCO2, CZ = 0.0175 mL − 1.0172
	135.308



	SE
	kgCO2, SE = 0.0004 mL − 0.0247
	3.091



	UK
	kgCO2, UK = 0.0084 mL − 0.4985
	64.938



	BR
	kgCO2, BR = 0.0028 mL − 0.1608
	21.651



	TR
	kgCO2, TR = 0.0165 mL − 0.9591
	127.576



	PL
	kgCO2, PL = 0.0257 mL − 1.5055
	198.698



	CN
	kgCO2, CN = 0.0189 mL − 1.1074
	146.124



	IN
	kgCO2, IN = 0.0226 mL − 1.3151
	174.739



	US
	kgCO2, US = 0.0144 mL − 0.8413
	111.335



	JP
	kgCO2, JP = 0.0149 mL − 0.8797
	115.191



	EE
	kgCO2, EE = 0.0266 mL − 1.5522
	205.662
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