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Abstract

:

Featured Application


Potential application of the work concerns AI-supported eco-design of a novel family of products.




Abstract


Creative thinking is an inherent process in the creation of innovations. Imagination is employed to seek creative solutions. This article presents research results on the use of inventive methods to develop an eco-friendly product. A household appliance was selected as the object of research. The article deals with issues relating to eco-design, eco-innovation, and inventory. The process of selecting inventive methods was presented. Selected inventive methods used to develop the product concept were briefly characterized. Creativity sessions were conducted using the methods of brainstorming, stimulating, reverse brainstorming, word games, and superpositions. The effect of these activities is the concept for an eco-innovative product. A product design was developed that is highly recyclable and environmentally friendly. An ecological analysis of the designed product, including AI-based (artificial neural networks), was carried out, which showed the legitimacy of the actions taken to develop an environmentally friendly product. The novelty of the proposed approach consists of combining the use of research data, with new methods for their analysis using both traditional and artificial intelligent tools, to create a transparent and scalable product design. To date, this approach is unique and has no equivalent in the literature. Despite higher manufacturing costs, the more environmentally friendly refrigerator is cheaper in operation (consumes less energy) due to the ecological solutions incorporated into its design.
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1. Introduction


This paper looks at the process of the development of a concept for an eco-friendly product. An approach has been taken incorporating inventive methods at the design stage to create an innovative ecological product. The authors draw on the widely promoted aspects of environmental protection, namely reducing post-consumer waste through enhanced processing and reuse and the promotion of a circular economy [1].



The main motivation behind the application of the proposed methodology is the challenges faced by engineering and the technical sciences in the face of the current problems of energy, materials and excess production waste and rubbish. Consequently, it has become necessary to re-evaluate some of the production principles within the Industry 4.0 paradigm, towards not only sustainability or the EU Green Deal, but also socially and environmentally beneficial pro-environmental behaviours that are not necessarily enforced by economic calculations, but also by other values such as recycling, water and air purity.



To comply with environmental assumptions, businesses can introduce, among other things, aspects of the Environmental Life Cycle Design (ELCD) at the product design stage [2,3]. The process of eco-design is aimed at minimizing the consumption of raw materials and energy, as well as the costs of use and the environmental footprint of the product. Eco-design combines the technological capabilities with a compliance with environmental requirements [4,5]. An alternative analytical approach is the use of artificial intelligence to simplify and accelerate the process of a semi-automatic process estimation and adjustment.



The research was conducted on a household appliance—a refrigerator. The manufacturing of household appliances, which are categorized as electrical and electronic equipment, is one of the pillars of the European economy [6] and is undergoing continuous development [7]. Enterprises operating in the household appliance sector are characterized by a high level of product innovation, which entails certain environmental protection-related issues. Household and office appliances consume high levels of energy. Household appliances are inherent in the development of modern civilization [8,9]. Indispensable in our everyday life, they quickly become obsolete, and many of them are withdrawn from use (thrown away) even when still fit for use. Most of them end up at landfill sites. Although end-of-life or scrapped electronic equipment constitutes only part of the total volume of waste, it imposes a high environmental cost as it contains heavy metals, halogenated hydrocarbons, and plastics. Highly advanced technologically and made of compound materials, this type of waste is difficult to recycle. Therefore, it is of the utmost importance to design electronic equipment with easy recycling in mind, as well as taking into consideration the directives of the European Parliament [10] (European Union, 2009) applying to, among others, manufacturers of household appliances. The research discussed here was conducted on a household appliance operating based on heat exchange—a small refrigerator for storing cosmetics and medicines.



The authors discuss notions in the fields of eco-design, eco-innovation, and the science of inventive creation. A brief description of the selected inventive methods, applied in the development of the product concept, is included. The output of the study is the concept of an eco-innovative product—a small refrigerator for storing cosmetics and medicines. The designed product is highly recyclable and environmentally friendly. Results of an environmental analysis of the product justify the actions taken to design an environmentally friendly product. An estimation of the manufacturing costs of the product was attempted.



It is a common approach to adopt inventive methods when designing a product. The TRIZ (Theory of Inventive Problem Solving) method is of special importance in the design of eco-innovative products. Livotov et al. identified more than 60 papers describing the application of TRIZ in the development of eco-innovative concepts [11]. However, the authors of the present paper chose to apply other inventive methods, such as brainstorming, stimulating, reverse brainstorming, word games, and superpositions. They all render good results, though they require the engagement of many people in the process of defining the concept of an eco-friendly product, and thus they are used less frequently.



Therefore, the authors decided to use an automated approach using inventive methods to design a new product that takes into account ecological design. In addition, the process of collecting survey data for green product design is a very time-consuming process. Analysing this data manually can also sometimes lead to erroneous results. The automation of the process of analysis and processing of the collected data allows a much more in-depth analysis (business analysis), which is increasingly important for companies that take into account environmental requirements in the production of products. The developed automatic models of pro-environmental analysis of the product construction can be then used to develop an intelligent expert system, which will support less experienced designers during the design of new products.



The requirements and approaches to the design and manufacture of new products are changing towards greater environmental friendliness without losing the most essential performance properties. The research problem lies in the need to replace existing products and their design methodologies with new solutions, of similar quality and cost, but eco-friendly, leaving a smaller carbon footprint, falling within the paradigms of sustainability, Industry 4.0, and green governance. The research gap identified relates precisely to this group of products and the methodologies for their mass yet individualized eco-friendly manufacture. The research gap is the lack of a model that accurately and flexibly reflects the eco-design process, and indirectly, the lack of guidelines for further research into more sophisticated models that are technically feasible and industrially useful. The scientific and industrial approaches to date have not been fully responsive to societal and economic demand, as they have not provided a comprehensive approach, including to the requirements and key technologies in the third decade of the 21st century. The adaptability of the proposed methodology to different materials allows it to adapt to the material difficulties we are currently witnessing. The novelty of the approach shown in this paper lies in the comprehensive demonstration of the entire design process, as a basis for the creation of procedures that can be used in industry to produce entire families of products with similar properties. The novelty of the proposed approach consists of combining the use of research data, new methods for their analysis using both traditional and artificial intelligent tools, to a transparent and scalable product design. To date, this approach is unique and has no equivalent in the literature. Applications of invention methods to the design of new products are known in the literature [12,13,14]. However, they do not take into account the ecological approaches as well as the artificial intelligence methods. In addition, this research covers everyday household appliances (including fridges). Previous studies have not covered them, thus leaving out both an important industry and an area crucial to the normal functioning of society (food preparation, storage, etc.), which cannot be dispensed with, and therefore, every pro-ecological study and solution is important here. The breakthrough also lies in the inclusion of artificial intelligence-based analysis, which will save time and better optimise the development process itself and the final product. The proposed methodology, presented in the following sections of this article, consists of several steps: the selection of inventive methods by a survey of students, description of the selected method, creativity sessions with the use of the selected methods, design (including material selection), and environmental analysis (two ways: traditional vs. AI-based). The proposed methodology (discussed further in detail) is relatively easy to replicate or adapt and can also serve as a base mode for further development. The contribution and robustness of the proposed methodology also lies in its comprehensiveness, detail, and the comparison of different approaches to explore which one is better, which will provide significant advantages to our study over other approaches and allow subsequent researchers to make an informed choice of a path forward. Design of this type will become increasingly common, and the benefits it brings to the environment will be felt by all of us.



The goal of this study was to find new, faster, and simpler methods for environmentally friendly design, including more effective AI-based models. The contributions of this work will enhance the capabilities of computer-aided design, including within the “Industry 4.0” paradigm, to make analyses and predictions beyond current scientific knowledge and engineering experience.




2. Review of the Literature


Eco-design redefines the way in which new products are developed, giving the same status to environmental sustainability as to functionality, durability, costs, time to market, aesthetic qualities, ergonomics, and quality [15,16,17,18]. Luiz et al. [19] noted a boom in research into eco-design in the 1990s, triggered by the introduction of the life cycle assessment and environmental impact analyses [20,21]. In the 1990s, the development of environmentally sustainable products was, for the first time, considered an important research topic in the domain of environmental protection [19,22]. Since the year 2000, eco-design has been defined as a research area and an organizational practice [23,24,25].



Taking a strategic approach to eco-design, rather than a laserfocus on the functional qualities of the product, designers are concerned with its entire life cycle, from concept to disposal. Energy efficiency, the avoidance of harmful substances, and the minimization of the consumption of materials are obvious points to consider. It is also important to extend the product’s life cycle by ensuring that it is repairable, made of recyclable materials, given a structure (selection of appropriate bonding methods) allowing for quick and easy disassembly, and the materials it is made of are compatible for recycling purposes [26]. The implementation of environmental aspects into the process of product design is time-consuming and requires relevant expertise [27]. Due to all these circumstances, designers find it increasingly difficult to resolve the environmental issues by themselves [5].



A combination of ecological aspects incorporated into the process of designing a product with new, enhanced functionalities is referred to as eco-innovation. According to the Eco-Innovation Observatory, an EU organization working with research into eco-innovative activity, eco-innovation is defined as the process of introducing a new or significantly improved product, process, organizational change, or marketing solution, which contributes to limited consumption of natural resources and reduced emissions of harmful substances throughout the life cycle, regardless of whether the environmental benefits are intentional or not [28].



According to [29], eco-innovation is the development of products and processes which contribute to sustainable development, and employment of the same to achieve direct or indirect environmental benefits in the enterprise and its business environment. It follows from the definitions above that the design of a new, improved product with a reduced environmental impact is termed eco-innovation. The concept of a new, environmentally friendly product is developed using a number of support tools [3,23]. Chou [30] defines these as techniques used for the assessment of the environmental impact of products, which streamline the Product Process Design (PPD), and divides them into the following categories:



	-

	
guidelines, standards, and norms;




	-

	
checklists;




	-

	
comparative tools (e.g., LiDS, eko-kompas);




	-

	
analytical methods (e.g., eco-indicators, environmental effect analyses, environmental impact assessments, LCA, material, energy, and toxicity (MET) matrix).







All the tools mentioned above are applied at the stage of designing a new, innovative, pro-ecological (eco-innovative) product. However, methods supporting designers in the creation of innovative solutions are also necessary, such as:



	-

	
multi-criteria decision-making methods;




	-

	
modelling and simulation methods;




	-

	
methods supporting the creative process (or stimulating innovative solutions), such as, e.g., brainstorming, Osborn’s checklist, reverse brainstorming, biased questions.







The decision on what type of method to use depends on the stage of the eco-design process. Schischke et al. [31] defined six stages of the eco-design process (Table 1).



Planning and concept development are assisted by analytical methods and methods supporting creative thinking. At further stages, support of databases, guidelines, standards, norms, checklists, comparative tools, and an analytical method are sought. At the beginning of the process, it is of utmost importance to apply methods that stimulate the creativity of designers and other individuals engaged in the development of the product concept.




3. Description of the Research Problem


The research aimed at the development of an eco-innovative product. The research subject was a refrigerator (i.e., a large-size product) for storing medicines and/or cosmetics, for living room or bedroom use—a fact which would have an impact on its physical appearance. It was supposed to be of small dimensions and made of environmentally friendly, fully or at least partly, recyclable materials. The authors took an eco-innovative approach and changed the commonly known functionality of a refrigerator as well as incorporating some environmental aspects. Innovative solutions were explored using inventive methods. External respondents were engaged in the research. The process of eco-innovation was divided into a sequence of stages (Figure 1).




4. Development of Product Concept


4.1. Selection of Methods


The inventive methods were selected through an analysis, which covered mostly methods that support creative problem solving at the stages of collection and the analysis of information, as well as seeking, analysis and evaluation of ideas.



The survey was completed by students. Characteristics of the respondents:




	
first group (n = 60) from the field of Management and Production Engineering studying full-time undergraduate studies in the field of Mechanical Engineering;



	
second group (n = 50) studying on a full-time bachelor’s course in the field of Mechanics.








In the study, the product was not manufactured, but only designed and the technological processes planned.



In the process, a breakdown of inventive methods by problem-solving phases, developed by Antoszkiewicz [32], was found useful. The selected methods are indicated in bold type in Table 2. These are methods which scored the highest on a scale from 1 to 5 (where 1 = low usability, and 5 = very high usability). The methods were selected taking into consideration their level of difficulty, i.e., the time necessary to learn the method, and whether experts were necessary to teach their use.




4.2. Description of Selected Methods


The selected methods are applied in the improvement or modernization of existing objects; therefore, their implementation in the process of designing an eco-innovative refrigerator seemed promising. A brief description of the methods is provided below:



	
Brainstorming






	
The most widely recognizable and commonly used inventive method for seeking ideas [33,34,35]. Developed by A.F. Osborn in the 20th century, it is implemented in four general stages [36,37]: the presentation of the method, the brainstorming session (generation of ideas), Osborn’s checklist—modifying questions, and the grouping of ideas.






	
Stimulatingand reverse brainstorming






	
Stimulating is an auxiliary technique used in a brainstorming session, based on Osborn’s checklist. Once it becomes clear that the research group is struggling to come up with new ideas, the stimulating technique may be useful. Reverse brainstorming is thinking ‘out of the box’, departing from schematic thinking, breaking (‘crushing’) the external world, i.e., getting rid of the established perceptions of objects. It is implemented using biased questions [38].






	
Wordgame






	
This method is used when seeking problem solutions. It is based on the assumption that in order to modernize an object, it is necessary to break the existing description into smaller chunks and create new ways of describing it [32]. The method has several methodological variants [38]: word analysis, play on words, and word associations.






	
Superpositions






	
This method is used primarily to improve existing objects (including products). It consists in uniting two or more objects to modify them into a new object. It is applied through four processes: the determination of the initial object, the creation of associated objects, superpositioning, and the development of solution variants [32].







4.3. Creativity Sessions with the Use of Selected Methods


The implementation of inventive methods in the development of an eco-innovation was divided into two stages. Each stage was carried out using different methods, while the brainstorming method was applied to bring the two stages together. The respondents were divided into groups of three or four. Questionnaires had been developed to collect the ideas. At stage one, the word game (associations) and superpositions were applied. The respondents were made familiar with the general topic of the research only—they were told that the eco-innovative product to be created was a small-sized environmentally friendly refrigerator. Using the methods mentioned above, the respondents were to associate the term ‘refrigerator’ with other objects. The expected outcome of this stage was the indication of which environmental solutions should be given a closer look at the next stage, rather than the working out of a particular solution. The stage was named the creativity session. At stage two, referred to as the improvement session, the stimulating and reverse brainstorming methods were used. An initial concept of the eco-innovation was presented and a list of biased (Osborn’s) questions was developed. The outcome of this stage was a set of particular solutions proposed to be applied in the product design.



Before stage one commenced, a questionnaire had been drawn up and given to the participants of the creativity session. The participants were made familiar with the rules of the session and divided into groups. Discussion was allowed within the groups to generate the greatest possible number of ideas. Each group developed their own ideas. Stage one lasted ca. 15 min. At stage two, participants in the improvement session gave answers to the biased questions based on the reverse brainstorming and stimulating methods. The keynote of stage one was ‘association—a refrigerator in 20 years’ time’. Auxiliary questions were prepared (Figure 2). At stage two, questions were related to the eco-innovation. All the questions asked at stage one and two are listed in Figure 2.



The two stages delivered a number of ideas for solutions which can be applied in the design of an environmentally friendly refrigerator. Selected ideas are shown in Table 3.



The creativity session focused on the specification and appearance of the fridge, while participants in the improvement session concentrated more on the environmental aspects and the types of materials which could be used in the fridge. After an analysis, the most technically feasible solutions were chosen with a particular regard for the environmental aspects. The project team analysed all of the proposals and selected the following solutions to be applied in the design:




	
Storage drawers—with transparent fronts;



	
For living room/bathroom use;



	
A Smart Glass door;



	
Rounded edges;



	
Matching the furniture;



	
For the storage of medicines and cosmetics;



	
Thin walls;



	
Modular structure—various modules to choose from—the possibility to assemble the product;



	
Removable partitions;



	
Lightweight.








The materials selected included wood, glass, and plastics, most of them recyclable. The decision was made to apply an antibacterial coating with silver compounds, and LED lighting.





5. Design


The mini refrigerator has the shape of a cuboid with the dimensions of 60 × 40 × 35 cm. It is worth noting here that although the designed product is a mini refrigerator, it is a large size product for recycling purposes. Pursuant to the Act [39], all cooling appliances with one dimension larger than 50 cm are regarded as large size equipment. In compliance with the initial assumptions, all the materials used in the design are recyclable. The refrigerator has a modular structure, e.g., the cooling mechanism can be easily reused. For quick and easy disassembly into components made of homogenous materials, many of the connections are of the push-in type.



The interior is made of plastic panels—polystyrene tinged with silver ions to form an antibacterial coating. The cooling mechanism is placed in the back wall of the casing. The cooling agent applied, namely IZOBUTAN R600a, is characterized by excellent thermodynamic qualities and little environmental impact. This is a non-toxic gas having zero ODP (Ozone Depletion Potential) and very low GWP (Global Warming Potential) [40].



The design incorporates one generator and two thermostats for multiple temperature zones. The temperature ranges from 1 to 70 C. Polyurethane foam insulates the interior—owing to its excellent thermal insulating qualities, a large cooling generator is not necessary.



The body, made of stainless-steel sheet, is connected to the moulded inner casing, thus hiding the cooling mechanism inside. Hinges supporting the door are mounted in the body.



Taking into consideration one of the environmental aspects—the application of renewable and biodegradable materials—the casing is made of particle board, a wood-based material. It is a building material made from specially prepared wood particles. On the outside, the particle board will be covered in natural wood veneer of the customer’s choice.



The refrigerator has a glass door. The intelligent glass used can change from transparent to translucent, depending on the user’s needs. Smart Glass is laminated glass with a foil containing liquid crystals. When voltage is applied, the crystals align and the glass turns transparent, letting light pass. When no voltage is applied, the glass becomes matt [41].



The LED lighting in the interior minimizes energy consumption. The edges of the body are rounded for safe use.



The interior can be complemented with modules to suit the customer’s choice. Modules designed for the storage of cosmetics and/or medicines are made of transparent polystyrene so that the contents are visible without the need to remove the module.



Table 4 shows a list of all the materials required to manufacture the refrigerator. Figure 3 shows the design.




6. Environmental Analysis—Traditional Method


The environmental assessment of the refrigerator’s life cycle was carried out by the environmental quality assessment method [42]. Environmental criteria were specified and on the basis of them, a series of questions were formulated to determine the fulfilment of particular criteria. Answers to the questions were assigned a score; the total score was summed up and the arithmetic mean was calculated. Depending on the score, the product was assigned one of the grades (Table 5) calculated according to Equation (1).


  EQA =    ∑  i = 1  N   V  j = 1  m   w  i j     N    



(1)




where: N—number of questions, m—number of answers to the ith question, wij—score assigned to one jth answer to the ith question.



The environmental quality assessment (EQA) is the arithmetic mean of answers to the questions shown in Table 6 (always one answer only).



The following questions and answers were distinguished for the pre-manufacturing stage:




	1.

	
Product design: Future-oriented (3), Contemporary (2), The design is a passing fad (1), No information (0)




	2.

	
Description of the enterprise: Innovative (3), Offensive (2), Defensive, passive (1), Noinformation (0)




	3.

	
Description of the consumer: Bright green, green (3), Greyish green (2), Grey, black (1), No information (0)




	4.

	
Description of suppliers: Local (3), Domestic (2), Global (1), No information (0)




	5.

	
Number of materials to be used in the manufacturing: one material (3), two to four materials (2), More than five materials (1), No information (0)




	6.

	
Use of the minimum number of materials vs. durability—taken into consideration?: Priority (3), Taken into consideration (2), Not taken into consideration (1), No information (0)




	7.

	
Room for improvement: Designed for continual improvement (3), There is room for improvement (2), Improvement technically impossible (1), No information (0)




	8.

	
Possible use of replacement components: Easily available (3), Available, but expensive (2), Unavailable (1), No information (0)




	9.

	
Type of product structure: Modular (3), Partly modular (2), Integrated (1), Noinformation (0)




	10.

	
Planned recyclability: Mostly recyclable (3), Partly recyclable (2), Non-recyclable (1), No information (0)




	11.

	
Planned corrosiveness: Corrosion-resistant (3), Protected against corrosion (2), Not resistant, lack of protection (1), No information (0)









The following questions and answers were distinguished for the manufacturing stage:




	12.

	
Use of renewable raw materials: Manufacturing based on renewable raw materials (3), Renewable raw materials rarely used (2), No renewable raw materials used (1), No information (0)




	13.

	
Use of non-renewable raw materials: Not used (3), Rarely used (2), Used a lot (1), No information (0)




	14.

	
Water consumption: Low (water-saving) (3), Medium (2), High (1), No information (0)




	15.

	
Energy consumption: Low (energy-saving) (3), Medium (2), High (1), No information (0)




	16.

	
Use of toxic substances (e.g., lead, mercury): Not used (3), Used in permitted quantity (2), Used (1), No information (0)




	17.

	
Volume of reused materials [%]: 75–100% (3), 35–75% (2), 0–35% (1), No information (0)




	18.

	
Waste generation in the manufacturing process: No waste (3), Little waste (2), A lot of waste (1), No information (0)




	19.

	
Waste segregation: Full segregation (3), Partial segregation (2), No segregation (1), No information (0)




	20.

	
Mode of transport: Environmentally friendly (sea, rail) (3), Low emission of toxic substances (multimodal) (2), Substantial emission of toxic substances (road) (1), No information (0)




	21.

	
Damage in transport: No damage (3), Minor damage (to the packaging) (2), Major damage (to the product) (1), No information (0)




	22.

	
Number of defective products manufactured: No defective products (3), Up to 30% of products defective (2), More than 30% of products defective (1), No information (0)









The following questions and answers were distinguished for the post-manufacturing stage:




	23.

	
Who can use the product: All user groups (3), Specialized user groups (2), Certain individuals (1), No information (0)




	24.

	
Difficulty of use: Easy to use—intuitive (3), Need to read the instruction manual before use (2), Difficult to use (1), No information (0)




	25.

	
Description of the instruction manual: Easy to understand (3), Difficult to understand (2), Impossible to understand (1), No information (0)




	26.

	
Type of packaging: Does not require packaging (3), Reusable packaging (2), Disposable packaging (1), No information (0)




	27.

	
Recyclable packaging: 100% recyclable (3), Partly recyclable (2), Non-recyclable (1), No information (0)




	28.

	
Volume of toxic substances in the packaging: None (3), Small quantity (2), Large quantity (1), No information (0)




	29.

	
Cleaning: Easy to clean (3), Expensive to clean (2), Cleaning impossible (1), No information (0)




	30.

	
Resistance to dirt: High (3), Medium (2), Low (1), No information (0)




	31.

	
Maintenance: Maintenance free (3), Low maintenance (inexpensive) (2), High maintenance (expensive) (1), No information (0)




	32.

	
Use of additional substances, e.g., lubricating greases: No need (3), Inexpensive (2), Frequent and expensive (1), No information (0)




	33.

	
Repairs: Easy (3), Expensive (2), Impossible (1), No information (0)




	34.

	
Frequency of failures: No failures (3), Once or twice per year (2), Often, more than twice per year (1), No information (0)




	35.

	
Warranty period: More than 4 years (3), 1 to 4 years (2), Less than 1 year (1), No information (0)




	36.

	
Disassembly: Easy—intuitive (3), Only with the instruction manual (2), Difficult (1), No information (0)




	37.

	
Connecting elements: Easily visible (3), Hidden, but marked (2), Invisible (1), No information (0)




	38.

	
Separation of connecting elements: Without damage (3), Damage to connecting elements (2), Damage to the entire part (1), No information (0)




	39.

	
Number of parts connected in the product: 1 part (3), 2 to 12 parts (2), More than 12 parts (1), No information (0)




	40.

	
Types of parts connected: Of the same material—homogenous product (3), Of the same material—homogenous part (2), Of various materials (1), No information (0)




	41.

	
Use of tools during disassembly: No tools needed (3), Basic tools needed (2), Expensive, specialist tools needed (1), No information (0)




	42.

	
Water consumption during use: None (3), Medium (2), High (1), No information (0)




	43.

	
Energy consumption during use: None (3), Medium (2), High (1), No information (0)




	44.

	
Noise during use: None (3), Slight (2), Intrusive(1), No information (0)




	45.

	
Compliance with the rules of ergonomics: Totally compliant (3), Partially compliant (2), Incompliant (1), No information (0)




	46.

	
Life cycle: Longer than estimated: Universal (2), Shorter than estimated (1), No information (0)




	47.

	
Product surface: Does not change in time (3), Partly changes in time (2), Significantly changes in time (1), No information (0)




	48.

	
Wear and tear: Visible, does not cause any problems (3), Partly visible (2), Invisible (1), No information (0)




	49.

	
Additional surface area necessary for use?: No additional surface area necessary (3), Small additional surface area necessary (2), Significant additional surface area necessary (1), No information (0)




	50.

	
Information about disposal: Provided with the product (3), Not provided with the product, but easily available from other sources (2), Not provided with the product, not easily available from other sources (1), No information (0)




	51.

	
Markings of toxic substances: Fully marked (3), Partly marked (2), Not marked (1), No information (0)




	52.

	
Ecolabel: Product marked with the ecolabel (3), Product pending ecolabel (2), No ecolabel B (1), No information (0)




	53.

	
Compliance with customer requirements: Meets all customer requirements (3), Partly meets customer requirements (2), Does not meet customer requirements (1), No information (0)




	54.

	
Compliance with EU Directives (WEEE, RoHS, EuP): Meets all requirements (3), Partly meets requirements (2), Does not meet requirements (1), No information (0)









Arithmetic mean of the analysis conducted according to the environmental quality assessment wasvery high. A score of 2.67 points out of 3.0 classified the refrigerator among products of high environmental quality. Not all the questions in the questionnaire could be answered, as the refrigerator has not been manufactured. Therefore, the assessment is not conclusive.



The lowest scores were assigned to the number of materials to be used—in the pre-manufacturing stage, and the criteria concerning the number and types of connected elements, relevant to the disassembly and recycling of the refrigerator—in the post-manufacturing stage.




7. Environmental Analysis—Automatic Method Based on Artificial Neural Network


Artificial neural networks (ANNs), as a data-driven approach, are increasingly used in research on various aspects of sustainability, including closed-loop sanitation [43], accurate estimation of evapotranspiration [44,45], drinking water management [46], and water quality prediction [47] reaching to energy generation prediction [48,49].We have used ANNs and other AI-based tools (fuzzy logic, etc.) in previous studies to analyse and optimize the various types of processes: from material issues in 3D-printed exoskeletons [50,51] to patient health diagnostics [52,53]. Prior experience suggests that the use of AI-based methods can improve the efficiency, accuracy, and speed of performing many optimization processes. This applies to both big data-based research and research based on small data sets. In some applications, large homogeneous data sets are rarely available, and they are subject to more complexity than in other areas of science, clinical practice and industry. For these reasons, for several years, tools have been developed in the form of neural networks capable of



	
Handling small sets of experimental or observational data;



	
Helping to identify the main causal factors leading to changes in a particular variable;



	
Summarizing the behaviour of a complex system: e.g., the appearance of a disease or production error [54,55].






To solve the overall problem, we used a single artificial neural network in which the input to the network was questions and answers (56, 57, stages: PRE-MANUFACTURING, MANUFACTURING, POST-MANUFACTURING) and the output was the class in Table 5 (EQA).



We made the following assumptions and initial conditions for ANN:




	
The type of network was dictated by the way the computational problem was posed: feed-forward neural network with back-propagation algorithm worked well for this type of problem;



	
The size of the input layer and the output layer dictated by the values of the parameters;



	
Naive initialization techniques;



	
Simple generalization and classification stating that the input pattern should result in specific output activations.








A feed-forward neural network with a back-propagation algorithm was used for ANN training and optimization. The machine learning-based tool, using traditional ANN, was Matlab R2021b with Neural Networks Toolbox (MathWorks, Natick, USA). This group of solutions is often used to solve problems in which the complete set of rules is not known and the mathematical model is also missing. It is then possible to construct, test and versify multiple ANN models with different architectures, including different input/output data configurations and the way they are described. In addition, it is possible and useful to optimize (not necessarily: simplify) the above description in order to improve the efficiency of the above process, including by reducing the number of input and output variables, adjusting the number of neurons in the hidden layer(s), reducing the time required to build and train the network, improving estimation accuracy, etc.



Among many ANN topologies, many experimental ANNs have been built based on the authors’ previous studies, ‘hit or miss’ trials, and the application of the genetic algorithm (GA), and only the most promising ones are presented in this paper. Genetic algorithm (GA) finds the best solution in a given search space (solves an optimization problem) in a targeted manner. In this case, it allowed the automatic optimization of the ANN structure based on the original fitness function. The fitness evaluation function was defined as:


F = MSE + (1 −α) ∗ (w/wn) ∗ 10−5 + α ∗ (n/nn) ∗ 10−5



(2)




where:




	
MSE—mean square error of the ANN;



	
α—weight constant, which was set to 0.8;



	
w—number of weighted interconnections between the input and the hidden layer;



	
wn—maximum number of all interconnections;



	
n—number of neurons in the network;



	
nn—maximum number of neurons in network;



	
10−5—synaptic weight constant.








According to the aforementioned fitness function, ANNs were evaluated after 1000 epochs. The components of the evaluation were the error obtained after this number of epochs and the “penalty” for network complexity.



The study used a three-layer forward neural network (Figure 4), a back propagation (BP) algorithm as a popular gradient-based local search optimization technique, a Perceptron Linkage Optimization set for minimal multi-layer diagnostics focused on setting the mean squared error (MSE), and naive initialization techniques. MSE was here defined as an error between the target and the actual outputs averaged over all training examples. An MLP-type network (multi-layer perceptron) performs a mapping of an n-dimensional input vector to an m-dimensional output signal, typically using a single hidden layer with up to 3n neurons.



Based on the authors’ knowledge, previous research, and experience, an MLP network with a three-layer structure was chosen: the input layer, hidden layer, and output layer (Figure 4). Fifty-four neurons were placed in the input layer, each of which was responsible for answering one question (one numerical parameter) from Table 6. Four neurons were placed in the output layer, each of which was responsible for one of the four classes (value ranges) of EQA shown in Table 5. The number of neurons in the hidden layer was first estimated based on the authors’ previous knowledge and experience, as far as GA-based optimization, followed by an experimental analysis of the most likely MLP network structures. The transition functions, MSE values, and results for the aforementioned most probable MLP networks are presented in Figure 5, Table 7, Table 8 and Table 9, respectively. They show, as discussed later in the paper, MLP 54-70-4, which means an MLP network with 54 neurons in the input layer, 70 neurons in the hidden layer, and four neurons in the output layer.



The selection of input parameters was based on the homogeneity of their numerical values, the ability to obtain the above parameters relatively quickly, and the ability to calculate the required ANN output variables from them. The input parameters had uniform values and were subject to normalization. Scaling of the input variable values was provided to maintain uniformity in the interpretation of all signals in the network and their associated weights. We used an 70%/20%/10% split of the data into three datasets: training, testing, and validation.



The weights of the neural network were preset to avoid too slow convergence of errors and falling into the trap of local minima.



Each network layer contained neurons with the same activation function (Table 7): a sigmoidal type activation function (hyperbolic tangent) was used because of its high flexibility (a nonlinear, continuous, and differentiable function).



The ANN learning process involved repeatedly presenting the patterns and modifying the weights until the network reached its target MSE after an average of 500–1000 epochs (Figure 5).



The proposed optimization method (Table 7, bold shows the best, more results are also shown in Table 8 and Table 9) is a step towards standardizing the parameter selection problem in Industry 4.0 by applying artificial intelligence methods (Figure 6).



The best results were obtained for n = 54, m = 4, and 70 neurons in the hidden layer (i.e., MLP 54-70-4), but we observed that other ANN structures were also effective, such as MLP 54-60-4 and MLP 54-80-4. ANN was able to minimize the MSE for the training set data to very small values (0.001–0.01) (Table 8 and Table 9, best choice in bold).



It is important to remember that AI-based optimization not onlyaims to simply find the optimum of the objective function, but to use it in a much more complex process to determine the best set of parameters for each case under analysis. This allows a relatively simple and fast solution of the optimization problem without defining the rules (algorithm, functions), based only on the input and output variables (data-driven approach). Based on the current study, the key issue is the proper selection of data, i.e., proposing such a set of parameters that will constitute a model set based on the knowledge gained from previous research and engineering practice. The focus should be on reflecting the real-world relationships within the problem under study, and ANN will provide a way to process them in such a way that appropriate correlations are obtained between input and output variables, extracting even non-obvious/unknown rules along the way.



The proposed ANN was able to quickly estimate and identify a solution to the problem of selecting/optimising the product parameters as a basic or competitive solution to a traditional IT program. For easily programmable tasks with complete and unchecked databases, the first of the above-mentioned solutions can be an advantage. The ANN, however, will work in almost any conditions, providing a better or worse result. Thus, the difference between using a traditional program and an ANN lies in two areas:




	
Database completeness;



	
Required accuracy.









8. Discussion


The conclusions related to the application of the proposed methodology are encouraging: it is practically feasible, relatively simple using modern computational methods, and at the same time, fits to societal expectations. Incorporating awareness of environmental friendliness into industrial products is not easy, but it is possible with the right attitude from both producers and consumers, i.e., building an environmentally conscious market. In time, the use of methodologies such as the one proposed will become normal. Just as now is the slow transition, with the right incentives, to hybrid and electric cars, which only ten years ago was difficult to imagine on a mass scale. Additionally, in a short while, perhaps, there will be no bottles other than returnable bottles with a deposit in every shop.



The shortcomings identified in the current methodologies and what we are proposing as an alternative include, first and foremost, the comprehensiveness and possible automation of the entire process within the Industry 4.0 paradigm. The solutions in this area to date have not covered the entire process and the areas of automation have often been dealt with piecemeal, with no emphasis on the planning process and product design or the entire product life cycle. This resulted in not all costs, including social costs, being properly valued in the product evaluation process.



8.1. Achieved Results


The designed refrigerator falls into the category of environmentally friendly products. The entirety of its interior (together with the drawers) is recyclable, as is the outer casing, once we remove the veneer. The veneer itself is also recyclable. As a result of the analysis, the product has been classified as timeless. Market analyses show that the average life cycle of a refrigerator is 13 years. The solution under analysis has an estimated life cycle of 15 years. The cosmetics market has seen a relative growth in natural cosmetics which must be stored in a refrigerator; therefore, it can be assumed that the demand for this type of product will be on the rise. The mini refrigerator can be easily redesigned once, e.g., when new, more environmentally friendly materials become available. The fridge is easily repairable. If used properly, parts of the fridge, such as the interior body or the casing, are not subject to much wear and tear, as they are not exposed to any pressure or friction force. The components of the cooling system are easily replaceable. The materials used do not change their properties in time. The refrigerator can be made of reused materials; recycled steel sheets or polystyrene boards can be used.



The manufacturing process uses environmental solutions. Although waste cannot be reduced to zero, it can be minimized, and the waste generated can be recycled.



The use of a refrigerator is inseparably connected with energy consumption, which cannot be brought down to zero. In the design under analysis, the level of energy consumption is acceptable, albeit affected by the use of Smart Glass door. However, the suppliers of Smart Glass emphasize the environmental friendliness of the product, which does not consume energy when inactive, and needs very little energy to maintain the active state [56,57].



We carefully compared the study presented here with others to show the novelty of this study, including to show that we obtained better theoretical and/or methodological results. Similar research on the development of methods related to product eco-design was conducted by Wang et al. [58]. They developed a method for product design with the possibility of an ecological assessment of electrical appliances. Their proposed solution required knowledge of design systems (CAD). The results they obtained indicated that the use of the proposed tool improved the eco-efficiency of the designed devices by about 46%. In the solutions that are described in this article, the improvement in eco-efficiency is also estimated at a similar level, especially in the last phase of the life cycle (recycling). However, the research carried out according to the proposed methods covers a broader aspect, not only the structure of the product (materials used, connections, components), but also takes into account other specific features of the product (e.g., easy to clean, easy to use—intuitive). Not only designers, but also future users are involved in the development of the product, which enables the design of an environmentally friendly product as well as the future user. We are therefore firmly convinced that the objectives of our research have been fully achieved.




8.2. Limitations of the Work


No functional limitations were observed in the proposed solution compared to traditional counterparts. Also, no limitations were observed that may affect the robustness of the results now and/or in the future. Due to its green features, the purchase of the fridge could be subsidised, similar to the purchase of electric cars in some countries. Nevertheless, the proposed solution is only the first of a family of products dedicated to the green revolution. For the reasons mentioned above, it is a limitation of the work to narrow the spectrum to one type of product. The development of a whole family of similar products is very likely, both due to green changes in global production and due to constraints in the supply of materials (raw materials of semi-finished products, electronic parts, and other rare earth elements) and energy. This will, perhaps, create new challenges related to green mass production and simultaneous life-cycle monitoring for many products with assured recycling, including the use of the Internet of Things, cloud computing, and artificial intelligence. This situation is the subject of our further research and will be reflected in future publications.




8.3. Expected Impact


Ecological design has a significant impact on local and global changes, including the development of Industry 4.0 towards sustainability, in particular towards sustainable intelligent use of biofuels with optimal use of green energy sources under conditions of flexible production and economically independent closed-loop, customer-centred logistics for different types of materials, products and services. In particular, the results of our research may have:




	1.

	
social impact through:




	
Educating new generations in the so-called ‘green deal’, instilling respect for the environment and its resources in harmonious development with human civilization;



	
Building public awareness of environmentally friendly household appliances,



	
Long-term research on, e.g., market preferences and promotion of pro-health and pro-environmental behaviour;



	
Building environmentally conscious customer groups as co-participants in the processes rather than mere consumers of their effects;



	
Shaping general global trends: the results presented in this work can actually impact people, cities, the environment, etc. making the notion of ‘human smart cities’ an aspiration for the planned, thoughtful sustainability of whole communities, not just infrastructure;









	2.

	
expected impact on research:




	
Scholars can use this work as inspiration for further research into innovative pro-environmental organisational processes, production, and new products and services;



	
Sustainability can play role of a key aspect in research in science and technology, medical, or humanities and social sciences;









	3.

	
expected impact on industry and trade:




	
Short-term impact: industrial practitioners can benefit from reading this work by rethinking and adapting existing industrial processes towards sustainability;



	
Development of a family of products with different properties, made of different materials (including decorative) and in different sizes, including built-in;



	
The emergence of additional functionalities supported by new modules, including those based on the Internet of Things (IoT) and Artificial Intelligence (AI) (a strategy of growing products, in line with user needs, through simple improvements rather than product replacement);



	
In the future: 3D printing from environmentally friendly materials, with print parameters and materials selected by AI, and optimization of a template purchased in a virtual shop to the needs of a specific customer within a zero-waste paradigm.















8.4. Directions for Further Research


Further research should focus on the aforementioned social, scientific, and industrial impacts. There is no doubt that ecological, healthy, tailor-made household appliances, which meet customers’ needs, will have a longer life cycle, thus contributing to the reduced consumption of resources and their environmental impact. This seems to be a natural course of development of household appliances. It is clear that future research should also focus on multi-material technologies or materials in which parameters or functions change or combine with different structural, physical, and chemical parameters, including screening different combinations of technologies and materials based on their digital twins.



The process parameters were also estimated efficiently using ANN. This article indicates the effectiveness of ANN in research on new, pro-ecological products: prediction of eco-efficiency, green marketing, predictors of pro-environmental behaviours, links between education and pro-environmental behaviour, the use of ANN in the inventory model in conditions of uncertainty and inflation, and benefits from maintenance technology with promotion and time-dependent degradation under fuzzy learning conditions (based on linguistically described parameters). The solutions presented in this paper are a promising tool in the field of computational analysis and design of environment-friendly products. Our results confirm that such processes may be AI-based and optimized toward the successful and sustainable production of usable/functional products. Automation of the process of selecting process parameters, technology, and materials used requires an appropriate tool (ANN). This not only improves environmental friendliness but also the product quality, and reduces the time required to prepare such an automatically created set of parameters. The selection process itself can be easily adapted to different technology/material combinations, as well as developed to create a more advanced tool, useful for mass production and continuous technical control within the Industry 4.0 paradigm. Easier modification through the use of modifiable templates and faster production, as well as client satisfaction, are also of high importance and quickly assessed.



On the other hand, within the reverse process before construction/production, the choice of a particular solution (technologies, materials) can significantly influence the mitigation of the design, production costs, sustainability, data accuracy, process efficiency, and multifunctionality of the project. The technology and procedure described in this paper not only make it possible to ensure verified sustainability, but also to integrate it in the form of physical and logical processes. Describing them in a way that is understandable to existing users will allow you to implement similar software and processes in large-scale, automated, and robotic production. The potential use of digital twins will translate into increased process and product reliability, cost reduction, and increased efficiency.



In the area of related assessment approaches, no single leading metric for assessing the novelty in engineering design has been identified to date [59]. Despite this, it is well known that innovation (understood as both the development of unique new solutions and the continuous process of improving on previous solutions) is a key element necessary for competitive advantage and industrial development. While a user-centred approach is particularly valuable, innovation is often already apparent at the laboratory research stage, where the customer is not always yet well-defined and new application areas are not fully identified [60,61]. It is also important to assess the efficiency and systematicity of idea generation in engineering design, so that the viability of maintaining particular lines of research in an industrial setting can be assessed [62]. In the current world, it is important to merge creativity research with sustainability research [63,64]. Research by Li et al. has shown that green transformational leadership influences the green intrinsic motivation and creativity of employees, motivating them to produce clean and green products and services [63]. Creative problem solving of holistically framed problems/barriers provides a way for the emergence of more radical and breakthrough solutions to sustainability problems [64]. In order to optimize and reduce the number of ANN variables, a genetic algorithm was used. The most important discovery in the direction of research is finding newer, faster and simpler methods of environmentally friendly design, including through more effective models based on artificial intelligence. The contribution of this work will increase the possibilities of computer-aided design, including in the “Industry 4.0” paradigm, for analysis and forecasting beyond current scientific knowledge and engineering experience. Until now, the unused potential is the direct reading and analysis of parameters from the production line software and the fuzzy logic in the analysis of linguistic features. It is worth noting that different ANNs can meet the different requirements of scientists and engineers optimizing production processes. However, they may require more complex structures, more computing power, or data processing time than the MLP network presented in this paper. Thus, the key cost-effect ratio for the profitability of industrial production may be less favourable or production may even be unprofitable.





9. Conclusions


Creative thinking is an inherent process in the creation of innovations. Imagination is employed to seek creative solutions. The problem under analysis can be viewed from another perspective and a solution can be found. The employment of inventive methods in the creative process helps sort what we know about the problem. With the environmental aspects included, the methods not only help create a new, improved product, but also make it eco-innovative. In order to properly conduct research into the use of inventive methods, several methods had to be used. It was observed during the creativity session that inexperienced respondents (i.e., those, who had never used inventive methods before or, in general, did not use any methods of creative problem solving), rather than come up with specific solutions, provided general ideas of solutions. The group of the most creative respondents proposed particular solutions, some of which were infeasible.



Unfortunately, the environmentally friendly materials used in the design have raised the estimated costs of the product, compared to less environmentally friendly similar products available on the Polish market [65]. However, an increased public awareness of environmental protection opens the door to designing innovative products, such as the refrigerator, whose prices are slightly higher than those of less ecological equivalents. In spite of the higher manufacturing costs, the more environmentally friendly refrigerator is cheaper in operation (consumes less energy), owing to the ecological solutions incorporated into its design.AI-based design can significantly support environmentally friendly production [66].The optimization and automation of process and material factors improves the ability to provide environmentally friendly products and services necessary for normal everyday life.



The simple hybrid ANN/GA solution provides a fast and reliable second opinion system for processing and optimization. Despite the complexity of the modelled process, the number of parameters taken into account in the optimization process may be reduced, and the selection of the number of neurons in the hidden AR layer affects the speed and accuracy of predicting the initial set of parameters. For more advanced solutions, deep neural networks may be used. The developed automatic models of pro-environmental analysis of product design can then be used to develop an intelligent expert system that will assist less experienced designers when designing subsequent new products.
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Figure 1. Stages of eco-innovation. 






Figure 1. Stages of eco-innovation.



[image: Applsci 12 09577 g001]







[image: Applsci 12 09577 g002 550] 





Figure 2. Questions asked to participants of the eco-innovation session. 
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Figure 3. Refrigerator in wooden casing, right side view. 
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Figure 4. Artificial neural network (ANN) structure: inputs and outputs. 
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Figure 5. Values of the mean square error (MSE) during learning: (a) optimal MLP 54-70-4, (b) non-optimal MLP 54-90-4. 
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Figure 6. Structure of the optimal ANN. 
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Table 1. The process of eco-design—product development and related actions (own work based on [31]).
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	Stage
	Eco-Design Action Plan





	Planning
	
	-

	
Define the idea for the product.




	-

	
Specify priorities (economic, technological, environmental).




	-

	
Select the concept development strategy (new or improved product?).




	-

	
Define the company strategy taking into consideration the environmental aspects.




	-

	
Select eco-design good practices applied before.




	-

	
Conduct business analyses of customer/market expectations, look for market niches and competitors’ products (also with regard to environmental aspects).









	Concept development
	
	-

	
Integrate the aspects of eco-design into the draft of specifications.




	-

	
Check the feasibility.




	-

	
Apply guidelines and action checklists to adjust the specifications.









	Detailed design
	
	-

	
Select materials taking into consideration environmental aspects.




	-

	
Analyze the product life cycle.




	-

	
Design the product, taking into consideration the assembly and disassembly.









	Research/Prototype
	
	-

	
Evaluate the product against previously applied solutions.




	-

	
Define the achieved goals.









	Market launch
	
	-

	
Launch the public information campaign about the environmental excellence of the product.




	-

	
Increase consumer awareness of the importance of environmental protection.









	Product assessment
	
	-

	
Estimate the success of the product (What was the most important from the point of view of the customer?).




	-

	
Decide on further improvements of the product.




	-

	
Set the sequence of implementation of new innovations.




	-

	
Monitor the activity of competitors.
















[image: Table] 





Table 2. Usability of selected inventive methods broken down by problem-solving stages (own work based on [29]).
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Problem Solving Stage

	
Methods




	
BM

	
S

	
RBM

	
WG

	
SP






	
Formulating the problem

	
1

	
1

	
2

	
1

	
-




	
Collecting and analyzing of information

	
2

	
4

	
3

	
3

	
-




	
Seeking ideas

	
4

	
5

	
4

	
4

	
-




	
Analyzing and evaluating of ideas

	
-

	
-

	
4

	
3

	
-




	
Creating drafts (variants) of the solution

	
-

	
-

	
4

	
-

	
-




	
Implementation of the solution

	
-

	
-

	
-

	
-

	
-








M—brainstorming, S—Stimulation, RBM—Reverse brainstorming, WG—Word games, SP—Superpositions.
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Table 3. Selected ideas gathered from the participants of the creativity session.
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	Specification/Appearance
	Acceptable Materials
	Environmental Solutions





	Multiple temperature zones, drawers for storing products—with transparent fronts, scanning of products, expiry date monitoring, touch screen, for living room/bathroom use, Smart Glass technology door, rounded edges, matching furniture, for the storage of medicines and cosmetics, thin walls, sliding door, modular structure, assemblable, capable of connecting to the Internet and a smartphone app to provide information about the stored products, removable partitions, carrying handle, mounted on wheels for easy maneuverability
	Glass, wood, PET bottles, plexiglass, recyclate, fibreglass, expanded polystyrene, ultrasound generator in place of gas generator, laminate, wood-plastic composite, EPP, ABS, hemp and cellulose fibre(insulation), Smart Glass
	LED, antibacterial coating—nanosilver, heat dissipated into the room, powered by a rechargeable Li-manganese or silicon battery rather than plugged into the mains, closed loop liquid nitrogen system, no freon, environmentally friendly replaceable cooling pads (biodegradable), pedal power generator, thermal coats, photovoltaic cells, superconductor—power source
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Table 4. List of materials.
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	No.
	Material
	Quantity





	1.
	Veneered particle board
	0.56 m2



	2.
	Polystyrene board with silver ions—for the casing
	1.9 m2



	3.
	Polystyrene for drawers
	0.2 kg



	4.
	Smart Glass
	0.2 m2



	5.
	Copper piping
	5 m



	6.
	Electric wires
	3 items



	7.
	Compressor
	1 item



	8.
	Nickel-plated metal hinge
	2 items



	10.
	Metal sheet body—external
	2.5 m2



	11.
	Mounting parts for the cooling system
	1 set



	12.
	Wooden dowels
	4 items



	13.
	Temperature control knob
	1 item



	14.
	Condenser
	1 item



	15.
	Thermostat
	2 items



	16.
	Polyurethane foam
	1.9 m2



	17.
	Mounting hook/lug cover
	2 items



	18.
	Ventilator
	1 item



	19.
	Ventilation grille
	1 item



	20.
	Eccentric connectors
	4 items
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Table 5. Environmental quality assessment grades.
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	Range
	Environmental Quality Assessment (EQA)





	2.51–3
	High quality



	2–2.5
	Medium quality



	1–1.99
	Low quality



	0–1
	No information
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Table 6. Environmental quality assessment.






Table 6. Environmental quality assessment.





	
Pre-Manufacturing




	
No. of Question

	
Answer

	
Score (w)






	
1

	
Future-oriented

	
3




	
2

	
No information

	
0




	
3

	
No information

	
0




	
4

	
Local

	
3




	
5

	
More than five materials

	
1




	
6

	
Priority

	
3




	
7

	
Designed for continual improvement

	
3




	
8

	
Easily available

	
3




	
9

	
Modular

	
3




	
10

	
Mostly recyclable

	
3




	
11

	
Corrosion-resistant

	
3




	
Manufacturing




	
12

	
Manufacturing based on renewable raw materials

	
3




	
13

	
Rarely used

	
2




	
14

	
Low (water-saving)

	
3




	
15

	
No information

	
0




	
16

	
Used in permitted quantity

	
2




	
17

	
35–75%

	
2




	
18

	
No information

	
0




	
19

	
No information

	
0




	
20

	
Low emission of toxic substances (multimodal)

	
2




	
21

	
No information

	
0




	
22

	
No information

	
0




	
Post-Manufacturing




	
23

	
All user groups

	
3




	
24

	
Easy to use—intuitive

	
3




	
25

	
Easy to understand

	
3




	
26

	
Disposable packaging

	
1




	
27

	
100% recyclable

	
3




	
28

	
None

	
3




	
29

	
Easy to clean

	
3




	
30

	
High

	
3




	
31

	
Maintenance free

	
3




	
32

	
No need

	
3




	
33

	
Easy

	
3




	
34

	
No information

	
0




	
35

	
More than 4 years

	
3




	
36

	
Easy—intuitive

	
3




	
37

	
Easily visible

	
3




	
38

	
Without damage

	
3




	
39

	
More than 12 parts

	
1




	
40

	
Of various materials

	
1




	
41

	
Basic tools needed

	
2




	
42

	
None

	
3




	
43

	
Medium

	
2




	
44

	
Slight

	
2




	
45

	
Totally compliant

	
3




	
46

	
Longer than estimated

	
3




	
47

	
Does not change in time

	
3




	
48

	
Visible, does not cause any problems

	
3




	
49

	
No additional surface area necessary

	
3




	
50

	
Provided with the product

	
3




	
51

	
No information

	
0




	
52

	
Product marked with the ecolabel

	
3




	
53

	
Meets all customer’s requirements

	
3




	
54

	
Meets all requirements

	
3




	

	
Arithmetic mean

Environmental quality assessment (EQA)

	
2.67

High quality
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Table 7. The best MLP network models for diagnostic measures.
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	ANN Structure
	Activation Function in the Hidden Layer
	Activation Function in the Output Layer





	MLP 54-50-4
	Sigmoid
	Sigmoid



	MLP 54-60-4
	Sigmoid
	Sigmoid



	MLP 54-70-4
	Sigmoid
	Sigmoid



	MLP 54-80-4
	Sigmoid
	Sigmoid



	MLP 54-90-4
	Sigmoid
	Sigmoid
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Table 8. Selected ANNs quality assessment.
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	Network Name
	Quality (Learning)
	Quality (Testing)





	MLP 54-50-4
	0.8234
	0.8391



	MLP 54-60-4
	0.8544
	0.8857



	MLP 54-70-4
	0.9218
	0.9289



	MLP 54-80-4
	0.8711
	0.8862



	MLP 54-90-4
	0.8316
	0.8642
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Table 9. (R)MSE values for three MLP neural network.
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	Network Name
	(R)MSE





	MLP 54-50-4
	0.02



	MLP 54-60-4
	0.01



	MLP 54-70-4
	0.001



	MLP 54-80-4
	0.01



	MLP 54-90-4
	0.02
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