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Abstract

:

Sustainable product development requires combining aspects, including quality and environmental. This is a difficult task to accomplish. Therefore, procedures are being sought to combine these aspects in the process of product improvement. Therefore, the objective of the investigation was to develop a procedure that supports the integration of quality-level indicators and life-cycle assessment (LCA) to determine the direction of product improvement. The procedure involves determining the quality indicators based on the expectations of the customer, which are subsequently processed using the formalised scoring method (PS). A life-cycle assessment index is determined for the main environmental impact criterion. According to the proposed mathematical model, these indicators are aggregated, and this process takes into account their importance in terms of product usefulness and environmental friendliness. Interpretations of the results and the direction of product improvement are from the results obtained from the modified IPA model (importance–performance analysis). The procedure is used in the verification of product prototypes, wherein the proposed approach, and its test, was carried out for a self-cooling beverage can (and its alternatives) with a “chill-on-demand” system, which is a technology supporting rapid cooling on demand. The life-cycle assessment was carried out to assess the carbon footprint, which is crucial for activities to reduce greenhouse gases. The direction of improvement of this product was shown to concern the selection of transport means, the reduction of energy use in the production phase, or the change of the method of opening the can. What is original is the proposal of a procedure for integrating the quality indicator and the life-cycle assessment indicator, taking into account the key environmental burden. The procedure can be used in manufacturing companies when designing and improving products in terms of their sustainable development.
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1. Introduction


Society faces many challenges, such as climate change and resource depletion, which are related to many challenges and opportunities for businesses [1]. To meet these challenges, various tools and methods are being sought to support product and process innovations. In general terms, this constitutes the development of so-called sustainable products [2], which concerns the design and improvement of products that satisfy customers and are environmentally friendly [3,4,5]. In this approach, companies should be “sensitive, smart and sustainable” (S-3) to cope with global changes resulting from market dynamics. This corresponds to activities for the sustainable design, redesign, and improvement of products [6] to ensure the generation of new products that offer satisfactory solutions to modern society, including those that respond to changes in customer expectations over time [7]. Despite this, various solutions supporting sustainable product development are still being sought.



For example, authors of articles, e.g., [8,9], proposed integrating quality function implementation (QFD—quality function deployment, developed in Japan beginning in 1966 by Yoji Akao) with product life-cycle assessment (LCA) for sustainable product design. The authors of the articles presented an extension of this connection to the TRIZ method (theory of inventive problem solving) [10,11]. The authors of article [12] implemented a quality function geared toward the product life cycle. This involved developing a procedure for identifying environmental requirements consistent with customer expectations. In turn, the authors of the article conducted a comparative analysis of the results obtained from the QFD method and the life-cycle assessment as part of the product design [13]. However, in [14], the classic LCA model is modified, taking into account the list of the quality requirements of building objects. In turn, eco-design was the basis for the research presented in [15,16], which included the implementation of the quality function. Furthermore, the authors of the article analysed the quality of the products and their durability in the life cycle [17], and a method was developed. In turn, the authors of article [18] developed a simplified model that supports decision making, taking into account the criteria of sustainable development, including life-cycle assessment criteria. However, in article [19], the product design process was improved in the product life-cycle assessment phase, including the assessment of the quality of the alternative products. Similar studies are presented in other studies, such as [20,21,22,23].



Although product quality levels and product life-cycle assessments were performed, no procedure was developed to support the combination of the results of these analyses into one indicator. The indicator mentioned would support determining the direction of product development and would be a response to the need to implement the idea of sustainable development. This was considered a research gap that was meant to be filled. Therefore, the objective of the research was to develop a procedure that supports the aggregation of quality-level indicators and life-cycle assessment (LCA) to determine the direction of improvement of the product. The following hypothesis was adopted as part of the research:



Hypothesis 1. 

In response to the idea of sustainable development, it is possible to aggregate quality indicators and a life-cycle assessment performed for one environmental load criterion as part of the product-improvement process.





The originality of the proposed procedure is the determination of (i) the quality indicator of the product and its design alternatives and (ii) the life-cycle environmental impact index (LCA) according to the environmental load criterion for the product and its design alternatives. Indicators are aggregated according to a simplified mathematical model in the form of one coherent quality and environmental indicator. Its interpretation concerns four areas of product solutions (the most advantageous, promising, poorly promising, and critical). The results obtained in the individual stages of the procedure support the general direction of product development according to alternative production solutions. This direction concerns the expected quality state and environmentally friendly state in the LCA.




2. Material and Method


The concept of the procedure consists of separately determining and sequentially aggregating the product quality-level indicator and the product’s environmental impact indicator throughout the entire life cycle (LCA). Quality level is the customer’s satisfaction with the usability of the product and is determined according to the main criteria (key) (attributes) of the product [24]. These criteria are evaluated by the customer on a Likert scale [25] in terms of their importance and quality, which are subsequently processed according to formalized scoring (PS) [26,27]. The product life-cycle assessment (LCA) is carried out on the basis of the ISO 14040 standard [28], which according to assumptions, concerns one criterion of environmental burden. The quality and environmental indicators are aggregated according to a simplified mathematical model based on which direction of product improvement is determined. As already mentioned, various methods were used at the individual stages of the procedure, including the SMARTER method [29], a survey with a Likert scale [25], the formalised scoring method (PS) [30], life-cycle assessment (LCA) according to ISO 14040 [28], and a modified IPA model (importance–performance analysis) [31,32,33]. The selection of methods was justified in individual stages of the procedure, the general procedure of which is shown in Figure 1.



Furthermore, as part of the development of the procedure, the main assumptions were adopted, which were selected based on a review of the literature on the subject, e.g., [34,35,36] and previous research results [37,38,39,40]. These assumptions were as follows:




	
the product to be verified is unlimited [38,39];



	
quality level refers to customer satisfaction with the use of the product [35,36];



	
the number of product quality criteria according to which the quality level is estimated is approximately 7 ± 2 [34,37];



	
life-cycle assessment is made on the basis of one criterion, which is considered environmental burden [40,41].








The validity of using these assumptions was indicated at the individual stages of the procedure, the characteristics of which are presented later in the study.



2.1. Selecting a Reference Product and Defining the Research Goal


The subject of the research is the so-called reference product, i.e., a generalisation of products of a given type, e.g., having the same purpose. The choice of product results from the needs of the expert (entity). At subsequent stages, the research object (product) is subject to a quality assessment and an environmental impact assessment throughout its life cycle. The analysis concerns the current state of the product and its prototype (alternative) design solutions.



Depending on the adopted product, the purpose of the research is defined. The goal should refer to determining the quality level of the product and its alternative solutions, and also for estimating the environmental impact throughout the life cycle of this product and its alternatives. The idea is to set a direction for improvement activities to increase customer satisfaction with the product’s quality and also, at the same time, to reduce environmental burdens in LCA. Depending on the needs, the research goal can be detailed. The goal can be determined according to the SMART(-ER) method, i.e., specific, measurable, achievable, relevant, based on a timeline [29].




2.2. Obtaining Customer Expectations


The customer’s expectations concern his requirements for the product, which are expressed by quality criteria [35,36]. This means that it is the level of customer satisfaction with the quality of the product in terms of its usability, which is presented by the product criteria (attributes). Due to the fact that there may be many such criteria, their standardised and reliable assessment should be limited to the main criteria (those having the greatest impact on the level of usability of the product). According to the principles of decision support, there should be approximately 7 ± 2 criteria [34,37]. The selection of criteria is made by the entity that performs the evaluation. The selection of criteria is made according to the product catalogue. Each criterion should be described according to the parameter that characterises it (value, range of values, etc.). These criteria will vary depending on the product and its alternatives. To obtain customer expectations about product quality, it is necessary to conduct an interview or a short survey with the customer [42]. The customer should evaluate the product and its alternatives according to these criteria. The ratings refer to (i) the importance and (ii) the quality of the product criteria (attributes). The grades are awarded on a popular Likert scale, which has been adapted to the formalised scoring method (used in the next stage of the procedure). The rating scale is presented in Table 1.



Based on the ratings awarded, an assessment is made of the quality of the product and its alternatives, as presented in the next step of the procedure.




2.3. Assessment of the Product Quality Level


The quality level is assessed according to a simplified formalized scoring method (PS, Czechowski method) [27,43]. The choice of this method was due to its simple methodology and the ability to determine the level of product quality based on customer assessments. The methodology can be based on the ratings expressed on a Likert scale [25], as presented in the previous step of the method. Formula (1) is used to calculate the quality index [27,43]:


        Q =  G H  +  K H  − C        G H  =    R H    8 n          R H  =   9 a   +   7 b   +   4 c   +   2 d   + e − n        K H  =   c + 5 d + 10 e   200 n         C = 0.05   for   normal   requirements       C = 0.1   for   stricter   requirements        



(1)




where: Q—quality index, G—main unit, K—correction member, C—constant, n—number of criteria, a, b, c, d, e—number of five-point grades awarded, respectively, four-point, three-point, two-point, single-point.



The value of the aggregated Q indicator should be in the range from 0 to 1, where 0 is the unacceptable and abstract level (the quality of the product does not satisfy the customer in general), 1 is the level of the highest possible customer satisfaction. Otherwise, repeat the step, and repeat until you get the correct result. The Q index is calculated for all alternatives to products. The value of the Q indicator will be integrated with the product life-cycle assessment at stage five of the procedure.




2.4. Product Life-Cycle Assessment (LCA)


Life-cycle assessment (LCA) was developed in the 1990s and is carried out according to the ISO 14040 standard [28]. It covers all phases of a product’s life “from cradle to grave”, i.e., material acquisition and extraction, production, use, and end of life (including recycling). In the proposed approach, it concerns the assessment of the product life cycle. However, LCA is a method that enables the quantitative and qualitative assessment of potential environmental loads not only for the product but also for the system or process. Following the ISO 14040 standard, LCA is a set of input data that must be cross-referenced with materials, energy, and other environmental impacts. The general flow of the life-cycle evaluation according to ISO 14040 applies to (1) determining the goal and scope, (2) the inventory analysis, (3) the impact assessment, and (4) the interpretation, as described in detail in the literature on the subject, for example, in [19,44]. Life-cycle assessment can be supported by computer programmes. The results of the life-cycle assessment can form the basis for taking appropriate actions to reduce the negative impact of the product on the environment. According to the proposed concept, the life-cycle assessment is performed for one selected impact criterion. The selection of the criterion results from the nature of the product’s potential environmental impact and the concentration of results that are later to be integrated with the quality-assessment results. The entity chooses the impact criterion. In the proposed procedure, the amount of environmental burden is integrated with the level of the quality of the product, as presented in the next step of the procedure.




2.5. Integration of Product Quality Level with Life-Cycle Environmental Impact (LCA) and Interpretation of Results


As part of determining the aggregate QE indicator, the expert (taking into account customer expectations) determines the ratio of importance (weights) of quality to the environment, in terms of the use of the product by the customer. Weights are given on a scale from <0;1>, where 0—not important, 1—absolutely important. Then, quality and environmental aspects are given importance in the context of defining product-improvement activities (2):


         q i  =  w Q  ×  Q i    −   for   the   quality   level         e i  =  w E  ×  E i    −   for   environmental   load       



(2)




where: wQ—importance (weight) of the quality level,    w E   —importance (weight) of the product’s environmental impact in LCA according to the environmental burden criterion, Q—quality level, E—environmental impact, and i—product and its alternative.



The aggregation and interpretation of the quality and environmental indicators are carried out according to the modified IPA model (importance-performance analysis) [45]. This model is universal and allows one to determine the direction of product development in terms of any aspects whose values have any scale of assessment. It was considered reasonable in this procedure because the quality-level values range from 0 to 1, while the environmental load values may vary (depending on the product type, system boundaries, functional unit, etc.). Detailed characteristics of IPA are presented in the literature on the subject, e.g., in [31]. Due to this fact, IPA is assumed to be created according to the value of the weighted quality level and the weighted environmental impact, as shown in Figure 2.



The layout of the lines depends on the entity using the proposed procedure. This results from the assumptions of the expected (satisfactory) level of quality and also the environmental impact that may be considered acceptable. Often, the matrix is created depending on the dispersion characteristics of the data. Therefore, it is not possible to clearly indicate the optimal and universal division.



The “concentrate here” area is the most favourable and indicates that the product quality and its environmental impact are satisfactory, i.e., high quality and low environmental impact. This area means that the product can be improved, but its current condition is satisfactory to the customer and has the lowest possible negative impact on the environment. The area of “keep up the good work” is a promising area but requires further improvement—mainly in the qualitative area. During the process of improving product quality, remember to maintain or, if possible, minimise the environmental impact. The “low-priority” area means that the product may be of high quality, but its environmental impact is high. Therefore, it is not desirable to achieve this in the era of sustainable product development. Similarly, the “possible overkill” area presents both a high negative environmental impact and a low level of quality. This indicates low customer satisfaction and environmental neglect.



Based on the results of the presented IPA model, the direction of product improvement in terms of quality and environment is determined. The basic conclusion that can be drawn after using the proposed method is to obtain a ranking list that can be used by the decisionmaker in selecting the prototype for production, which, in addition to providing customer satisfaction, will also practically implement the idea of sustainable development. This decisionmaker may be, for example, a manufacturer, a bidder, or a broker. Other implications of the results for the beverage-packaging industry in terms of improving product quality and reducing environmental impact also include (i) the possibility of specifying the direction of development of these packagings in terms of quality and environment (increased customer satisfaction and reducing the negative environmental impact), (ii) reducing the waste of resources by avoiding actions that are unnecessary or unexpected by customers, or that are less beneficial for the environment as a whole, and (iii) supporting the sustainable development of these products by not only selecting the most advantageous production solutions but also solutions that should be avoided and also have a development perspective in the future. This provides some flexibility of the proposed procedure and the possibility of adapting it to various products and products in various stages of development.





3. Results


The sustainable development of companies encourages them to take actions in line with customer expectations while limiting the negative impact on the environment. In recent years, there has been a decline in steel cans and a significant increase in the number of lightweight aluminium or plastic cans. In the development context, the largest source of use of this type of product is the food industry (95%) [37]. A certain product innovation of cans is the “chill-on-demand” system, which is a technology that supports rapid cooling on demand. This system is considered promising for reducing negative climate changes and, above all, reducing greenhouse gases. The main aspect that leads to these conclusions is the possibility of using this system in place of refrigerators and coolers, which are very popular in low-income countries, and often middle-income ones, and where their use is not excluded even in wealthy countries [47].



Therefore, it was considered reasonable to select the mentioned self-cooling beverage can (with the chill-on-demand system) for the test procedure. Due to the fact that its main advantage is the ability to reduce greenhouse gases, the life-cycle assessment was concerned with the carbon footprint, which is one of the most popular criteria in this type of analysis. The carbon footprint is the total amount of greenhouse gases emitted during the product’s life cycle. The conversion unit is the equivalent of CO2 (CO2e) [48,49]. The mentioned equivalent is understood as a way to measure and compare the impact of different greenhouse gases, presented in terms of the equivalent warming effect in relation to carbon dioxide over a specific time period, usually 100 years [50]. There are many methodologies and paths used to calculate the carbon footprint of both an organization and a product. For this reason, the article is not limited to a specific methodology. The selection of a specific methodology was left to the expert performing the assessment. As a competent person, he will select a method appropriate to the product, company, and environment. The most frequently used are international standards; the most popular of which is The Greenhouse Gas Protocol. The test procedure is presented in the five main steps adopted in the general approach.



3.1. Selecting a Reference Product and Defining the Research Goal


The subject of the research was a self-cooling beverage can, whose use is supported by the “chill-on-demand” system. A self-cooling beverage can consist of several main components: a steel outer can, the beverage, an inner aluminium can, a heat exchange unit (HEU), and a cooling button [47]. A simplified presentation of these elements is shown in Figure 3.



The system that supports the cooling of the beverage in the can causes endothermic desorption of carbon dioxide (CO2), which is previously adsorbed in the activated carbon (AC) beds. It is inside the can. The outer part of the box is made of galvanised steel, while the inner part is made of aluminium. The internal part constitutes the heat exchange unit (HEU) and is composed of activated carbon, which prevents the contact of the drink with the activated carbon. Furthermore, the use of HEU increases the size of the can compared to traditional cans. Cooling is started using the button located at the bottom of the can. Then the valve activates the pressure outside the HEU, and the CO2 ventilation process begins. It is assumed that ideal conditions will allow the drink to cool down to even 15 °C [51]. The technological process of self-cooling cans is shown in Figure 4.



In accordance with the adopted subject, the research goal was established: determining the current level of quality of a self-cooling beverage can and its environmental impact throughout the entire life cycle (LCA) in terms of carbon footprint. Consistent with this goal, the next stages of the procedure were started.




3.2. Obtaining Customer Expectations


As part of determining the customer’s expectations, it was necessary to select the main criteria (attributes) of the self-cooling beverage can, i.e., criteria that have a significant impact on the customer’s level of satisfaction with the usability of the can. The criteria for assessing quality reflect a functional and usable approach to meeting customer expectations. Their number has been adjusted to the selected methodology. Characteristics of the selected criteria are:



	
height (mm)—the height often determines how large of a box a can be stored in;



	
outer diameter (mm)—determines the firmness of the grip and the ease of holding the can by people with different grip sizes (child, adult);



	
base diameter (mm)—determines the stability of the box;



	
volume (mL)—should be adjusted to commonly desired can volumes;



	
opening method—must be easy to open under various conditions;



	
material—should meet food safety requirements;



	
self-cooling system—should provide the appropriate temperature at a specific time.






After consultation with the customer, it was assumed that he expected a can that is light, stable, easy to open, handy (comfortable to hold), protected against light, and maintains the expected temperature of the drink. The customer’s subjective expectations were translated into technical criteria (e.g., according to the product catalogue). There were five main criteria, i.e., height, external diameter, base diameter, volume, opening method, can material, and self-cooling system. These criteria are described by parameters and assessed by the customer (Table 2).



The most important criteria for the customer were the self-cooling system and the material from which the can was made. Then, the criteria were the total volume and how to open the can. The height and outer diameter of the can received lower ratings, and the base diameter was the least important. Based on the importance of the criteria, it is possible to rank the improvement activities. This is done in the last stage of the procedure. In turn, the customer’s ratings about the quality of the self-cooling can’s criteria were processed at the next stage of the procedure.




3.3. Assessment of the Product Quality Level


In accordance with the set of customer expectations regarding the quality of the self-cooling can criteria, calculations were carried out according to the formalised scoring method. It was assumed that the expected can level corresponds to the normal requirements (C = 0.05). Using Formula (1), it was estimated that the self-cooling quality level indicators can be the following: Q1 = 0.63, Q2 = 0.81, Q3 = 0.51, and Q4 = 0.79. It can be seen that variant 2 is characterized by the highest level of quality, with a slightly lower quality index achieved by variant 4. Subsequent to these were variant 1 (current) and variant 3. The final stage involves a further interpretation of the results with respect to the quality level.




3.4. Product Life-Cycle Assessment (LCA)


A life-cycle assessment (LCA) of a self-cooling beverage can was performed according to the ISO 14040 standard. As intended, the life-cycle assessment was concerned with the impact criterion of carbon footprint. The analysis was supported by the FOOTPRINTCALC 1.2 calculator. Its use does not require detailed knowledge of individual calculation methods, and the use of this program is simple (it focuses on providing the input data presented in the article) and available to all interested parties. It is intended to measure and improve the environmental impact of products for the above-mentioned carbon-footprint criterion (the so-called environmental burden). The carbon footprint can be calculated using various methods and a description of all, or even only the main, methods would make the article a textbook that would not exhaust the topic anyway.



The total volume of the can is approximately 550 mL. This is due to the cooling element contained in it. However, the volume of the drink is similar to that in traditional drink cans, i.e., approximately 330 mL. Therefore, the functional unit was cooling 330 mL of the drink in a can with a total volume of 550 mL. It was assumed that the life of a can is its single use by a customer, which means drinking the drink. Therefore, it is important to pay special attention to the recycling of these types of products. Behind the authors of the work [47], it is necessary to separate the outer steel part and the inner aluminium part (HEU) so that they can be recycled or reused. When modelling data, it is assumed that cans are filled with beverages, but their demolition occurs near the can production site. The phase of use of the can by the customer is omitted in the life-cycle assessment due to the lack of sufficient data. At the same time, in this approach, it only involves emptying the can of the drink and using it once. The main self-cooling materials were adopted according to the authors of article [47], where variant 1 is the actual variant, while the others are proposed prototypes. The environmental burden of the carbon footprint for the prototypes was estimated based on the proportions according to variant 1 (real) based on the volume of the cans. The analyses were extended by calculating the change in value, in %, as the difference in the value of environmental load and the average value of these loads by their average value. It is then possible to observe that there are slight differences between variants 1 and 4 and between variants 2 and 3. Additionally, when analysing environmental loads in terms of statistical analysis, appropriate distributions of proportions between the conventionally modelled values were observed, as shown in Table 3.



The absorbent is assumed to be activated carbon. It is produced from coconut husks. They have a significant supply, which concerns their economic profitability as a production material, and at the same time, they are characterised by high density and purity. Coconut husk is considered waste in food, but in this type of application, it can be used in the production of activated carbon. Following the authors of [47], coconut shells generate an alternating current. Other materials with low weight were omitted from the analysis.



Due to the nature of recycling, it is assumed that HEU is used in a closed loop, as shown earlier in Figure 3. However, some materials cannot be included in the closed-loop process, such as metal, which varies depending on when recycled for reuse. Following the authors of the study [47], the focus was on the basic scenario, where recovery and reuse are carried out according to European standards. That is, 70% is recovered after use, while 30% is waste. Aluminium in HEU is reused, and 70% of HEU can be recovered by reloading it with activated carbon. The remaining 30% is activated carbon, regenerated in an economical furnace (energy consumption of 1 kWh/kg). The adopted scenario regarding the recycling of materials at the end of the can’s life was also considered for the current product (variant 1) and the anticipated prototypes (variant 2–4), which were modelled according to proportions based on the volume of the can. In addition, the presented data were supported by a statistical analysis, which consisted of calculating the change in value in % as the difference in the value of the environmental load and the average value of these loads by their average value. Similarity was observed between variants 1 and 4 and between variants 2 and 3. It was shown that there are small significant differences between the analysed loads for the given types of variants, as shown in Table 4.



The transport and storage possibilities can be assumed in the form of their transport over a distance of approximately 40 km by diesel trucks with a load capacity of 27 tons, the details of which are presented in the study [47]. According to the adopted assumptions, the carbon footprints in the life cycle of a self-cooling beverage can and its variants of production solutions were estimated. The FOOTPRINTCALC 1.2 programme was used for this purpose. The main result for individual prototypes is shown in Figure 5.



The largest amount of the carbon footprint (96 kg CO2e) is generated during the can distribution phase. This result is mainly due to modelling the data to include one piece of a beverage cooling can. These conclusions are confirmed by, among others, studies [48,52,53,54] that also state that the distribution phase of this type of product is associated with significant environmental burdens. However, if the number of cans transported was greater, a greater environmental impact would be observed in the remaining phases of the life cycle. Among other things, the greater amount of carbon footprint is in the production phase of the self-cooling beverage cans (from approximately 9 to 12 kg of CO2e) and, subsequently, in the acquisition and extraction of materials (from 0.03 to 0.05 kg of CO2e). It was also observed that, in the end-of-life phase (including recycling), these emissions range on average from −4.52 to −7.51 kg of CO2e. A detailed analysis of the carbon footprint in the life cycle of a self-cooling beverage can and its variants is presented in Table 5, which includes a statistical analysis consisting of calculating the change in value, in %, as the difference in the value of environmental load and the average value of these loads by their average value.



Both the results of the statistical analysis and the primary values for environmental loads showed that in the phase of obtaining and processing materials, the largest carbon footprint is created for virgin aluminium (from 0.056 to 0.113 kg CO2e), followed by virgin steel (0.011 to 0.021 kg CO2e). There is a negligible amount of carbon footprint for recycled materials of this type. In the case of the production phase, the largest amount of carbon footprint concerns energy from AC regeneration (from approximately 9 to approximately 15 kg CO2e). The energy for AC pressurising in HEU (from 0.009 to 0.015 kg CO2e) and the energy for CO2 processing (from 0.007 to 0.011 kg CO2e) have a relatively similar amount of carbon footprint. As mentioned earlier, the distribution phase is characterised by the highest level of carbon-footprint emissions (1080 tkm is almost 96 kg of CO2e). The end-of-life phase of a can includes, among others, a pre-use fraction of virgin aluminium (from about 3.5 to about 6 kg CO2e) and a pre-use fraction of virgin steel (from about 0.435 to about 0.721 kg CO2e). The remaining elements, that is the pre-use fraction of recycled steel, the fraction of recycled aluminium recycled, the pre-use fraction of recycled aluminium, or the fraction of recovered aluminium reused, are from −0.064 to −7.074 kg CO2e.



In accordance with the adopted assumptions and the system boundary, the total amount of carbon footprint for a self-cooling beverage can in its life cycle is 101.43 kg CO2e (variant 1), and for its prototypes, respectively, 103.071 kg CO2e (variant 2), 100.194 kg CO2e (variant 3), and 101,456 kg CO2e (variant 5).



It has been shown that, in order to reduce this environmental burden, it is necessary first to limit or change the use of the means of transport for transporting self-cooling cans. This is also confirmed by the authors of other studies, for example [48,54]. Then, it would be good to apply improvement activities to the production phase, mainly in the area of energy use. It has been observed that the material emitting the most significant amount of CO2 is aluminium, e.g., in the extraction and recycling phase. Therefore, even though it is a light and plastic material, in terms of the environment, it is worse than, for example, steel. Therefore, it is possible to use a more environmentally friendly substitute. Further interpretation takes place in the next stage of the procedure.




3.5. Integration of Product Quality Level with Life-Cycle Environmental Impact (LCA) and Interpretation of Results


At this stage, the value of the self-cooling beverage can quality indicator (Q) and the value of its environmental impact indicator in LCA were aggregated in terms of carbon-footprint emissions (E). The importance (weights) for quality and environmental aspects was assumed to be at the 0.75: 0.25 ratio for quality and, respectively, for environmental impact. Then, using Formula (2), the aggregated quality and environmental indicators were calculated and presented in the IPA model (Figure 6).



According to the modelled data, it was concluded that the analysed self-cooling beverage can is in the “possible overkill” area. This means that it is currently characterised by a relatively unsatisfactory level of quality and, at the same time, by an environmental impact on the life cycle. It was observed that, compared to the other prototypes (e.g., the second and fourth), it performed the worst. For this reason, it seems necessary to improve the self-cooling beverage can. The third prototype is closest to the “concentrate here” area. It has a relatively low quality level but has the lowest carbon footprint. Currently, it is in the “keep up the good work” area. This means that taking improvement actions for this prototype can contribute to improving quality and reducing the carbon footprint. The second and fourth prototypes are characterised by low priority in further development; they have a relatively high level of quality but a high burden due to carbon-footprint emissions. However, they should not be excluded from the future development of this product. It is essential to direct the development of the self-cooling beverage can to be in the “concentrate here” area. Based on the importance of the criteria for this product, as well as the results obtained from the IPA model, it was concluded that improvement activities should focus on:




	
selection of a means of transport for transporting self-cooling cans;



	
reducing energy use in the production phase of self-cooling cans;



	
the use of appropriate materials that emit less CO2 (e.g., aluminum substitute);



	
changing the way of opening the can;



	
change in can volume.








Taking improvement actions that take into account these proposals may contribute to an increase in the quality level and a smaller carbon footprint for a self-cooling beverage can. It is important to take these actions while also considering the increase in quality and the reduction of the carbon footprint throughout the life cycle of this product. Then, sustainable development of this product in terms of quality and the environment will be possible. However, it should be remembered that the analysis covers the expectations of an individual customer, and the results were modelled in accordance with the adopted system boundaries. Hence, the results may vary depending on the increase in sample size, including changes in the assumptions adopted. Sensitivity analyses will be performed in future studies.



The authors assumed that the procedure would be comparative for prototypes of the same product. Other assumptions can be introduced by decisionmakers/experts conducting these calculations in their enterprise in its specific conditions. Therefore, procedure validation is a separate issue. Since the procedure is intended to be comparative in nature, it is not necessary to have a high degree of confidence that this procedure will reproducibly lead to obtaining results that meet the specified acceptance criteria. Additionally, this procedure provides not only a ranking but also the selection of the area with the most favourable development direction (according to the IPA model), which is not intended to be decisive, only to support the decisionmaker’s decisions.





4. Discussion


Sustainable product development requires entrepreneurs to design and improve products in an environmentally friendly way [55,56,57]. However, this is not the only aspect. It is also important to adapt these products to customer expectations, which change dynamically over time [58,59]. Finding a way to simultaneously analyse product sustainability criteria is a challenge, mainly from the point of view of its entire life cycle [60]. Therefore, the objective of the investigation was to develop a procedure that supports the aggregation of quality-level indicators and life-cycle assessment (LCA) to determine the direction of product improvement. The procedure was tested for a self-cooling beverage can with the “chill-on-demand” system. It has been shown that it is possible to aggregate quality indicators and a life-cycle assessment performed for one environmental load criterion as part of the product-improvement process. Therefore, the adopted hypothesis was confirmed. Therefore, it was concluded that the main benefits of the proposed procedure include, among others,



	
assessment of the product life cycle and its alternatives in terms of any environmental burden criterion;



	
customer’s assessment of the current quality of the product and its alternatives;



	
aggregation of the product quality indicator with the life-cycle assessment indicator;



	
determination of the main environmental burdens in the product life cycle, including the estimation of expected environmental burdens;



	
Identifying the state of product development in terms of quality and the environment and directing it towards increasing product quality and minimising its negative environmental impact.






However, a certain limitation of the procedure is its adaptation of the results to the expectations of a customer and the limitation of the product life-cycle assessment analysis to one selected environmental load. It resulted from the fact that the proposed methodology at this stage is proposed to be used for prototypes of the same product, which particularly concerns adapting the analysis to customer expectations and one environmental load criterion. By comparing the results of different products (prototypes of different products), while quality-level calculations can take place, in the case of carbon-footprint calculations or even a larger number of other environmental load criteria, it is problematic and, from a logical point of view, is pointless. This is evidenced by the basic limitations of the LCA method, the results of which depend on the system boundaries or access to reliable data. In the form of prototypes, the load results for one environmental load criterion are modelled in accordance with the modelled quality level, and adapting the method to verify a larger number of criteria forces further assumptions that will be considered in further research, including method-sensitivity analyses. In the case of this article, it was limited only to the presentation of the method. It was assumed that prototypes of the same product would be compared. So, since the same method will be used in the same conditions by the same experts, the sensitivity of the method will not be significant. At the same time, the IPA model used in the method (applicable in the aggregation of quality and environmental impact indicators) has a universal application—where it is possible to adjust any comparability scales for two different indicators (having different values); hence, it is used in the proposed approach. Additionally, this methodological aspect eliminates the need to conduct a sensitivity analysis. Nevertheless, the problem is important not only from a scientific but also from a utilitarian point of view. Such an analysis will constitute the next stage of research.



Due to the nature of the procedure, it is impossible to predict all limitations for all customers and for all products, or rather their prototypes. Therefore, it seems advisable to focus only on the main limitation, which is the possible need to give up some satisfaction (quality) in order to care for the natural environment. A remedial method may be the use of awareness-raising activities. Marketing can be used for this purpose. This action will be effective because ecological education strategies are being implemented in countries, and young customers respond much better to the need to implement the idea of sustainable development.



Therefore, future research will consist of aggregating the quality indicator with life-cycle assessment indicators relating to a larger number of environmental impact criteria. Additionally, it is planned to expand the research sample and perform a sensitivity analysis of the proposed procedure. The methodology was limited to the main beneficiary, which is the customer. It is undoubtedly interesting, but also in line with the spirit of the times, to also take into account the expectations of other interested parties. However, this is a complex issue that may become the subject of the authors’ research in the future. Taking into account the expectations of other interested parties, it would be necessary to take into account the weight of their opinions. The question arises: to what extent the customer’s opinion is more important than the opinion of the state, the bank, an environmental organization, trade unions, etc.? Determining the matrix of mutual weights is a problem, but using this matrix later is obviously not. Therefore, among others, these should become the subject of separate considerations.




5. Conclusions


The pursuit of sustainable development requires companies to skilfully combine quality, environmental, and economic aspects in product development. This is still a challenge, mainly in terms of striving to increase customer satisfaction while limiting the negative environmental impact of products. Therefore, the objective of the investigation was to develop a procedure that supports the aggregation of quality-level indicators and life-cycle assessment (LCA) to determine the direction of product improvement. The procedure was developed in five main stages, which were tested for a self-cooling beverage can, the use of which is supported by the “chill-on-demand” system.



In accordance with the proposed procedure, the quality level of this can was estimated, taking into account customer expectations. The criteria taken into account in assessing the quality of the can were the height of the can, the external diameter of the can, the diameter of the can base, the volume, the method of opening, the can’s material, and the self-cooling system. The quality level was assessed using formalised scoring. The life cycle of a self-cooling beverage can (and its alternatives) was then assessed according to the carbon-footprint emission criterion. The analysis was supported by the FOOTPRINTCALC 1.2 calculator. The quality and environmental impact indicators were then aggregated according to a simplified mathematical model. The results were interpreted based on the modified IPA model. According to the modelled data, it was concluded that the analysed self-cooling beverage can is in the “possible overkill” area. This means that it is currently characterised by a relatively unsatisfactory level of quality and, at the same time, environmental impact during the life cycle. Based on the remaining alternative solutions and the results of the procedure, it was possible to determine the direction for improving this product. It was deemed necessary to carry out improvement activities, which should aim to select a means of transport for the transport of self-cooling cans, reducing energy use in the self-cooling can production phase, using appropriate materials that emit less CO2, changing the method of opening the can, and changing the volume of the can.



The proposed procedure supports the decisionmaker in choosing a can prototype that, in addition to the desired quality (the most common action so far), also takes into account the impact on the environment (through the carbon footprint of the prototypes). The article’s results regarding the environmental impact and quality of the can do not constitute a direct contribution to achieving sustainable development goals, but rather the way in which the analysis of its variants is carried out. The main contribution is the proposed procedure, which is part of the effort to create tools contributing to achieving sustainable development goals.



Using the described methodology, the sustainable development goals are implemented in a practical way. The undoubted expected benefit is the practicality of the operation, which consists of ensuring simultaneous analysis of the product quality and the environmental impact in the LCA as part of taking appropriate improvement actions. Assuming that enterprises begin to act at least partially pro-environmentally, achieving the sustainable development goals will become more realistic. To use this methodology so widely, it would need to be available, e.g., on a free internet platform. Of course, resources were needed for marketing. However, the most important potential barrier to the implementation of these activities on an industry scale should be the awareness of decisionmakers. If they want to act within the framework of sustainable development, they will find a way, either this method or even another one. But if they do not want to work for sustainable development, they will find a reason, and they will not act.



The proposed procedure is applicable to the qualitative and environmental analysis of any product. When used by manufacturing companies, it can support product development in terms of quality (satisfying customer expectations) and environmental aspects (reducing the key environmental burden in the product life cycle).
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Figure 1. Scheme of the procedure for aggregating indicators of quality level and environmental impact in the product life cycle. Own study based on [28]. 
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Figure 2. Modified IPA model for simultaneous qualitative and environmental analysis. Own study based on [46]. 
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Figure 3. Simplified presentation of the elements of a self-cooling can with their main materials and self-cooling element. Own study based on [47]. 
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Figure 4. Technological process of self-cooling beverage cans. Own study based on [51]. 
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Figure 5. Carbon footprint in the life cycle of a self-cooling beverage can for the following variants: (a) first (real), (b) second, (c) third, (d) fourth. Own study. 
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Figure 6. Direction of quality and environmental improvement of self-cooling beverage cans based on modified IPA model. 
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Table 1. Five-point grading scale adapted to formalized scoring (PS) [25].
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	Number of Points
	Rating
	State





	5 points
	highest
	very beneficial



	4 points
	high
	beneficial



	3 points
	mean
	indirect



	2 points
	low
	unfavourable



	1 points
	lowest
	very unfavourable










 





Table 2. Customer ratings on the importance and quality of the main criteria of a self-cooling beverage can.
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Criterion

	
Criterion Weights

	
Parameter




	
Variant 1

	
Variant 2

	
Variant 3

	
Variant 4






	
Height (mm)

	
3

	
120

	
140

	
90

	
100




	
Outer diameter (mm)

	
3

	
70

	
70

	
50

	
40




	
Base diameter (mm)

	
2

	
50

	
60

	
40

	
40




	
Volume (mL)

	
4

	
550

	
710

	
428

	
553




	
Opening method

	
4

	
Lid with key

	
Press-on lid

	
Lid with key

	
Press-on lid




	
Can material

	
5

	
Aluminium

	
Aluminium

	
Aluminium

	
Aluminium




	
Self-cooling system

	
5

	
Yes

	
Yes

	
Yes

	
Yes




	
Criterion

	
Criterion weights

	
Parameter quality assessment




	
Variant 1

	
Variant 2

	
Variant 3

	
Variant 4




	
Height (mm)

	
3

	
4

	
4

	
2

	
5




	
Outer diameter (mm)

	
3

	
4

	
4

	
3

	
5




	
Base diameter (mm)

	
2

	
4

	
5

	
2

	
2




	
Volume (mL)

	
4

	
3

	
2

	
4

	
3




	
Opening method

	
4

	
2

	
5

	
2

	
5




	
Can material

	
5

	
5

	
5

	
5

	
5




	
Self-cooling system

	
5

	
5

	
5

	
5

	
5











 





Table 3. Selected direct loads in the life cycle of a self-cooling beverage can.
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Input Data

	
Environmental Burdens of Carbon Footprint




	
Variant 1

	
Variant 2

	
Variant 3

	
Variant 4

	
Average Value




	
Value

	
Change (%)

	
Value

	
Change (%)

	
Value

	
Change (%)

	
Value

	
Change (%)






	
Carbon dioxide (kg)

	
0.055

	
−1.8

	
0.071

	
26.8

	
0.043

	
−23.2

	
0.055

	
−1.8

	
0.056




	
Tin-plated steel (kg)

	
0.029

	
−1.7

	
0.037

	
25.4

	
0.023

	
−22.0

	
0.029

	
−1.7

	
0.0295




	
Aluminium (kg)

	
0.039

	
−1.3

	
0.050

	
26.6

	
0.030

	
−24.1

	
0.039

	
−1.3

	
0.0395




	
Activated carbon (kg)

	
0.110

	
−2.0

	
0.142

	
26.5

	
0.086

	
−23.4

	
0.111

	
−1.1

	
0.11225




	
Virgin aluminium (kg)

	
0.010

	
−2.4

	
0.013

	
26.8

	
0.008

	
−22.0

	
0.010

	
−2.4

	
0.01025




	
Recycled aluminium (kg)

	
0.010

	
2.6

	
0.012

	
23.1

	
0.007

	
−28.2

	
0.010

	
2.6

	
0.00975




	
Virgin steel (kg)

	
0.018

	
−1.4

	
0.023

	
26.0

	
0.014

	
−23.3

	
0.018

	
−1.4

	
0.01825




	
Recycled steel (tin-plated) (kg)

	
0.012

	
0.0

	
0.015

	
25.0

	
0.009

	
−25.0

	
0.012

	
0.0

	
0.012




	
Energy for CO2 conversion (MJ)

	
0.061

	
−2.4

	
0.079

	
26.4

	
0.048

	
−23.2

	
0.062

	
−0.8

	
0.0625




	
Energy for AC compression in HEU (MJ)

	
0.086

	
−2.3

	
0.112

	
27.3

	
0.067

	
−23.9

	
0.087

	
−1.1

	
0.088




	
AC regeneration energy (MJ)

	
83.200

	
−1.8

	
107.404

	
26.7

	
64.745

	
−23.6

	
83.654

	
−1.3

	
84.75075




	
Transport (40 km return) (kgCO2eq)

	
1.54 × 10−8

	
0.0

	
1.54 × 10−8

	
0.0

	
1.54 × 10−8

	
0.0

	
1.54 × 10−8

	
0.0

	
1.54 × 10−8











 





Table 4. Recovery processes of selected materials of a self-cooling beverage can and its design alternatives.






Table 4. Recovery processes of selected materials of a self-cooling beverage can and its design alternatives.





	
Process Description

	
Variant 1

	
Variant 2

	
Variant 3

	
Variant 4

	
Average




	
Value

	
Change %

	
Value

	
Change %

	
Value

	
Change %

	
Value

	
Change %






	
Pre-use fraction of virgin aluminium (kg)

	
0.520

	
−1.84

	
0.671

	
26.66

	
0.405

	
−23.55

	
0.523

	
−1.27

	
0.53




	
Pre-use fraction of recycled aluminium (kg)

	
0.480

	
−1.89

	
0.620

	
26.72

	
0.374

	
−23.56

	
0.483

	
−1.28

	
0.49




	
Pre-use fraction of recycled steel (kg)

	
0.400

	
−1.78

	
0.516

	
26.70

	
0.311

	
−23.63

	
0.402

	
−1.29

	
0.41




	
Pre-use fraction of virgin steel (kg)

	
0.600

	
−1.84

	
0.775

	
26.79

	
0.467

	
−23.60

	
0.603

	
−1.35

	
0.61




	
Fraction of recovered aluminium recycled (kg)

	
0.300

	
−1.80

	
0.387

	
26.68

	
0.233

	
−23.73

	
0.302

	
−1.15

	
0.31




	
Fraction of recovered aluminium reused (kg)

	
0.800

	
−1.84

	
1.033

	
26.75

	
0.623

	
−23.56

	
0.804

	
−1.35

	
0.82











 





Table 5. Carbon footprint for the life cycle of a self-cooling beverage can and its variants of production solutions.
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Description

	
Carbon Footprint (kgCO2e)




	
Variant 1

	
Variant 2

	
Variant 3

	
Variant 4

	
Average




	
Value

	
Change %

	
Value

	
Change %

	
Value

	
Change %

	
Value

	
Change %






	
Recycled Steel (kg)

	
−0.002

	
0.000

	
−0.002

	
0.000

	
−0.001

	
−50.000

	
−0.003

	
50.000

	
−0.002




	
Recycled Aluminium (kg)

	
−0.04

	
−32.773

	
−0.082

	
37.815

	
−0.048

	
−19.328

	
−0.068

	
14.286

	
−0.060




	
Virgin Aluminium (kg)

	
0.056

	
−31.077

	
0.113

	
39.077

	
0.069

	
−15.077

	
0.087

	
7.077

	
0.081




	
Virgin Steel (kg)

	
0.017

	
9.677

	
0.021

	
35.484

	
0.013

	
−16.129

	
0.011

	
−29.032

	
0.016




	
Energy for AC pressurizing in HEU (MJ)

	
0.012

	
0.000

	
0.015

	
25.000

	
0.009

	
−25.000

	
0.012

	
0.000

	
0.012




	
Energy for CO2 processing (MJ)

	
0.008

	
−5.882

	
0.011

	
29.412

	
0.007

	
−17.647

	
0.008

	
−5.882

	
0.009




	
Energy for AC regeneration (MJ)

	
11.380

	
−1.831

	
14.691

	
26.731

	
8.856

	
−23.604

	
11.442

	
−1.296

	
11.592




	
Transport (Return journey to Store, 40 km) (tkm)

	
95.812

	
0.000

	
95.812

	
0.000

	
95.812

	
0.000

	
95.812

	
0.000

	
95.812




	
Pre-use fraction of virgin aluminium (kg)

	
4.513

	
−1.838

	
5.823

	
26.656

	
3.515

	
−23.545

	
4.539

	
−1.272

	
4.598




	
Pre-use fraction of virgin steel (kg)

	
0.558

	
−1.890

	
0.721

	
26.769

	
0.435

	
−23.516

	
0.561

	
−1.363

	
0.569




	
Pre-use fraction of recycled steel (kg)

	
−0.064

	
−353.465

	
−0.082

	
−424.752

	
0.311

	
1131.683

	
−0.064

	
−353.465

	
0.025




	
Fraction of recovered aluminium recycled (kg)

	
−2.054

	
25.646

	
−2.650

	
62.104

	
0.233

	
−114.253

	
−2.068

	
26.503

	
−1.635




	
Pre-use fraction of recycled aluminium (kg)

	
−3.287

	
25.626

	
−4.246

	
62.278

	
0.374

	
−114.294

	
−3.307

	
26.390

	
−2.617




	
Fraction of recovered aluminium reused (kg)

	
−5.478

	
25.678

	
−7.074

	
62.294

	
0.623

	
−114.293

	
−5.506

	
26.321

	
−4.359
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