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Abstract: Dynamically identifying key product changes is a challenge for enterprises. It is 

even more complicated if companies strive for the sustainable development of their 

activities. Therefore, the aim of the article was to develop a method to help predict the 

direction of product improvement, taking into account its quality level and environmental 

impact during the life cycle (LCA). The method was based on the design phase of LCA 

and the process of obtaining and processing customer expectations. Techniques 

supporting the developed method were: a questionnaire, a seven-point Likert scale, a 

standardised list of criteria for assessing the product life cycle, the WSM method, and a 

scale of relative states. The product analysis was carried out according to modified criteria 

states, which were evaluated according to: i) customer satisfaction (quality criteria), ii) 

environmental impact of LCA (environmental criteria), and iii) importance of quality and 

environmental criteria for customers. The originality of the method is to support the product 

improvement process to make it environmentally friendly within LCA and, at the same 

time, satisfactory to customers in terms of quality. The method will be used mainly by 

SMEs that want to initially predict the environmental impact of a product, including taking 

into account customer expectations. 

Keywords: LCA, life cycle assessment, quality, customer expectations,  mechanical 

engineering 

 

 

 

1. INTRODUCTION 

Companies constantly strive to meet customer demands. This applies to improving the 

quality of products (Czerwińska and Pacana, 2019; Pacana and Siwiec, 2022a; Ulewicz, 

2018; Borkowski 2012). However, interest in environmental issues has increased 

significantly in recent years (Korzynski and Pacana, 2010; Krynke et al., 2022). For this 

reason, it is crucial to combine the efforts of companies to improve the quality of products 

while minimising their negative impact. This includes areas of sustainable development, 

where in the case of the environment it also concerns the need to assess products 

throughout their life cycle (Proske and Finkbeiner, 2020, Kuzior, 2019).  
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Life cycle assessment (LCA) is a method of identifying and quantifying potential 

environmental impacts. According to ISO 14040, it is a set of procedures and data inputs 

and outputs that include materials, energy, and their impact on the environment (Means 

and Guggemos, 2015; Varun et al., 2009). However, the traditional approach to LCA does 

not include the product quality assessment process in its methodology (Siwiec and 

Pacana, 2022), or, for example, product costs. Therefore, LCA is used mainly to make 

final decisions. This is not the most beneficial approach for sustainable products that 

require significant changes during the improvement process (so-called rethinking design) 

(Lagerstedt et al., 2003). This is due to the lack of access to detailed data, which is 

available in LCA in subsequent stages and is then more reliable (Calado et al., 2019; El 

Badaoui and Touzani, 2022; Ulewicz et al. 2023).  

Therefore, the aim of the article was to develop a method to help predict the direction of 

product improvement, taking into account its quality level and environmental impact during 

the life cycle (LCA). The method was tested for photovoltaic panels. The originality of the 

method is to support the product improvement process to make it environmentally friendly 

within LCA and, at the same time, satisfactory to customers in terms of quality. 

 

2. METHOD OF RESEARCH 

The idea of the method was to support the product design process. The method supports 

this process by predicting what product customers expect (satisfaction with the quality 

level) and what its environmental impact is within the product life cycle (LCA). The method 

was developed in seven main stages. 

Stage 1. Definition of the goal. The entity (expert, decision-maker, company manager, 

etc.) using the proposed model determines the purpose of the research. For this purpose, 

it uses the SMART(-ER) method (Lawor and Hornyak, 2012). The goal is assumed to be 

to predict the direction of product improvement in the design phase of life cycle 

assessment (LCA). This means that products expected by customers will be anticipated 

to simultaneously minimize their negative environmental impact at the production stage in 

the product's life cycle. 

Stage 2. Product selection. The choice is made by the entity. It can be any product, for 

example, one that is being designed or is in the maturity or decline phase (Ostasz et al., 

2022; Pacana and Siwiec, 2021). Further analysis will be carried out for this product. 

Etap 3. Determining product modifications. Modifications are determined based on the 

change in the product criteria. Therefore, initially it is necessary to identify the main criteria 

(according to the catalogue/specification) on which the quality of the product significantly 

depends. These criteria are selected by a team of experts during a brainstorming session 

(Putman and Paulus, 2009). Most often, up to 10 criteria are selected that affect customer 

satisfaction with the use of the product (Ali et al., 2020; Nando et al., 2020; Siwiec et al., 

2022, Idzikowski and Cierlicki 2021). Then, all criteria should be characterised according 

to their current states and possible changes to these states. This is done by describing 

these criteria, e.g., with a parameter or a range of values. 

Stage 4. Determining environmental impact criteria in LCA. To analyze the product 

improvement process in terms of environmental impact in terms of LCA, a list of 

environmental impact criteria was established. These criteria were identified according to 

databases and methods dedicated to life cycle assessment, e.g., OpenLCA, SimaPro 

(Various authors, 2020). On their basis, 99 criteria were selected, grouped and 

standardized to create a list of 25 environmental impact criteria, i.e.: (1) climate change, 
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(2) depletion/destruction/depletion of the ozone layer, (3) toxicity to humans (including 

carcinogenic effects or not), (4) ecotoxicity of water (fresh/land/marine), (5) terrestrial 

ecotoxicity, (6) creation of photo-oxidants, (7) acidification (water/soil), (8) eutrophication 

(water/land), (9) global warming, (10) ozone layer depletion, (11) ozone formation (human 

health/terrestrial ecosystems), (12) photochemical potential of oxidant formation, (13) 

waste (hazardous / bulky / radioactive / radioactive / deposited), (14) abiotic depletion 

(elements/fossil fuels/other resources), (15) particulate matter or inorganic substances in 

the respiratory system / Effects on the respiratory system, (16) ionizing radiation (human 

health/ecosystems), (17) land use, (18)  resource scarcity / mineral extraction, (19) water 

consumption/water footprint, (20) heavy metals to water/soil/air, (21) radioactive 

substances into air/water, (22) water pollution, (23) noise, (24) soil pesticides, (25) major 

air pollutants. 

From the developed list of environmental impact criteria for LCA, the expert team selects 

only those that may occur for the proposed research subject. According to preliminary 

research, i.e. (Siwiec et al., 2022), up to 9 environmental criteria are most frequently 

analysed.  

Stage 5. Assessment of environmental impact and obtaining customer expectations. 

A team of experts assesses the environmental impact of all product criteria (Liu and Dai, 

2022; Neramballi et al., 2020). For this purpose, it uses a scale of 1-7, where 1 - the least 

negative impact, 7 - the most negative impact. Then, customer expectations are obtained 

regarding i) the importance of the product criteria (quality and environmental), ii) 

satisfaction with the product criteria states (possible modifications). Customers express 

their expectations using a scale of 1-7, where 1 - a criterion that is practically unimportant 

/ a criterion that is barely satisfactory, 7 - a criterion that is definitely the most important / 

a criterion that is definitely satisfactory. The ratings are awarded in a questionnaire, which 

is one of the most popular techniques for examining customer requirements (Chen et al., 

2003; Lee et al., 2019). The research sample (number of customers) should be estimated 

according to the method presented in (Siwiec and Pacana, 2021a).  

Stage 6. Calculation of quality level and environmental impact of product criteria. On the 

basis of the evaluation of the quality weights of the product criteria and the satisfaction 

ratings with their modification, the quality levels for product modifications are calculated. 

However, according to the evaluation of the weights of environmental criteria and the 

assessment of the environmental impact of these criteria, the level of the environmental 

impact of the product is calculated for the design phase in LCA. The WSM (Weighted Sum 

Model) method is used for this purpose (Markatos et al., 2023; Mushtaq et al., 2023), 

which is an uncomplicated procedure and no need to standardise assessments for various 

types of criteria. Quality level and environmental level are initially calculated for each 

product criterion status as shown in formula (1) (Garcia-Ayllon et al., 2021; Tran et al., 

2021): 

𝑄𝑖
𝑊𝑆𝑀 =∑𝑤𝑖𝑗

𝑞
𝑥𝑖𝑗
𝑞
= 𝑞𝑖𝑗

𝑛

𝑛

𝑖=2

, 𝐸𝑖
𝑊𝑆𝑀 =∑𝑤𝑖𝑗

𝑒 𝑥𝑖𝑗
𝑒 = 𝑒𝑖𝑗

𝑛

𝑛

𝑖=2

 (1) 

where: Q – level of quality, E – level of environmental impact, w – assessment of the 

importance of the criterion, x – assessment of satisfaction in terms of the condition of the 

criterion or impact on the natural environment, n – customer, i – criterion, j – status of the 

criterion, i, j, n = 1, …, m. 

Quality and environmental levels are presented as decimal values; therefore, a formula is 

used (2): 
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𝑄𝑖𝑗
𝑛 =

𝑞𝑖𝑗
𝑛

1000
𝑎𝑛𝑑 𝐸𝑖𝑗

𝑛 =
𝑒𝑖𝑗
𝑛

1000
 

(2) 

The results from this stage are used in further analyses, as presented in the next part of 

the article. 

Stage 7. Anticipating qualitative-environmental decisions in the product design process 

that will satisfy the customer. For this purpose, a summary level of quality and 

environmental impact should be determined in the context of LCA should be determined. 

A pattern is used for this purpose (3): 

𝑄𝐸𝑖𝑗 = 𝑄𝑖𝑗
𝑛 + 𝐸𝑖𝑗

𝑛  (3) 

where: Q – quality, E – environmental impact, i – criterion, j – criterion status. 

The qualitative and environmental levels are then analyzed according to the scale of 

relative states presented in the literature on the subject (Ostasz et al., 2022; Pacana and 

Siwiec, 2022b; Siwiec and Pacana, 2021b; Siwiec and Pacana 2021c; Ulewicz et al., 

2021). According to the quality-environmental levels, it is possible to predict the direction 

of product improvement within LCA. The levels with the highest values on the scale of 

relative states are also those that most satisfy customers and have the lowest possible 

negative environmental impact (Olejarz et al., 2022; Siwiec and Pacana, 2021a, Leda ET 

AL. 2023).  

 

3. RESULTS 

The model test was performed according to the steps of the method. The analysis mainly 

involved photovoltaic panels (PVs), which have a significant impact on the natural 

environment. Their choice was based on their universality and popularity, which 

contributed to the increased production of these products. At the same time, it resulted in 

the deterioration of the natural environment, mainly as a result of polysilicon mining or the 

production of cells and modules (Hemeida et al., 2022; Singh et al., 2013). Therefore, the 

entity that used the method defined the purpose of the research, i.e. predicting favorable 

decisions in the PV design process that will be satisfactory in terms of quality and 

environmental impact under LCA. Then, the team of experts selected the key PV criteria. 

The selection was made according to the product catalogue and these were: (Q1) rated 

power (Wp), (Q2) short-circuit current (A), (Q3) open-circuit voltage (V), (Q4) efficiency 

(%), (Q5) number of cells, (Q6) degree of integration. The characteristics of these PV 

criteria are presented in the literature, that is, (Lucchi et al., 2020; Pacana and Siwiec, 

2022b; Sánchez-Pantoja et al., 2021, 2018). Subsequently, in the PV catalogue, these 

criteria were characterised according to their possible modifications. These were the 

ranges above and below the current state, i.e.: rated power 315 Wp, short-circuit current 

10 A, open-circuit voltage 48 V, efficiency 19 %, number of cells 120, degree of integration 

particularly. 

Then environmental impact criteria were selected within LCA. The selection was made by 

a team of experts according to a previously presented list of criteria. During brainstorming, 

the following criteria were selected: (E1) ozone layer depletion, (E2) photochemical 

potential for oxidant formation, (E3) waste, (E4) abiotic depletion and (E5) resource 

scarcity. Taking into account the criteria states, they were assessed in terms of 

environmental impact. This was done by a team of experts. Furthermore, as part of 

preliminary research, a sample of eight customers was obtained who evaluated their 

satisfaction with the quality criteria and assessed the importance of quality and 

environmental criteria. The result is presented in Table 1. 



23        MPROVING PRODUCTS CONSIDERING CUSTOMER EXPECTATIONS AND LIFE CYCLE ASSESSMENT 
(LCA) 

 

Table 1 

Excerpt from the importance ratings, satisfaction ratings and environmental impact ratings for the 

PV criteria. 

Quality criteria Environmental criteria with weight 

Weight 
Satisfaction ratings 

for states 
E1 (6) E2 (4) E3 (7) E4 (5) E5 (4) 

Environmental impact ratings 

Q1 (6) 

State 1 3 2 3 3 4 6 

State 2 4 3 3 2 4 5 

State 3 6 3 4 5 5 5 

Q2 (4) 

State 1 4 3 5 5 3 3 

State 2 4 2 5 5 2 5 

State 3 5 2 5 6 3 6 

…  

Q6 (6) 

State 1 4 3 5 6 6 4 

State 2 4 2 5 4 5 3 

State 3 5 1 3 4 4 2 

 

Then, using formulas (1-2), the quality levels of the photovoltaic and the environmental 

impact levels of the photovoltaic were calculated. The WSM method was used for this 

purpose. Calculations were made based on assessments of the importance of the criteria, 

satisfaction with the quality of the criteria, and environmental impact. The qualitative and 

environmental levels of photovoltaic panel were then assessed. Formula (3) was used for 

this purpose. Later, the relative state scale was used to predict the beneficial modification 

of photovoltaic panel in both qualitative and environmental terms (Tab. 2).  

 

Table 2 

Ranking of qualitative-environmental levels of PV. 

States 
Quality 

level 

Environmental  

impact level 

Qualitative-

environmental level 

Predicting 

satisfaction  
Ranking 

State 1 0.12 0.74 0.86 beneficial 1 

State 2 0.14 0.49 0.63 moderate 3 

State 3 0.19 0.51 0.70 satisfactory 2 

 

Based on the results obtained, it was predicted that the most advantageous would be PV 

modified in terms of condition number 1. It occupies the first position in the ranking. Its 

level of quality and environmental impact at the same time is the most favourable. 

Therefore, designing photovoltaics according to the criteria modified by state number 1 

will allow for customer satisfaction with the use of photovoltaics, as well as achieving the 

lowest possible environmental impact. If a design solution for these states would not be 

possible (e.g. too high costs), a photovoltaic design should be considered according to 

state 3 and then according to state 2. If the number of states were larger and the expected 

satisfactions would be similar, the final decision on the design method should be on the 

entity using the method. Additionally, the weights of the quality and environmental criteria, 

as well as the assessment of the status of these criteria, had an impact on the final results 

of the method. Therefore, in another case, the solutions obtained may be different. 

 

4. DISCUSSION AND CONCLUSION 

Product improvement concerns not only meeting customer requirements, but also 

reducing their negative impact on the natural environment (Shen et al., 2022). This is due 
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to the need to pursue sustainable development, which includes the needs of society, the 

economy, and the environment. Hence, companies are looking for methods that support 

making accurate development decisions (Alejandrino et al., 2022; Ziemińska-Stolarska et 

al., 2021). Therefore, the aim of the article was to develop a method to help predict the 

direction of product improvement, taking into account its quality level and environmental 

impact during the life cycle (LCA). The developed method consisted of seven main stages, 

including: identification and assessment of modifications to product criteria in terms of 

their importance, meeting customer expectations, and environmental impact. The method 

was tested for commonly used photovoltaic (PV) panels. These panels were analysed for 

three different modifications. As a result, a modification ranking was developed, which 

allows predicting how to design or improve PV to achieve customer satisfaction and 

reduce the negative environmental impact. The benefits of the proposed method include: 

• providing an environmental impact analysis of the product criteria in the context of LCA; 

• predicting the direction of product improvement while taking into account the level of 

product quality and its environmental impact in terms of the life cycle; 

• low-cost and simple model supporting initial product development decisions. 

The limitations of the method include, for example, the need to acquire an appropriate 

number of customers to meet market requirements and the lack of quantitative analyses 

in the assessment of the entire life cycle. Hence, future research will be based on 

extending the model to subsequent LCA phases. At the same time, the method will be 

tested with a larger number of customers and for other products. The method can be used 

by any entity to determine the direction of improvement of the product. It can be used 

mainly by small and medium-sized enterprises (SMEs) that want to initially predict the 

environmental impact of a product, including taking into account customer expectations. 
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