
Environmental Impact Assessment Review 98 (2023) 106943

Available online 8 October 2022
0195-9255/© 2022 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Sustainability assessment of products - Case study of wind turbine 
generator types 

Linda Omodara a, Paula Saavalainen a, Satu Pitkäaho a, Eva Pongrácz b, Riitta L. Keiski a,* 
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A B S T R A C T   

This study proposes a product sustainability assessment tool (PSAT) that addresses the environmental, health and 
safety, social, and economic sustainability aspects from a life cycle perspective. The proposed PSAT uses the 
principles of Green Chemistry, Industrial Ecology, and Green Engineering as guidelines in the development of its 
assessment criteria. The developed assessment criteria are expressed as easy-to-answer questions covering the 
environmental, social, health and safety and economic aspects of sustainability. PSAT also incorporates life cycle 
assessment impact categories and the Circular Economy approach. PSAT comprises an Excel checklist of a 
questionnaire with a drop-down list of answers to select from describing the sustainability impact of the assessed 
product. PSAT serves to highlight the sustainability hotspots in a product’s life cycle. The questionnaire consists 
of qualitative and quantitative assessment criteria and contains a total of 97 questions, out of which there are 11 
design questions, 22 materials selection questions, 31 manufacturing questions, 24 use questions, and 9 end-of- 
life questions. The PSAT scoring system enables users to compare the sustainability performance of their 
products. PSAT aims to aid users in making informed decisions before purchasing a product based on the in-
formation on how the product is designed and what materials it contains, how it was manufactured, how it will 
perform during its use, and what will happen at the end of its useful life. It also aims to aid product manufac-
turers and designers in incorporating sustainability into all stages of the product life cycle. The PSAT method-
ology promotes a holistic view of a product life cycle, including the design, materials selection, manufacturing, 
use, and end-of-life stage. 

As a case study, PSAT was used to perform a comparative sustainability assessment of two types of 3 MW rated 
power wind turbines: a direct-drive permanent magnet synchronous generator (PMSG) and a doubly-fed in-
duction generator with a gearbox (DFIG). The results from the sustainability assessment reveal that the DFIG 
wind turbine had a better sustainability impact than the direct-drive PMSG in the materials selection, 
manufacturing, and end-of-life life cycle stages. On the other hand, the direct-drive PMSG had a better sus-
tainability impact than DFIG in the life cycle stages design and use. Overall, DFIG demonstrated a better sus-
tainability impact than the direct-drive PMSG.   

1. Introduction 

The concept of sustainability is very important and has gained more 
traction due to the adoption of sustainable development goals in the UN 
Agenda 2030. This agenda sets a blueprint for people and the planet 
both for the present and the future (United Nations, 2015). Due to the 
importance of sustainability, it is crucial to develop tools to measure the 
sustainability impacts of products, processes, and systems. All products 
can cause environmental, social, health and safety, and economic im-
pacts at their various life cycle stages. The full extent of the product’s 

impact can only be fully comprehended via sustainability assessment. 
The world’s consumption of finite resources is constantly increasing at a 
rapid pace, primarily because of the continually growing population and 
economic development. There is a need to manufacture sustainable 
products with low negative impacts throughout their life cycle. The 
design stage of a product is crucial in creating sustainable products as it 
affects the sustainability impacts throughout the product life cycle from 
all stakeholders’ perspectives. (Hapuwatte and Jawahir, 2021) Con-
sumers play a vital role in product sustainability through their behav-
iors, actions, and purchase decisions. Designers, manufacturers, 
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consumers, and users of products need to be adequately equipped with 
both knowledge and understanding that would aid them in making 
sustainable decisions. (Reuter et al., 2019). 

Sustainability assessment can aid decision-making processes by 
using the obtained assessment results to guide stakeholders and 
decision-makers. Sustainability assessment takes into consideration 
environmental, social, and economic aspects of sustainability (Cesar, 
2017). Sustainability aspects can be assessed using indicators, with each 
indicator representing the relevant sustainability dimension (Rincón 
et al., 2020). 

This study is organised as follows. After the introduction chapter 
(Chapter 1), Chapter 2 describes the methods used to develop PSAT. It 
further highlights the systems boundary and life cycle stages considered 
in PSAT. Additionally, it defines PSAT assessment criteria and the 
formulation of the questions. It also presents the direct-drive PMSG and 
the DFIG as case studies and conducts a sustainability assessment with 
PSAT. Chapter 3 presents the results from the sustainability assessment 
and discusses the results. Finally, Chapter 4 presents the main conclu-
sions, including the main research contributions to create new knowl-
edge and needs for future studies. 

1.1. Evaluation of existing product sustainability assessment tools and 
methodologies 

Over the years, some assessment tools and methodologies have been 
proposed to evaluate products, processes, materials, or systems. In the 
earlier approaches for product sustainability assessment, He et al. 
(2019) proposed a product sustainability assessment tool based on a 
graph theory approach that uses energy and resource-related indicators 
besides environmental, technical, and economic indicators. However, 
health and safety indicators were not considered, and the tool is suitable 
for mechanical product sustainability, e.g., robots. Srinivasan and Nhan 
(2008) have developed a method for evaluating the benignness of 
chemical products at their early design stages. The indicators used in this 
study included environmental, health and safety, and economic sus-
tainability aspects; however, the manufacturing and end-of-life stages of 
the products were not taken into account here. Fiksel et al. (1998) 
proposed a method to evaluate product sustainability using the triple 
bottom line (TBL) approach. Here sustainability indicators were pro-
posed. However, it was not considered from a life cycle perspective and 
was also not tested. Other studies have focused on comparative LCA 
(Guezuraga et al., 2012; Haapala and Prempreeda, 2014; Kabir et al., 
2012; Schreiber et al., 2019; Wang et al., 2019). 

Life Cycle Assessment (LCA) is a well-established and widely used 
methodology used to assess the environmental impact of products, 
processes, or services throughout the entire life cycle, i.e., from the 
extraction of raw materials to the end-of-life of products (Atia et al., 
2020). LCA follows the ISO 14040 (2006) standardization, which de-
fines the following steps: (i) goal and scope definition, (ii) inventory 
analysis, (iii) impact assessment, and (iv) interpretation. LCA is the 
preferred assessment method to answer environmental footprint-related 
questions (Lassio et al., 2021). LCA is useful in evaluating a product’s 
environmental impacts. However, it focuses only on the environmental 
aspect of sustainability, does not consider the economic and social as-
pects of sustainability, is expensive to acquire, and requires an expert to 
conduct and interpret the results, making it challenging for new users 
(Pryshlakivsky and Searcy, 2021). 

Social Life Cycle Assessment (SLCA) is a methodology that integrates 
traditional LCA methodology with social impacts as its primary focus 
throughout the entire life cycle of a product, process, or service (Fortier 
et al., 2019) However, SLCA is not well-developed, and its challenges 
include: (i) it does not consider the reciprocity between humans and the 
environment, (ii) it lacks a theoretical basis and standards, and (iii) there 
is no harmonized method or framework for conducting the assessment. 
(Bhambhani et al., 2022; Larsen et al., 2022) Other challenges regarding 
SLCA are that it can be expensive, especially if extensive data is required 

for the assessment, and it uses subjective qualitative data (UNEP, 2009). 
Life Cycle Costing (LCC) is a methodology used to assess the cost 

associated with the entire life cycle of a product, process, or service. LCC 
can be used to assess economic impacts but not environmental or social 
impacts. LCC is performed through calculations of life cycle cost esti-
mates (Visentin et al., 2020). Although LCC is useful in comparing the 
capital investment and profitability of a product or process, it can be 
used to support economic feasibility and decision-making relating to 
investments. However, it is not yet standardized and is not as widely 
used as LCA (European Commission, 2022a; Larsen et al., 2022; Visentin 
et al., 2020). 

1.2. PSAT considerations 

This study proposes a product sustainability assessment tool (PSAT) 
that incorporates the principles of Green Chemistry, Green Engineering, 
and Industrial Ecology as guidelines in developing its assessment criteria 
expressed as easy-to-answer questions. Additionally, PSAT integrates 
life cycle impact categories and Circular Economy concepts in devel-
oping its assessment criteria. 

PSAT comprises an Excel checklist of questions with a drop-down list 
of answers. PSAT recognizes the roles of key stakeholders as crucial in 
creating value for products. The key stakeholders considered in PSAT 
are; (i) product designers, (ii) product manufacturers, and (iii) product 
users. PSAT will aid users in making informed decisions before pur-
chasing a product based on the information on how the product is 
designed and what materials it contains, how it was manufactured, how 
it will perform during its use, and what will happen at the end of its 
useful life (end-of-life). Besides aiding users in their product choice, 
PSAT will also help product manufacturers and designers to incorporate 
sustainability into all stages of the product life cycle; the design, mate-
rials selection, manufacturing, use, and end-of-life stages. Under the 
Standard International Trade Classification (SITC) and its classes of 
products, PSAT can be used for manufactured goods (SITC 6) and ma-
chinery and transport equipment (SITC 7) (Rodrigue, 2020). 

The proposed PSAT aims to fill the gap of the earlier approaches to 
developing product sustainability assessment tools and assessment 
methodologies. It achieves this through the following ways: 

(i) PSAT is holistic and considers all sustainability aspects (envi-
ronmental, social, health and safety, economic). 

(ii) PSAT covers all product life cycle stages (design, materials se-
lection, manufacturing, use, and end-of-life).  

(iii) PSAT highlights sustainability hotspots in the product life cycle 
stages.  

(iv) In PSAT, the developed assessment criteria are expressed as easy- 
to-answer questions covering all sustainability aspects.  

(v) PSAT does not contain any expensive software.  
(vi) PSAT is a very comprehensive, easy-to-use tool and serves as a 

guide when comparing different product options.  
(vii) PSAT offers flexibility, and its results are easy to interpret.  

(viii) PSAT aids users in making informed decisions before purchasing 
a product based on the information on how the product is 
designed and what materials it contains, how it was manufac-
tured, how it performs during its use, and what happens at the 
end of its useful life (end-of-life).  

(ix) PSAT aids product manufacturers and designers in incorporating 
sustainability into all stages of the product life cycle. 

2. Methods 

The methods used in developing PSAT promote a holistic view of a 
product life cycle, including the design, materials selection, 
manufacturing, use, and end-of-life stages. PSAT methods include a 
sustainability assessment framework illustrated in Fig. 1. The sustain-
ability assessment framework includes (i) systems boundary and 
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product life cycle stages, (ii) definition of PSAT assessment criteria and 
formulation of the questions, (iii) sustainability assessment of a case 
study - wind turbines, and (iv) evaluation of results. 

The following steps were taken to develop the proposed PSAT 
methodology: 

Step 1: Literature analysis relating to existing product assessment 
tools and methods and identifying the gaps. 

Step 2: Literature analysis relating to Green Engineering, Green 
Chemistry, Industrial Ecology, and Circular Economy to identify their 
respective considerations. 

Step 3: Proposal for the systems boundary and the product life cycle 
stages. 

Step 4: Development of the assessment criteria contained in the PSAT 
questionnaire across the design, materials, selection, manufacturing, 
use, and end-of-life life cycle stages; using Green Engineering, Green 
Chemistry, and Industrial Ecology principles as guidelines during the 
formulation of questions and considering the major influencing factors 
affecting the various stakeholders (designers, manufacturers, con-
sumers/users). 

Step 5: Integration of LCA impact categories to the list of 
questionnaire. 

Step 6: Development of the scoring system adapted from the Likert 
scale. 

Step 7: Creation of an Excel checklist and addition of the questions 
developed in Step 3 with a drop-down list. 

Step 8: Comprehensive sustainability assessment with PSAT across 
the product life cycle stages. 

Green Chemistry is a sustainability framework and consists of a set of 
twelve principles aiming to work at a molecular level to achieve sus-
tainability. It is defined as “the design of chemical products and pro-
cesses to reduce or eliminate the use and generation of hazardous 
substances.” Green Chemistry applies to all industrial sectors, such as 
automobiles, electronics, energy, and aerospace (Anastas and Warner, 
1998). The most important aspect of Green Chemistry is the philosophy 
of design, whereby the Green Chemistry principles, also regarded as 
design rules, enables manufacturers to attain sustainability (Zeng and Li, 
2021). The principles of Green Chemistry are vital in reducing envi-
ronmental footprints and improving the safety of chemical products and 
processes (Whiteker, 2019). 

The Green Chemistry approach in practice is beneficial to the envi-
ronment, human health and safety, and the economy. For the environ-
ment, Green Chemistry seeks to ensure that safer chemicals that are non- 
toxic to the environment and marine life are used, lower the potential for 
global warming and ozone depletion, and minimize waste in chemical 
processes through the use of catalysts. For human health and safety, 
Green Chemistry seeks to ensure that non-hazardous chemicals that are 
not harmful to humans are used. For the economy, Green Chemistry 
seeks to ensure that higher yields and faster reaction rates are achieved 
in a chemical reaction and that energy and water savings are ensured. 
(EPA, 2021a) Incorporating sustainability considerations into chemical 
processes needs to be implemented in the design stage of chemical 
production processes (Erythropel et al., 2018). 

The Green Chemistry approach can serve as a baseline for carrying 
out sustainability assessments. However, it does not provide metrics to 
quantify sustainability, and this has been identified as a research gap 

(Erythropel et al., 2018; Zimmerman et al., 2020). Erythropel et al. 
(2018) and Zimmerman et al. (2020) have called for the design and 
innovation of sustainability tools and metrics using Green Chemistry 
principles. This study fufils this call by developing and testing a novel 
PSAT tool using the Green Chemistry approach. The developed PSAT 
tool is quantifiable and can be used for comparative sustainability 
assessment of products. 

Green Engineering provides a framework that will aid scientists and 
engineers in designing products, materials, processes, and systems that 
are safe for human health and the environment. Green Engineering is 
based on twelve principles that cover environmental, social, and eco-
nomic sustainability aspects and is especially useful in integrated sys-
tems (Anastas and Zimmerman, 2003). When incorporating the Green 
Engineering principles in practice, designers should ensure that all 
materials and energy input are as inherently non-hazardous as possible 
(McDonough et al., 2003). The Green Engineering principles are utilized 
in diverse applications and research areas, including renewable energy, 
environmental monitoring, green products and technologies, pharma-
ceutical manufacturing, process optimization, biodiesel and biofuel 
production, synthesis of organic carbonates from CO2, etc. (Patel et al., 
2014). 

Some advantages of the Green Engineering principles for products 
and processes include: (i) the use of a life cycle thinking approach, (ii) 
the conservation of Earth resources while simultaneously protecting the 
health and well-being of humans, and (iii) seeking to ensure that input 
materials and energy, output wastes and emissions are inherently safe 
and benign (US EPA, 2021a). 

Even though the Green Engineering principles provide a sustain-
ability template, the guidelines are qualitative and not quantifiable. In 
order to use the Green Engineering guidelines in a sustainability 
assessment, there is a need to develop measurable sustainability 
assessment criteria. For these reasons, the United States Environmental 
Protection Agency (EPA) has encouraged the public and private sectors 
to develop assessment tools and methods to promote Green Engineering 
(US EPA, 2021a). In this study, the Green Engineering principles served 
as guidelines during the development of the assessment criteria. They 
were selected because (i) they cover all aspects of sustainability, (ii) they 
take into consideration all the life cycle stages of a product, and (iii) the 
guidelines can be used to formulate practical and measurable assessment 
criteria. 

Industrial Ecology is defined as the transformation of materials used 
in a product chain from a linear to a circular model and the interactions 
of a high-technological society with the environment (Zeng and Li, 
2021). The circular model closes the loop for materials and energy flows 
and is charged with improving the efficiency of resources and reducing 
waste reuse, remanufacturing, recycling, and recovery (Zeng et al., 
2022). In Industrial Ecology, sustainability can be maintained by the 
continued advancement of economic, technological, and cultural evo-
lution. Industrial Ecology seeks to optimize the complete products and 
materials cycle while optimizing resources, capital, and energy. Indus-
trial Ecology focuses on studying products and the environmental im-
pacts at various stages of the product’s life cycle while rejecting the 
waste concept. In general, Industrial Ecology principles promote the 
sustainability performance of products and their manufacture. (Graedel 
and Allenby, 2003) Similar to the Green Chemistry and Green 

Fig. 1. Sustainability assessment framework for the case study of wind turbines.  
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Engineering sustainability approaches, Industrial Ecology also does not 
provide metrics to quantify sustainability. Dewulf and Herman (2005) 
have developed sustainability indicators using Industrial Ecology prin-
ciples, while Sullivan et al. (2018) have proposed a baseline for quan-
titative analysis using Industrial Ecology principles. Similarly, Dewulf 
and Langenhove (2005) have established that Industrial Ecology could 
aid in quantifying the environmental sustainability of technology 
through the integration of its principles into the development of envi-
ronmental indicators. In this study, the Industrial Ecology concept was 
considered during the development of the assessment criteria used in the 
PSAT tool. Additionally, Industrial Ecology covers all aspects of sus-
tainability from the life cycle perspective, and its principles are suitable 
for evaluating the sustainability performance of products. 

Circular Economy can be defined as an economic system that seeks to 
close energy and material loops and prevent the depletion of resources 
by keeping resources within the economy after the product has reached 
its end-of-life stage. Circular Economy aims to reduce and reverse the 
impacts of climate change and eliminate waste by keeping the added 
value in products for an extended period. Circular Economy solutions 
are vital because they help in safeguarding biodiversity and combatting 
the climate crisis. (Grafström and Aasma, 2021; Sitra, 2022) Industrial 
Ecology is an essential part of Circular Economy. The major differences 
between Circular Economy and Industrial Ecology are that Industrial 
Ecology focuses on the environmental impacts of industrial activities. 
On the other hand, Circular Economy focuses on added value and is 
focused on keeping existing materials in the economic system as long as 
possible. Additionally, Circular Economy recognizes the role of the 
various stakeholders of the product (Dewulf and Langenhove, 2005; Jia 
et al., 2016). In this study, the Circular Economy approach was 
considered throughout the life cycle stages of the PSAT tool and in the 
development of the assessment criteria. Fig. 2 illustrates how the 
concept of circularity is considered in PSAT. 

Table 1 lists the proposed PSAT life cycle stages, which form the basis 
of the assessment criteria. The developed assessment criteria are 
expressed as easy-to-answer questions covering the environmental, so-
cial, health and safety, and economic aspects of sustainability. Table 1 
further describes which aspects of Green Chemistry, Green Engineering, 
and Industrial Ecology principles were used to develop the assessment 
criteria in the PSAT tool. 

2.1. Systems boundary and product life cycle stages 

The systems boundary and product life cycle stages are shown in 
Fig. 3. The systems boundary shows the energy and material inputs and 
the wastes and emissions outputs of the assessed product. The life cycle 
stages of the assessed product include the design, materials selection, 
manufacturing, use, and end-of-life stages. The use phase can be 
extended by ReX steps, such as repair, maintenance, reuse, repurpose 
and upgrade operations. The end-of-life stage is critical in enhancing 
circularity, starting with disassembly, followed by remanufacturing, 
recycling, other recovery, and disposal. Both turbines have an estimated 
lifespan of 20 years. The functional unit is a reference value for 
comparing the wind turbines’ assessed results with each other. The 
functional unit used for the assessment is set as the output of 1 kWh 
electricity. 

At the end-of-life stage, the wind turbine manufacturer can choose to 
perform remanufacture, recycle, other recovery (i.e., turning waste into 
fuel) operations, or dispose of its components and materials to the 
landfill. Additionally, experience obtained from the end-of-life stage can 
influence the design. 

2.2. Definition of PSAT assessment criteria and formulation of the 
questions 

The development of PSAT assessment criteria uses selected principles 
from Green Chemistry, Green Engineering, and Industrial Ecology. 
These principles, alongside the Circular Economy approach, served as 
guidelines in developing PSAT. Additionally, LCA impact categories 
were integrated into PSAT. Finally, PSAT assessment criteria were 
expressed as easy-to-answer questions in the questionnaire. 

Fig. 4 illustrates the PSAT life cycle stages. The life cycle stages are 
grouped according to qualitative and quantitative assessment criteria. 
For example, the manufacturing, use, and end-of-life life cycle stages 
include quantitative and qualitative assessment criteria. On the other 
hand, the design, material selection, manufacturing, use, and end-of-life 
life cycle stages include qualitative assessment criteria. 

PSAT contains a total of 97 questions that cut across the environ-
mental, health and safety, social, and economic aspects of sustainability, 
out of which there are 11 design questions, 22 materials selection 
questions, 31 manufacturing questions, 24 use questions, and 9 end-of- 

Fig. 2. The circularity concept considered in PSAT. ReX refers to any life cycle operation that can extend the product’s life, including repair, maintenance, reuse, 
repurpose, and upgrade. 
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Table 1 
PSAT life cycle stages.  

Green 
Chemistry 

Green 
Engineering 

Industrial Ecology PSAT assessment 
criteria by life cycle 
stages 

Design 
chemicals 
and 
products to 
degrade 
after use 

Durability 
rather than 
immortality 

Every process and 
product should be 
designed to 
preserve the 
embedded utility 

1. DESIGN 
In the assessment of the 
design stage, the 
objective is to gain 
insight and information 
on how sustainability 
was influenced already 
at the design stage. The 
issues to assess are, the 
lifespan of the product, 
the visual aesthetics, 
the ease of use of the 
product, whether the 
product fits the end- 
user lifestyle, the type 
and quantity of 
packaging used for the 
product, etc. 
Additionally, the 
assessment covers the 
health and safety 
implications of using 
the product and 
whether the product 
was manufactured 
ethically. A product’s 
structure determines 
how much time, cost, 
and ease at which it can 
be disassembled at the 
end-of-life e.g., a simple 
structure is easier to 
disassemble than a 
complex one. 
Additionally, the 
number of materials 
utilized in a product 
should be considered to 
enhance a favorable at 
the end-of-life. 
Finally, preserving the 
embedded utility of the 
product should be put 
into consideration 
during product design. 

Design less 
hazardous 
chemical 
syntheses 

Inherent rather 
than 
circumstantial 

Industries should 
get most of the 
needed materials 
through recycling 
streams 

Use 
renewable 
feedstocks 

Renewable 
rather than 
depleting 

Industries should 
make minimum use 
of materials and 
energy in products, 
processes, and 
services 
Industries should 
choose abundant, 
non-toxic materials 
when designing 
products 

2. MATERIALS 
SELECTION 
The choice of materials 
used in the 
manufacturing of a 
product is an important 
factor that the 
assessment covers. It is 
important to know if the 
materials used are 
obtained locally or 
imported, which often 
affects the price of the 
product. It is also 
important to know 
whether critical or 
noble metals are used. 
Additionally, 
information about 
renewability, 
biodegradability should 
be made known, as well 
as whether any of the 
materials used are on 
the list of conflict 
materials. 
A product’s structure  

Table 1 (continued ) 

Green 
Chemistry 

Green 
Engineering 

Industrial Ecology PSAT assessment 
criteria by life cycle 
stages 

determines how much 
time, cost, and ease at 
which it can be 
disassembled during its 
end-of-life e.g., a simple 
structure is easier to 
disassemble than a 
complex one. 
Additionally, the 
number of materials 
utilized in a product 
should be considered to 
enhance a favorable 
end-of-life. The 
assessment also 
contains information on 
whether a product has 
ecological labels and 
environmental 
certifications. 
Furthermore, if critical 
raw materials or noble 
metals are used during 
the manufacturing of 
the product; it is 
important to take into 
consideration whether 
these materials can be 
recycled at the end-of- 
life of the product. 

Prevent 
waste 

Prevention 
instead of 
treatment 

Every molecule that 
enters a specific 
manufacturing 
process should 
leave that process as 
part of a saleable 
product 

3. MANUFACTURING 
Wastage affects the 
overall costs and 
profitability of a 
product. The 
assessment should 
contain information 
about if the product is 
made up of recycled or 
remanufactured 
components/materials. 
Information about the 
nature of the waste 
produced during 
manufacturing is 
evaluated. The social 
sustainability of the 
process is closely 
related to the nature of 
waste produced as well. 
In Circularity thinking, 
one can say that it is 
fine to produce waste if 
it all becomes utilized, 
especially if it is a 
valuable side-product. 
The assessment also 
contains information 
about the product’s 
weight because a 
heavier product often 
means a higher amount 
of raw materials used to 
manufacture it, and this 
often translates to high 
cost. 
It is important to take 
into consideration the 
amount of energy that 
would be consumed 
during the entire life 
cycle of the product. 
Higher consumption of 
energy translates to 

Increase 
energy 
efficiency 

Design for 
separation 

Every unit of energy 
used in 
manufacture should 
produce a desired 
material 
transformation 

(continued on next page) 
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life questions. The full list of the PSAT questionnaire can be found in 
Appendix A, Table S1. In addition, some technical terms and their 
meanings in the PSAT questionnaire are presented in Appendix B, 
Table S2. 

A total of five sustainability experts performed the assessment. Four 
of the sustainability experts are from the University of Oulu, Faculty of 
Technology; representing environmental and chemical engineering as 
well as energy technologies. The fifth is an expert in environmental, 
health, safety, and sustainability expert currently working in the 
industry. 

The scoring system used in the PSAT tool is similar to the Likert scale 
for measuring attitudes. In the Likert scale, several answer options are 
presented in a visual analogue scale form and assigned a quantitative 
value to make them comparable against each other (Table 2). (Likert, 
1932) In PSAT, a higher score is allocated to a product that has a better 
sustainability impact and vice versa for a product with the least sus-
tainability impact for the question in consideration. For any given 
question in PSAT, there is a drop-down list of answers to select from 
describing the sustainability impact of the assessed product. This is 
especially beneficial in a comparative sustainability assessment. For 
instance, in question 2.5 shown in Fig. 5, the score of 1 will be allocated 
to the products whose packaging is not made from biodegradable ma-
terials, while a score of 4 will be allocated to the products whose entire 
packaging is made from biodegradable materials. Similarly, in question 
3.7 the score of 1 will be allocated to the product whose raw materials 
extraction produces wastewater, while the score of 5 will be allocated to 
the product whose raw materials do not produce any wastewater. The 
PSAT scoring system enables users to compare the sustainability per-
formance of their products. 

2.3. Sustainability assessment of case study- wind turbines 

As a case study, PSAT is used to perform a comparative sustainability 

Table 1 (continued ) 

Green 
Chemistry 

Green 
Engineering 

Industrial Ecology PSAT assessment 
criteria by life cycle 
stages 

higher costs. In 
addition, the source of 
the energy is also 
important, for instance, 
an electrical energy 
source is more 
sustainable than coal as 
an energy source.  

Conserve 
complexity 
Meets need, 
minimize 
excesses 

Every industrial 
landholding or 
facility should be 
developed, 
constructed, or 
modified with 
attention to 
maintaining or 
improving local 
habitats and species 
diversity, and 
minimizing impacts 
on local and 
regional resources 

4. USE 
During the product use, 
the assessment contains 
information about the 
product’s effectiveness 
and whether it comes 
with a warranty, and for 
how long the warranty 
will last. Another 
important point in the 
assessment is whether 
the product requires 
add-ons to function and 
if it fulfills the end-users 
needs. It is also 
important to know 
whether the product has 
a feedback mechanism 
in place for the end-user 
and if the price of the 
product is on par with 
its quality. 
Additionally, it is 
important to know if the 
product has been 
designed to 
accommodate reuse, 
remanufacture, 
upgrade, or repurpose. 
This helps in reducing 
the environmental 
burden of the product as 
well as getting a good 
value for the money 
spent. 
The reliability of the 
product is also an 
important factor to 
consider, a product 
should be able to 
operate efficiently and 
effectively without 
being prone to failure. 
Additionally, the 
maintenance 
requirements and costs 
of maintenance are also 
very important. The 
durability of the 
product is also an 
important factor to 
consider as this will 
affect the lifespan of the 
product. The ease of 
repair should also be an 
important factor to 
consider during product 
use. Towards the end of 
the use stage, the 
assessment needs to 
contain information on 
whether a product can 
easily be upgraded, 
reused, repurposed, and 
refurbished (ReX). This 
upholds the principles  

Table 1 (continued ) 

Green 
Chemistry 

Green 
Engineering 

Industrial Ecology PSAT assessment 
criteria by life cycle 
stages 

of sustainability and 
Circular Economy. 

Design safer 
chemicals 
and 
products 

Design for a 
commercial 
afterlife. 

Every product 
should be designed 
so that it can be 
used to create other 
useful products at 
the end of its life 

5. END-OF-LIFE 
At the end-of-life of the 
product, the most 
important 
consideration is the 
ease of disassembly of 
the product and 
whether the 
disassembly operation 
is economically viable. 
The consumer should be 
able to know what type 
of end-of-life operations 
are performed on the 
product e.g., recycling, 
other recovery, or 
disposal to the landfill. 
It is also important to 
uphold the waste 
management hierarchy, 
with reuse, material 
recovery (recycling), 
other recovery and 
disposal as an order of 
preference. 
In cases where critical 
or noble metals are used 
in the product, it is 
important to know if 
these metals can be 
recovered.   

Close interactions 
should be 
developed with 
materials suppliers, 
customers, and 
representatives of 
other industries, 
with the aim of 
developing 
cooperative ways of 
minimizing 
packaging and of 
recycling, and re- 
using materials  

L. Omodara et al.                                                                                                                                                                                                                               



Environmental Impact Assessment Review 98 (2023) 106943

7

assessment of two 3 MW rated power wind turbine types namely the 
direct-drive permanent magnet synchronous generator (PMSG) con-
taining rare earth elements (REEs), and the doubly-fed induction 
generator (DFIG) with a gearbox and without REEs. 

2.3.1. Data collection 
A typical wind turbine consists of the following key components: 

a) Tower head: holds the main electrical equipment and provides sup-
port to the turbine components. 

Fig. 3. Systems boundary and product life cycle stages.  

Fig. 4. Product sustainability assessment tool (PSAT) life cycle stages.  

Table 2 
Likert scale scoring procedure (adapted from Likert, 1932).  

Level Worst Worse-Best 

Score 1 2–5  

Fig. 5. PSAT scoring procedure.  
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b) Gearbox: couples the rotor to the generator, increases the rotor speed 
from a lower speed rotor to a higher speed generator  

c) Generator: generates electricity from wind energy  
d) Rotor: comprises of three blades, made of high-strength glass fibre 

and converts aerodynamic force to rotation of the generator thereby 
creating electricity.  

e) Power converter: adjusts the generator voltage and connects output 
power to the grid. (Blaabjerg et al., 2012; Goudarzi and Zhu, 2013; 
Sinovel, 2010). 

Installed offshore and onshore wind turbines are composed of 
different configuration concepts which can either be geared or gearless. 
The most used wind turbine configuration is based on either induction 
generators (IG) or synchronous generators (SG). The gearless configu-
ration is further classified into (a) direct drive electrically excited syn-
chronous generators (DDSG), and (b) direct-drive permanent magnet 
synchronous generators (PMSG). The DDSG is often used for smaller 
wind turbines and the most commonly used geared configuration is the 
doubly-fed inductor generator (DFIG). (Li and Chen, 2008; Prashanth 
and Sujatha, 2017; Schreiber et al., 2019). 

DFIG is a wound-rotor induction generator with a three-phase 
winding system and a sufficient variable speed range. They are the 
most used turbines in the wind energy industry. In a traditional DFIG 
wind turbine, the rotor is connected through a gearbox to the generator. 
The rotational speed can be mid-speed or high-speed, depending on the 
turbine. High-speed turbines are usually more compact than mid-speed 
ones. (Beainy et al., 2016; Goudarzi and Zhu, 2013). 

For a direct-drive PMSG wind turbine, the need for a gearbox is 
eliminated in the design because the rotor is connected directly to the 
generator. A synchronous generator is employed to generate power at a 
low rotational speed. The direct-drive PMSG utilizes REEs permanent 
magnets, which have some benefits over DFIG, such as compactness, 
lower maintenance cost, lower noise generated (40 dB evokes strong 
discomfort), and higher energy efficiency at low rotational speed than 
that of DFIG. However, the use of REEs permanent magnets makes the 
direct-drive PMSG heavier than DFIG (Katinas et al., 2016; Pavel et al., 
2017). 

2.3.2. Information sourcing 
Detailed values for the components and material compositions used 

in DFIG and the direct drive PMSG were obtained from the life cycle 
assessment study of a 3.0 MW wind power plant (Schreiber et al., 2019). 

Table 3 lists the key components, material composition, and mass of 
the direct-drive PMSG and DFIG wind turbines. The key components of 
the wind turbines to be assessed in this work include nacelle, rotor, hub, 
blades, gearbox, tower, foundation, and generator. 

The wind turbine materials and components except for the REEs 
permanent magnet are produced locally in Germany. The components 
are assembled on-site at the plant facility in central Germany. Due to the 
absence of a gearbox, the assembly of the direct-drive PMSG is much 
easier than that of DFIG (Liu et al., 2018). The blades, generators, and 
nacelle are produced locally while the gearbox production is outsourced 
to a Chinese firm. Life cycle inventory data (LCI) used for the environ-
mental impacts associated with the manufacturing and end-of-life of the 
wind turbine are obtained from Schreiber et al. (2019). The repair and 
maintenance operations are performed locally. 

>50% of wind turbine failures occur in the gearbox, which is the 
most complicated type of failure because the gearbox is usually very 
expensive to replace and maintain. The cost of replacement or mainte-
nance of a gearbox is approximately 10% of the total wind turbine’s cost. 
For a 2–3 MW wind turbine gearbox, its replacement costs $445,000– 
$628,000 (Dhanola and Garg, 2020; Tazi et al., 2017). Even though the 
gearbox is designed and expected to last throughout the wind turbine’s 
useful life period (i.e., 20 years), it usually fails within seven years of its 
operation (Dhanola and Garg, 2020). The generator accounts for 
approximately 10% of the wind turbine failure rate. The failure rate of 
DFIG is 3.1, while that of the direct-drive PMSG is 2.4 (Schreiber et al., 
2019). 

In Table 4, the possible end-of-life operations of wind turbines are 
presented, while Table 5 shows the main facts and features of the wind 
turbines. During the manufacturing of the wind turbines, wastes are 
produced during the extraction of iron, copper bauxite, and REEs. Be-
sides the mine tailings, wastewater, and waste rocks produced, REEs and 
bauxite produce radioactive waste, i.e., thorium and uranium. (EPA, 
2021b, 2021c; SGU, 2020; US EPA, 2021b). It is possible to use waste 
rock for road construction and the building industry (Karlsson and 
Kauppila, 2021). Mine tailings from iron ore can be reused as concrete 
composite and mixtures (Tang et al., 2019). Mining waste from bauxite 
during the production of aluminium oxide contains red mud which has 
some radioactive content that poses a risk to the environment (EPA, 
2021c). Copper tailings can be reused for road construction as highway 
pavement bases (EPA, 2021b). Tables 3, 4, and 5 contain the collected 
data used in answering the PSAT questionnaire. During the assessment 
on the Excel spreadsheet, the wind turbine questions with similar an-
swers in the questionnaire were assigned no score to obtain an accurate 
and un-skewed result. However, the suitable answers to these questions 
were selected from the drop-down options, and the explanation was 
given. Additionally, the questions not applicable to the product were not 
answered. 

3. Results and discussion 

The sustainability assessment results for the direct-drive PMSG and 
DFIG are presented in Fig. 6. From the results, DFIG has a total score of 
112.00, while the direct-drive PMSG has a total score of 97.00. The 
result signifies that DFIG had a more overall positive sustainability 
impact than the direct-drive PMSG. 

Table 3 
Direct-drive PMSG and DFIG key components, mass, and materials composition 
(Schreiber et al., 2019).  

Key components Material composition Mass (t)  

A. Direct-drive PMSG 
Nacelle and rotor Steel, cast iron, copper, polyethylene, 

polypropylene, glass fibre reinforced plastic, 
polyester resin, aluminium, chromium steel, REEs 

211.18 

Tower Steel, concrete 2991.00 
Foundation Steel, concrete 1243.54 
Total mass of 

turbine (t)  
4445.72  

B. DFIG 
Nacelle and rotor Steel, cast iron, copper, polyethylene, 

polypropylene, 
glass fibre reinforced plastic, polyester resin, 
aluminium, chromium steel 

270.53 

Tower Steel, concrete 859.90 
Foundation Steel, concrete 851.90 
Total mass of 

turbine (t)  
1982.33  

Table 4 
Wind Turbine possible end-of-life operations (Schreiber et al., 2019).  

Material composition End-of-life 
operations 

Steel 90% recycled 
Iron 90% recycled 
Copper 95% recycled 
Glass fibre reinforced plastic, polyester resin 100% disposal 
REEs (neodymium, praseodymium, dysprosium)/permanent 

magnet 
100% disposal 

Concrete 100% disposal 
Polyethylene 100% disposal 
Polypropylene 100% disposal 
Aluminium 92% recycled  
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With regards to the design stage, the direct-drive PMSG had a more 
competitive edge than DFIG. For the materials selection stage, DFIG 
had a better sustainability impact than the direct-drive PMSG. For DFIG, 
all the materials used for the manufacturing of the wind turbine were 

obtained locally, while for the direct-drive PMSG, the REEs permanent 
magnet was imported from China. The direct-drive PMSG utilized >50% 
renewable feedstock and materials, while DFIG utilized >75% renew-
able feedstock and materials. Additionally, only the direct-drive PMSG 
made use of critical REEs and the REEs were disposed off at their end-of- 
life. The critical raw material used in the direct-drive PMSG has some 
political stability concerns by the exporting country. 

For the manufacturing stage, during the manufacturing of the two 
wind turbines, there is waste produced during the extraction of iron, 
copper bauxite, and REEs. Besides the mine tailings and waste rocks 
produced, REEs and bauxite produce radioactive waste, i.e., thorium and 
uranium. The direct-drive PMSG had more waste generated in its ma-
terials supply chain than DFIG. The large amount of waste generated in 
the direct-drive PMSG comes from the production of REEs, iron, and 
steel. Furthermore, direct-drive PMSG contained more materials than 
the DFIG, making it heavier. Both products (direct-drive PMSG, DFIG) 
were manufactured ethically. In terms of LCA impact categories, both 
cases had the same amount of global warming potential (GWP). For the 
resource depletion, minerals, fossils, and renewable midpoint (ADP), 
DFIG had a better sustainability impact than the direct-drive PMSG. In 
the human toxicity midpoint, the direct-drive PMSG had a better sus-
tainability impact than the DFIG. Overall, for the manufacturing stage, 
DFIG had a better sustainability impact with a score of 51.00 the score 
being 40.00 for the direct-drive PMSG. 

For the use stage, wind turbines produce no solid waste or emissions 
during operation, it however generates noise. The noise emitted by the 
direct-drive PMSG is lower than that of DFIG. This is mainly because the 
gearbox and bearings contained in the DFIG emit noise in addition to the 
noise emitted by its generator and blade. However, both turbines emit 
loud noise (> 40 dB). The direct-drive PMSG generates annually a higher 
amount of energy compared to DFIG, one reason for this is because the 
REEs permanent magnet used makes it more efficient. In terms of the 
product cost, the direct-drive PMSG is more expensive than DFIG. 
Similarly, DFIG had a higher warranty period than the direct-drive 
PMSG. Additionally, the direct-drive PMSG has higher reliability, 
lower failure rate, and lower maintenance requirement than DFIG 
mainly due to the absence of a gearbox and bearings in the direct-drive 
PMSG. In terms of purchasing a reused product, it is possible to purchase 
the reused product in DFIG but not in the direct-drive PMSG. It is 
difficult to find a suitable substitute for the critical raw material in the 
direct-drive PMSG, whereas, in DFIG, the critical raw material was not 
used. Both cases had comparable durability, viability, and are fully 
functional mainly because they are both commercial-grade products. 
Overall, for the use stage, the direct-drive PMSG had a better sustain-
ability impact with a score of 25.00 than DFIG which had a score of 
23.00. 

For the end-of-life stage, it was established that in both cases, it is 
difficult to disassemble the wind turbines because it is a complex 
structure and contains several parts. For the DFIG, the disassembling 
operation consumed more energy than that of direct-drive PMSG mainly 
because of the gearbox. Additionally, for the direct-drive PMSG >50% of 
the materials contained in it are recycled while for DFIG, <50% of the 
materials are recycled at end-of-life. Overall, for the end-of-life stage, 
DFIG had a better sustainability impact with a score of 14.00 than the 
direct-drive PMSG which had a score of 13.00. 

The influence of REEs on the overall sustainability impact was 
investigated. The direct-drive PMSG is more costly and had a signifi-
cantly higher environmental burden in comparison with DFIG because 
of the presence of a REEs permanent magnet. Additionally, REEs have 
some ethical conflicts regarding it because of their critical nature. 
However, on a positive note, the presence of REEs in the direct-drive 
PMSG makes it significantly more efficient, less prone to failure, more 
reliable, and cheaper in its maintenance cost than DFIG. 

To the best of our knowledge, no other study has done a compre-
hensive product sustainability assessment that addresses the environ-
mental, social, health and safety, and economic aspects of sustainability 

Table 5 
Facts and features of wind turbines.  

Features Direct-Drive 
PMSG 

DFIG Reference 

Total cost (€) 1,982,000.00 1,870,000.00 (Beainy et al., 
2016) 

Total mass (t) 4445.72 1982.33 (Schreiber et al., 
2019) 

Annual energy 
generated (MWh) 

8343.65 7690.00 (Schreiber et al., 
2019) 

Noise emission (dB) 90.90 108.80 (AECOM, 2015; 
Vestas, 2021) 

Critical/noble metal REEs none (Schreiber et al., 
2019) 

Useful life period 
(years) 

20.00 20.00 (Siemens, 2015; 
The Wind 
Power, 2021; 
Vestas, 2006) 

Global warming 
potential (0.1 kg 
CO2 eq.) 

0.00075 0.00075 (Schreiber et al., 
2019) 

Acidification 
midpoint (10 mol 
H+ eq.) 

0.00042 0.00038 (Schreiber et al., 
2019) 

Resource depletion, 
minerals, fossils, 
and renewables 
midpoint (100 kg 
Sb eq.) 

0.00790 0.00070 (Schreiber et al., 
2019) 

Photochemical 
ozone formation 
midpoint (10 kg 
NMVOC eq.) 

0.00030 0.00032 (Schreiber et al., 
2019) 

Land use midpoint 
(0.01 kg/C deficit 
eq.) 

0.00010 0.00008 (Schreiber et al., 
2019) 

Ionizing radiation 
midpoint (kBq 
U235 eq.) 

0.00046 0.00050 (Schreiber et al., 
2019) 

Human toxicity 
midpoint-cancer 
effects (100,000 
CTUh) 

0.00033 0.00038 (Schreiber et al., 
2019) 

Human toxicity 
midpoint-non- 
cancer effects 
(100,000 CTUh) 

0.00040 0.00040 (Schreiber et al., 
2019) 

Eutrophication 
midpoint 
(terrestrial) (mole 
of N eq.) 

0.00012 0.00008 (Schreiber et al., 
2019) 

Maintenance 
(annual) 

5 times 6 times (Schreiber et al., 
2019) 

Failure rate/ 
reliability 

3.10 (generator) 4.40 (generator +
gearbox) 

(Schreiber et al., 
2019) 

Disassembly energy 
requirement (MJ) 

1805 2202 (Schreiber et al., 
2019) 

Mining waste Mine tailings, 
waste rock, 
wastewater, 
radioactive waste 

Mine tailings, 
waste rock, 
wastewater, 
radioactive waste 

(EPA, 2021c, 
2021b; Tang 
et al., 2019; US 
EPA, 2021b) 

Warranty period 
(years) 

2–3 5 (Siemens 
Gamesa, 2018; 
Vestas, 2016) 

Upgrade possibility Power curve 
upgrade 

Rotor and blade (Siemens 
Gamesa, 2021; 
Vestas, 2021b) 

Remanufacturing Major parts can 
be 
remanufactured 

The whole wind 
turbine can be 
remanufactured 

(Fescodirect, 
2010; Ortegon 
et al., 2013) 

REEs permanent 
magnet weight 

2 tons – (Goodenough 
et al., 2018)  
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from an end-user as well as product manufacturers’ and designers’ point 
of view. 

PSAT is beneficial to product users, manufacturers, and designers. 
However, the limitations of PSAT may arise from the difficulty in 
obtaining some important information necessary to answer the ques-
tionnaire. This limitation can arise for example from manufacturers’ 
confidential information. Additionally, PSAT results can only be accu-
rate if reliable and correct data is obtained to answer the questionnaire. 
Another source of uncertainty could be the constant change in the 
product/materials prices. 

4. Conclusions 

To perform a holistic sustainability assessment of products, there is a 
need to take into consideration all the life cycle stages of the product. In 
this study, a PSAT tool was developed and used to assess two wind 
turbines, the doubly-fed induction generator with a gearbox (DFIG) and 
the direct-drive permanent magnet synchronous generator (PMSG) with 
a critical REEs permanent magnet. PSAT comprises of an Excel checklist 
of questions with a drop-down list of answers to select from describing 
the sustainability impact of the assessed product. PSAT recognizes the 
roles of key stakeholders as crucial in creating value for products. The 
key stakeholders considered in PSAT are; (i) product designers, (ii) 
product manufacturers, and (iii) product users. PSAT will aid users in 
making informed decisions before purchasing a product based on the 
information on how the product is designed and what materials it con-
tains, how it was manufactured, how it will perform during its use, and 
what will happen at the end of its useful life (end-of-life). 

The principles of Green Chemistry, Industrial Ecology, and Green 
Engineering served as guidelines in the development of PSAT assessment 
criteria. LCA impact categories are also integrated into PSAT. PSAT was 
developed to assess the sustainability of products throughout their life 
cycle stages from the design, material selection, and manufacturing 
stages to the use and end-of-life stages. The PSAT questionnaire contains 
qualitative and quantitative assessment criteria that cover environ-
mental, health and safety, social, and economic aspects of sustainability. 

As a case study, PSAT was tested to compare two wind turbine types 
namely the DFIG and the PMSG turbine types. The direct-drive PMSG 
wind turbine utilizes REEs, which the EU has listed as critical raw ma-
terials. The results from the sustainability assessment revealed that DFIG 
had a better sustainability impact than the direct-drive PMSG in the 
materials selection, manufacturing, and end-of-life stages. In addition, 
the direct-drive PMSG had a better sustainability impact than DFIG in 

the design and use stages. Overall, DFIG demonstrated a better sus-
tainability impact than the direct-drive PMSG. 

This study enhances sustainable development as it promotes the 
importance of highlighting key stages of concern of a product life cycle 
utilizing a PSAT. To the best of the authors’ knowledge, it is the first to 
assess and compare wind turbine generator types considering all aspects 
of sustainability, i.e., environmental, health and safety, social, and 
economic. It further elaborates on the sustainability impact of a prod-
uct’s life cycle. Future studies shall address how PSAT could obtain 
reliable information necessary for the sustainability assessment. For 
example, product manufacturers could be more forthcoming in 
communicating their product’s overall sustainability impact. 
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Appendix A  

Table S1 
PSAT questionnaire with answer selection from the drop-down list  

PSAT Categories and questionnaire Drop-down list answers with corresponding scores  

1. DESIGN  
1.1 Does the manufacturer provide the user with a “product design specification”? No (score 1) 

Yes (score 2) 
1.2 Does the product have a long lifespan? No (score 1) 

Medium (score 2) 
Yes (score 3) 

1.3 Is the product ergonomically designed? No (score 1) 
Medium (score 2) 
Yes (score 3) 

1.4 Does the product have visual aesthetics? Low aesthetics (score 1) 
Medium (score 2) 
High aesthetics (score 3) 

1.5 Does the product fit the user’s lifestyle? No (score 1) 
Partly (score 2) 
Yes (score 3) 

1.6 Is the product buyer an educated buyer of the product (e.g., materials used, design 
specification, assembly information, etc.)? 

No (score 1) 
Partly (score 2) 
Yes (score 3) 

1.7 What competitive edge does the product have in comparison to similar products? Lower (score 1) 
Comparable (score 2) 
Higher (score 3) 

1.8 Is the product easy to use/operate? No (score 1) 
Partly (score 2) 
Yes (score 3) 

1.9 Does the manufacturer provide clear instructions/education/training on product use? No clear instructions/education/training provided (score 1) 
Basic instructions/training/education provided (score 2) 
Sufficient and thorough instructions/training/education provided (score 3) 

1.10 How much education/training is required to introduce the product to its users? No education/training required (score 1) 
Basic education/training required (score 2) 
Intense and thorough education and training required (score 3) 

1.11 Does the product comply with safety legislation? No (score 1) 
Yes (score 2)  

2. MATERIALS SELECTION  
2.1 Does the product have packaging? (If yes, see 1.13–1.16) No (score 1) 

Yes (score 2) 
2.2 What amount of packaging is used? Higher than other cases (score 1) 

Middle (score 2) 
Lower than other cases (score 3) 

2.3 Can the packaging be reused? No (score 1) 
A minor part of it can be reused (score 2) 
A major part of it can be reused (score 3) 
Yes, all of it (score 4) 

2.4 Can the packaging be recycled? No (score 1) 
A minor part of it can be recycled (score 2) 
A major part of it can be recycled (score 3) 
Yes, all of it (score 4) 

2.5 Is the packaging made from biodegradable materials? No (score 1) 
Yes, some of them (score 2) 
Yes, majority of them (score 3) 
Yes, all of them (score 4) 

2.6 Is the product made from remanufactured or recycled materials? No (score 1) 
<25% of materials used are remanufactured (score 2) 
<50% of materials used are remanufactured (score 3) 
>50% of materials used are remanufactured (score 4) 
All the materials used are remanufactured (score 5) 

2.7 Is the product a simple or complex structure? Complex (score 1) 
Middle (score 2) 
Simple (score 3) 

2.8 Can the product be easily assembled? No (score 1) 
Yes (score 2) 

2.9 Are the product materials readily available? Several steps in supply chain (score 1) 
Few steps in supply chain (score 2) 
Yes (score 3) 

2.10 Could the product materials be derived from waste streams? None (score 1) 
Little amount of the materials used can be derived from waste streams (score 2) 
Medium amount of the materials used can be derived from waste streams (score 3) 
Substantial amount of the materials used can be derived from waste streams (score 4) 
All the materials used can be derived from waste stream (score 5) 

2.11 Is the product readily available? No, scarce product (score 1) 
Yes, readily available (score 2) 

(continued on next page) 
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Table S1 (continued ) 

PSAT Categories and questionnaire Drop-down list answers with corresponding scores 

2.12 Does the product contain materials that are potentially harmful? All materials are based on substances that are potentially harmful to environment (score 
1) 
>50% of materials are potentially harmful to the environment (score 2) 
<50% of materials are potentially harmful to the environment (score 3) 
<25% of materials are potentially harmful to the environment (score 4) 
None of the materials are harmful to the environment (score 4) 

2.13 Does the product make use of noble/critical metals? Yes (score 1) 
No (score 2) 

2.14 Does the product use any material that contains any of the RoHS banned substances? 
See Link 

Yes (score 1) 
No (score 2) 

2.15 Does the product contain any material that is on ECHA candidate list of substances of 
very high concern? See Link 

Yes (score 1) 
No (score 2) 

2.16 Does the product contain any material that is on ECHA list of substances included in 
REACH Authorisation list? See Link 

Yes (score 1) 
No (score 2) 

2.17 Is there any quota system in place by the government on the importation/exportation 
of any material contained in the product 

Quota/restriction on all materials (score 1) 
Quota/restriction on some materials (score 2) 
None (score 3) 

2.18 Are there any political stability concerns in the materials supplier country? High political stability concerns (score 1) 
Some political stability concerns (score 2) 
No (score 3) 

2.19 Does the use of renewable materials increase cost? There are no known benefits of using renewables (score 1) 
The benefits of using renewables are very limited and there are also major disadvantages 
such as increased costs and reduced performance (score 2) 
Converting to renewables can offer significant benefits but there are still major 
disadvantages as well (score 3) 
Renewables can offer major advantages (score 4) 
Use of renewables could significantly reduce costs (score 5) 

2.20 Are there any materials contained in the product that is imported? All materials used are imported (score 1) 
>50% of materials used are imported (score 2) 
<50% of materials used are imported (score 3) 
<25% of materials used are imported (score 4) 
None (score 5) 

2.21 Are the materials used in the product renewable or non-renewable? Only non-renewable materials and feedstock are used (score 1) 
>25% of materials and feedstock are non-renewable (score 2) 
>50% of materials and feedstock are renewable (score 3) 
>75% of materials and feedstock are renewable (score 4) 
All materials and feedstock are renewable (score 5) 

2.22 Are the materials used in the product biodegradable? Only non-biodegradable materials and feedstock are used (score 1) 
>25% of biodegradable materials are used (score 2) 
>50% of biodegradable materials are used (score 3) 
>75% of biodegradable materials are used (score 4) 
All materials used are biodegradable (score 5)  

3. MANUFACTURING  
3.1 Is the product manufactured ethically? No (score 1) 

Yes (score 2) 
3.2 Does the product have ecological labels and certifications? No (score 1) 

Yes (score 2) 
3.3 Does the manufacturing process produce waste? Yes (score 1) 

No (score 2) 
3.4 Is the waste produced during the extraction of raw materials hazardous? See the link Large part highly hazardous (score 1) 

Small part highly hazardous (score 2) 
Large part slightly hazardous (score 3) 
Small part slightly hazardous (score 4) 
Non-hazardous (score 5) 

3.5 Can the waste produced during the extraction of raw materials be utilized? No (score 1) 
A minor part of it can be reused (score 2) 
A major part of it can be reused (score 3) 
Yes, all of it (score 4) 

3.6 Is there any possibility to prevent the waste associated with the raw materials 
extraction? 

No (score 1) 
Yes (score 2) 

3.7 Does the extraction of raw materials produce any wastewater? Yes (score 1) 
Yes, it can be prevented with huge modifications (score 2) 
Yes, part of the wastewater can be reused (score 3) 
Yes, all the wastewaters can be reused (score 4) 
No wastewater produced (score 5) 

3.8 Are there in the supply chain of the materials significant amounts of waste produced? Yes, multiple sources of waste generated and produced in large quantities that are 
difficult and expensive to treat (score 1) 
Yes, a large amount of waste produced (score 2) 
Yes, a modest amount of waste produced (score 3) 
Yes, a small amount of waste produced (score 4) 
No waste (score 5) 

3.9 Does the manufacturing process consume lot of material? Huge amount (score 1) 
Medium amount (score 2) 
Little amount (score 3) 

3.10 Is the material used on the list of conflict materials? See the link Yes (score 1) 
No (score 2) 
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Table S1 (continued ) 

PSAT Categories and questionnaire Drop-down list answers with corresponding scores 

3.11 What is the life cycle assessment (LCA) of the product? (See 3.11–3.27) Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.12 What is the global warming potential (GWP) of the product life cycle from LCA? Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.13 What is the acidification midpoint (AP) of the product life cycle from LCA? Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.14 What is the resource depletion, minerals, fossils and renewables midpoint (ADP) of 
the product life cycle from LCA? 

Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.15 What is the photochemical ozone formation midpoint (POCP) (human health) of the 
product life cycle from LCA? 

Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.16 What is the land use midpoint of the product life cycle from LCA? Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.17 What is the ionizing radiation midpoint (IR), human health of the product life cycle 
from LCA 

Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.18 What is the human toxicity midpoint (HTP) (cancer effects) of the product life cycle 
from LCA? 

Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.19 What is the human toxicity midpoint (HTP) (non-cancer effects) of the product life 
cycle from LCA? 

Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.20 What is the eutrophication (EP) midpoint (terrestrial) of the product life cycle from 
LCA? 

Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.21 What is the resource depletion (RD) water midpoint of the product life cycle from 
LCA? 

Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.22 What is the particulate matter (PM) of the product life cycle from LCA? Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.23 What is the land use midpoint of the product from LCA? Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.24 What is the ozone depletion midpoint (ODP) of the product life cycle from LCA? Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.25 What is the eutrophication (EP) midpoint (marine) of the product life cycle from LCA? Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 
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Table S1 (continued ) 

PSAT Categories and questionnaire Drop-down list answers with corresponding scores 

3.26 What is the eutrophication (EP) midpoint (freshwater) of the product life cycle from 
LCA? 

Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.27 What is the ecotoxicity freshwater midpoint (FAETP) of the product life cycle from 
LCA? 

Much higher than the other case (score 1) 
Slightly higher than the other case (score 2) 
Same as the other case (score 3) 
Slightly lower than the other case (score 4) 
Much lower than the other case (score 5) 

3.28 What is the carbon footprint of the product (if specified)? Higher than other cases (score 1) 
Middle (score 2) 
Lower than other cases (score 3) 

3.29 Does the product manufacturer offset its carbon footprint? None (score 1) 
Yes, <50% (score 2) 
Yes, 50%–99% (score 3) 
Yes, all of it (score 4) 

3.30 How much energy is required during the entire life cycle of the product? More energy is required than other cases (score 1) 
Same amount of energy is required in all cases (score 2) 
Lesser energy is required than other cases (score 3) 

3.31 What is the annual energy consumed by the product? Lesser yield than other cases (score 1) 
Same yield required in all cases (score 2) 
Higher yield than other cases (score 3) 

3.32 Does the product uses renewable or non-renewable energy source? Non-renewable (score 1) 
Hybrid (score 2) 
Renewable (score 3)  

4. USE  
4.1 Does the product function as stated by the manufacturer after user-testing? Product does not work (score 1) 

Yes, partly functional (score 2) 
Yes, fully functional (score 3) 

4.2 How efficient is the product? Lower efficiency than other cases (score 1) 
Middle (score 2) 
Higher efficiency than other cases (score 3) 

4.3 Does the product have a warranty? How long? None (score 1) 
Yes, lower (score 2) 
Yes, middle (score 3) 
Yes, higher (score 4) 

4.4 Can the product function independently or does it require add-ons to work? Requires add-ons to function (score 1) 
No add-ons required to function (score 2) 

4.5 Does the product generate noise emission? Is it within permissible limits as specified by 
the European Commission? See the link 

Very high noise emission, >100 dB (score 1) 
High noise emission, between 75 dB to 99 dB (score 2) 
Medium noise emission, between 50 dB to 74 dB (score 3) 
Low noise emission, <50 dB (score 4) 
No noise emission (score 5) 

4.5 Does the product have a feedback mechanism in place for the end user? No (score 1) 
Yes (score 2) 

4.6 Does the product achieve its intended impact? No (score 1) 
Middle (score 2) 
Yes (score 3) 

4.7 Is the product viable? No (score 1) 
Middle (score 2) 
Yes (score 3) 

4.8 Does the price of the product commensurate with its quality No (score 1) 
Yes (score 2) 

4.9 Is there a similar product that is just as good and less expensive? No (score 1) 
Yes (score 2) 

4.10 What is the cost of the product? Higher than the other case (score 1) 
Middle (score 2) 
Lower than the other case (score 3) 

4.11 How reliable is the product? Lower reliability (score 1) 
Middle reliability (score 2) 
Higher reliability (score 3) 

4.12 Does the product require regular maintenance? Yes, higher than the other case (score 1) 
Yes, same as the other case (score 2) 
Yes, lower than the other case (score 3) 
No (score 4) 

4.13 What is the annual cost of maintenance of the product? Higher than the other case (score 1) 
Same as the other case (score 2) 
Lower than the other case (score 3) 

4.14 Is the product prone to failure during its lifetime? Yes, higher than the other case (score 1) 
Yes, same as the other case (score 2) 
Yes, lower than the other case (score 3) 
No (score 4) 

4.15 Can the product/components be easily and timely repaired? No (score 1) 
Yes, some of them (score 2) 
Yes, majority of them (score 3) 
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Table S1 (continued ) 

PSAT Categories and questionnaire Drop-down list answers with corresponding scores 

4.16 Is the product’s spare part readily available for replacement upon failure? No (score 1) 
Yes (score 2) 

4.17 What is the estimated lifetime of the product? Lower (score 1) 
Middle (score 2) 
Higher (score 3) 

4.18 Is it possible to buy the reused or repurposed product? No, it is not possible to by the reused or repurposed product (score 1) 
Yes, it is possible to buy the reused or repurposed product (score 2) 

4.19 Is it possible to purchase the remanufactured or refurbished product? No, it is not possible to by the remanufactured or refurbished product (score 1) 
Yes, it is possible to buy parts of the remanufactured/refurbished product (score 2) 
Yes, it is possible to buy the remanufactured or refurbished product in whole (score 3) 

4.20 Can the critical/noble metals contained in the product be reused or remanufactured No (score 1) 
Yes (score 2) 
No critical/noble metals used (score 3) 

4.21 Can the critical/noble metals contained in the product be readily substituted? No (score 1) 
Yes (score 2) 
No critical/noble metals used (score 3) 

4.22 Does the product emit radiation at end-of-life phase according to the European Union 
COUNCIL DIRECTIVE 2011/70/EURATOM? See the link 

Yes (score 1) 
No (score 2) 

4.23 Can the product be easily upgraded? No (score 1) 
A minor part of it can be upgraded (score 2) 
A major part of it can be upgraded (score 3) 
Yes, all of it (score 4) 

4.24 Is the product durable? No (score 1) 
Yes (score 2)  

5. END-OF-LIFE  
5.1 Can the product be easily disassembled? No (score 1) 

Yes (score 2) 
5.2 Is the disassembly operation economically viable? No (score 1) 

Yes (score 2) 
5.3 Does the disassembling operations consume lot of energy? More energy required than other cases (score 1) 

Same amount of energy required (score 2) 
Lesser energy required than other cases (score 3) 

5.4 Are there any safety concerns when disassembling the product? Hugely significant safety concerns (score 1) 
Moderately significant concerns (score 2) 
No safety concerns (score 3) 

5.5 Can profit be derived from the sale of disassembled product components? No (score 1) 
Yes, some part of them (score 2) 
Yes, majority of them (score 3) 
Yes, all of them (score 4) 

5.6 Does the product have a high harmful environmental impact at the-end-of life? Yes, the product has high harmful environmental impact at end-of-life (score 1) 
>50% of the materials contained in the product have high environmental impact at end- 
of-life (score 2) 
<50% of materials contained in the product have high environmental impact at end-of- 
life (score 3) 
<25% of materials contained in the product have high environmental impact at end-of- 
life (score 4) 
No (score 5) 

5.7 Can the product be recycled? No (score 1) 
<25% of materials used are recycled (score 2) 
<50% of materials used are recycled (score 3) 
>50% of the materials used are recycled (score 4) 
All materials used are recycled (score 5) 

5.8 Is the product recycling process a closed loop or an open loop one (if applicable)? Open Loop recycling (score 1) 
Closed Loop recycling (score 2) 

5.9 Can the critical/noble metals contained in the product be recycled? No (score 1) 
Yes (score 2) 
No critical/noble metals used (score 3)  

Appendix B  

Table S2 
Technical terms in PSAT and their definition (Cerri et al., 2018; Creatitive DBA, 2020; European Commission, 2022b, 2020; Eurostat, 2014; Ferreira and Gonçalves, 
2021; Fescodirect, 2010; Guo et al., 2019; Hawlitschek et al., 2018; Jensen et al., 2019; Kent, 2016; Ortegon et al., 2013; Sagot et al., 2003; Wind Europe, 2020).  

Terms Definition 

Product design specification 
(PDS) 

What a product is required to provide during its use. 

Ergonomics Ensures that the “human factor” is incorporated during the design of the product. 
Product impact A measure of whether the product is effective in performing the task it was created for. 
Visual aesthetics The sensory reflection of a product’s design features. Its effect on a product aid in the consumers’ acceptance of the product. 
Lifestyle fit Appeal to the users by selling the way of life behind the product, users can have sustainable, modern, minimalistic, etc. lifestyles. 
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Table S2 (continued ) 

Terms Definition 

Ecolabel Label of environmental excellence given to products that conform to high environmental standards throughout their life cycle. 
Conflict minerals Refers to certain minerals (including tin, tungsten, tantalum, and gold) obtainable from politically unstable areas whereby the minerals can be 

traded to finance armed groups, support human rights abuses, aid money laundering, and corrupt practices. 
Remanufacturing The process of returning end-of-life products to their Original Equipment Manufacturer (OEM) performance specifications. 
Reuse The process of using a product or its components again for the same purpose as originally conceived. 
Repurpose The process of reusing an existing component of a product for an entirely different application 
Recycling Any recovery operation whereby end-of-life materials are reprocessed into products or materials to be used for the original or other purposes. 
Refurbishment The action carried out on a product near its end-of-life to restore it to its operational condition, as well as to attain higher performance than the OEM 

operations requirement.  
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