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Abstract
When developing new materials many aspects of sustainability are relevant, especially when the ultimate goal is mass 
production. More efficient energy storage and transmission are important parts of a larger product life cycle design and 
the confines of the circular economy, including environmental and social concerns. For example, due to environmental, 
geopolitical, and health concerns, it is important to choose materials that are easily accessible, as opposed to materi‑
als requiring complicated extraction, storage, and transportation methods. Equally important is the abundance of the 
material, as the mass production and use of a product are not sustainable if its raw components are scarce. This requires 
material scientists to be aware of how their design affects the later life cycle stages of the materials they develop. Very 
few studies cover whether material scientists take these type of questions into consideration. To resolve this, material 
scientists were questioned on various sustainability aspects. Results show that most of the questioned scientists have 
little to no awareness of what effects mass production of their developed materials might have regarding greenhouse 
gases or the workforce, or what their material’s recyclability or longevity might be. The results indicate that these ques‑
tioned material scientists are not fully aware of several imperative sustainability aspects and do not fully consider the 
impacts of their designs. To increase instilling and evaluating awareness of sustainability aspects on life cycle design, 
two improvements are: increasing sustainability education by lifelong learning, and adding sustainability concerns as a 
required component to grants and funding.

Keywords  Sustainable design · Material science · Life cycle · Material design

1  Introduction

Sustainability has many meanings depending on the 
subject under consideration. In this study “sustainable 
design” refers to designing materials and manufacturing 
processes in such a way as to minimize consumption and 
waste, while supporting fairness and prosperity for all 
(see also “sustainable lifestyles” as defined by the United 
Nations Environment Programme [1]). As seen in Fig. 1, this 
requires taking into account the entire life cycle of a mate‑
rial, from conception to waste. It also requires considering 

multiple dimensions of sustainability that are affected: 
economic, environmental, and social. “Sustainable design 
of a new material” as used in this study can refer to a new 
material itself, a new device to measure materials, or even 
a new manufacturing process, all relating to the research 
and development of materials science.

Designing materials to have sustainable life cycles, or 
improving existing materials and manufacturing processes 
towards that goal, is ethically desirable, economically 
favorable, and allows for continuous flexible adaptation to 
future changes. The process of designing new materials or 
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processes to produce them is developed by material scien‑
tists, who are interdisciplinary researchers with knowledge 
of applied physics, chemistry, and engineering [2]. When 
sustainability is not taken into account during the product 
design phase, we can end up with products and manufac‑
turing processes that lead to unethical resource exploi‑
tation, environmental damages and health issues, non-
recyclable waste, and additional loss of money and time 
dealing with these new problems. Mulder et al. [3] point 
out how solving only one aspect of sustainability may lead 
to seriously undermining and even reversing progress for 
other sustainability aspects. UNEP [1] shows that mining 
resources commonly leads to biodiversity loss, deforesta‑
tion, greenhouse gas emissions, and involves toxic chemi‑
cals, and that we have globally tripled resource extraction 
over the past 40 years. Yet, sustainable design is not merely 
important now that we as humans are overcrowding the 
planet and running out of resources to continue current 
consumption patterns, but also from an ethical perspec‑
tive for equity and the environment in principal. An exam‑
ple of unsustainable design and inequity is when a base 
material is chosen of which it is known that local inhabit‑
ants do not profit from its extraction and their direct liv‑
ing environment is degraded without compensation. On 
the other hand, if manufacturing organizations pursue the 
Sustainable Development Goals (SDGs) actively, an esti‑
mated US$12 trillion could be generated yearly as well 
as 380 million jobs, and thereby lower poverty, provide 
a more equal income distribution, and increase human 
development rankings [4]. However, [4] emphasize that 
the industry contribution to the SDGs policies should be 

aimed at the life cycle phases of production, consumption, 
and waste management, and do not mention the design 
phase of products’ life cycles. A close examination of the 
targets of SDG 12 (ensuring sustainable consumption and 
production patterns) shows that targets do not consider 
the design of materials specifically either [5]. These two 
points are striking, as Skerlos et al. [6] show that over 80% 
of a product’s environmental impacts results from deci‑
sions made during the design phase of the product’s life 
cycle. Therefore, materials need to be designed as sustain‑
able as possible from the very first design phase: mate‑
rial research and development, and include considering 
impacts from multiple aspects.

In short, when considering what a sustainable material 
is, we must look at the entire consumption and produc‑
tion cycles, of which design is a part. The green economy 
is a concept that envisions an idealized version of SDG 12. 
To define the green economy, the UNEP [7] applied the 
trinity of improved human well-being and social equity, 
reduced environmental risks, and reduced scarcities. Mate‑
rial cycles should involve low-carbon and pollution pres‑
sures, be resource efficient, and be socially inclusive [7]. 
Similarly, the UNEP in 2016 speaks of people, planet, and 
profit, and calls to develop product sustainability informa‑
tion that helps achieve sustainable consumption, which 
brings about a better quality of life and alleviate poverty, 
while minimizing resource use and toxic materials or pol‑
lutants during the life cycles of products and services [8].

For the purposes of this study, I therefore define that a 
material can be said to be sustainable if its entire life cycle, 
including design, production and consumption, trans‑
portation, re-use and end-of-life, are taken into account 
from all perspectives of possible impacts on human 
well-being, be it social, economic, or environmental, and 
negative impacts are excluded as much as possible. This 
way people can make better choices to ‘protect the envi‑
ronment, improve the lives of the people who produce 
the goods, and safeguard the health of people who use 
them’, including future generations [7]. The International 
Resource Panel (IRP) states that given the complex inter‑
relations between human, economic, and environmental 
well-being, progress in one of these may hinder progress 
in the others [9]. The IRP further prescribes that the econ‑
omy must become circular through the intelligent design 
of products.

To consciously design materials and processes in a sus‑
tainable way, one must first be aware of which aspects of 
sustainability come into play during the life cycle of the 
material or process under development. While sustain‑
able life cycles are already well developed in the field of 
product design by means of tools for selecting various 
manufacturing, supply chain, and end of life options [10], 
this is still under development for the material sciences, 

Fig. 1   Life cycle phases of a product
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where new materials and processes might be used on a 
mass scale and thus affect supply chains on a global scale 
for multiple decades. Without education on sustainability, 
researchers may not be aware of the potentially far reach‑
ing consequences of their choices for novel materials and 
processes.

Several educational institutions have begun offering 
courses on sustainability or integrated the topic within 
existing curricula, with the goal of preparing students for 
the real life ethical, scientific, and economic choices con‑
cerning which materials to apply and how to develop new 
ones [11]. This would suggest that young material scien‑
tists have a certain level of awareness of creating materi‑
als with sustainable life cycles. However, at the moment 
there is very little research indicating how well informed 
current material scientists are about sustainable design, 
and how they are putting these crucial aspects into prac‑
tice when developing new materials. The objective of this 
study is therefore to evaluate material scientists’ awareness 
of sustainable life cycle aspects of the materials they are 
currently developing; and to subsequently increase the 
number of studies on the subject.

2 � Methods

This section firstly describes the construction of a frame‑
work based on existing literature used for the develop‑
ment of the questions posed to material scientists, and 
secondly describes how the respondent’s answers were 
gathered and scored.

2.1 � Literature leading to questionnaire framework

The current state of development of sustainable design 
principles has a long history before it. The green chem‑
istry principles described by Garg [12] (summarized in 
Table 1) are one of the earliest efforts towards a more 
sustainable production process in the field of chemistry, 
however they do not encompasses the entire spectrum 
of sustainability. Examples of this can be found in recent 
studies applying these principles, which do not take 
the wider sustainable development goals such as the 
consequences for ecosystems or livelihoods into con‑
sideration, and can thus not be considered to practice 
sustainable design (e.g. [13, 14]). Gopalraj and Kärki [15] 
do examine the environmental and economic effects of 
a material but look at recycling and closing the loop to 
stimulate the circular economy. They do not include the 
design of the material into their study, thus foregoing 
to examine if significant change from the very begin‑
ning of the process is possible [15]. A recent review of 
green chemistry applications [16] lists many examples 

of sustainably designed products, but these prove to 
be exceptions rather than the norm, and appear to be 
driven by economic profit potential rather than actu‑
ally addressing the most unsustainable processes first, 
including reducing resource use. The author further sug‑
gest that the “next generation of chemists should be 
taught the basics of green chemistry at a very early stage 
so that they can think green and develop safer method‑
ologies”, implying this is not yet the case, and implying 
it is pertinent to examine how sustainability principles 
are being taught in the curriculum of material scientists.

Therefore, the first step in creating a framework of rel‑
evant sustainability aspects, of which material scientists 
are considered to ought to be aware of, is to examine the 
existing literature on the education of sustainable design. 
Currently the number of studies concerning the education 
of material scientists regarding sustainable design aspects 
is scarce. A search on Web of Science using the keywords 
‘sustainability’/‘sustainable’, ‘education’, and ‘materials sci‑
ence’ revealed a mere eight unique and relevant results 
(performed February 2017). Based on this, in this study 
material scientists were defined as anyone involved in the 
development of new materials, which includes both chem‑
ists and engineers. While this enlarged the range of poten‑
tially relevant targets for education, additional searches 
with these keywords using google scholar remained 
limited. Nevertheless, two types of results were found, 
namely literature related to either academic courses or 
recommended curricula, and literature related to codes 
of ethics and suggested guidelines, which are both sum‑
marized in Table 1.

As a synthesis of Table  1, literature from chemistry 
focuses on reducing or eliminating the use of pollutants 
and toxic compounds. Materials science and engineering 
literature covers recycling, reduced energy and resource 
consumption, enabling a cleaner environment and less 
toxicity, as well as accessibility and geopolitical forces, 
the economy, and individuals’ social needs. Engineering 
literature comprises minimizing pollution, environmental 
and social impacts, energy requirements, and increasing 
longevity, recycling; as well as adding educational top‑
ics on population, environment, and development. The 
geosciences literature highlights the public’s health and 
safety, efficient resource management, and recommend 
to include ethical reflection, sociology, and economics 
into the curriculum. Literature covering all students stress 
enabling a low-carbon future, with due consideration for 
energy justice of current and future generations. Other 
literature emphasize the importance of shadow pricing in 
cost–benefit analyses obscuring costs of environmental 
and social resources, again including future generations, 
the need to reduce GHG emissions and pollutants, and to 
create new jobs and new technologies.
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The combined results from the reviewed literature 
were converted into the following four categories of sus‑
tainability and form the basis for the questions posed to 
material scientists.

•	 Efficiency, lifetime, and recyclability of the material
•	 Abundance and accessibility of resources
•	 Emission of GHG and toxic substances during manu‑

facturing, supply chain, and end of life, to humans 
and the environment

•	 Effects on livelihood in the form of job creation and 
the availability of sufficiently trained personnel

The logic behind these categories is as follows. Various 
literature in Table 1 stress resource efficiency, longevity, 
and recyclability. For the latter, the UNEP [42] shows that 
recycling is crucial, not just from the perspective of the 
circular or green economy. Mining and refining metals 
are currently costing 8% of global energy supply and 
causing GHG emissions, whereas recycling is much less 
energy intensive, and especially metals can be recycled 
almost indefinitely [42]. For the second category, acces‑
sibility and abundance are viewed mainly from the per‑
spective of successfully developing materials that help 
enable a more sustainable life, which would thus be 
mass produced and applied globally. A higher accessi‑
bility and abundance would then help enable localized 
production and reduce global tensions or monopolies, 
for current and future generations.

As with the first category, various literature in Table 1 
stress the need to reduce emissions of GHG, pollutants, 
and substances toxic to humans and the environment 
which are in the third category. Both the first and third 
categories are also voiced by the International Resource 
Panel [43], who envision “a new economic paradigm to 
improve resource productivity” by reducing resource 
and energy consumption, wastes, and emissions. This 
would include mapping impacts such as pollution, 
deforestation, biodiversity loss, water depletion, health, 
well-being, and wealth, by means of resource flows and 
life cycles [43]. The fourth category, like the second, is 
based on the consequences of successfully develop‑
ing materials which would be applied on a global scale 
and thus replace existing industries. This would in turn 
greatly affect the economy, including livelihoods, work 
force, and required knowledge and skills. The questions 
correlate to UNEP’s green economy [7], the profit and 
people side of sustainability [8].

In order to minimize task difficulty and maximize 
respondent motivation, the questionnaire was designed 
to be short, having 10 questions total [44]. This led to the 
following questions (including one separate question on 
the researcher’s topic):

1	 How much more efficient is this material in compari‑
son to conventional materials?

2	 How much longer is the lifetime of this material in 
comparison to conventional materials?

3	 How rare or hard to obtain are the base components?
4	 If the entire world would need to be supplied with this 

material for daily use, would there be enough of it for 
several future generations?

5	 How many greenhouse gases are released during the 
production process of this material?

6	 How toxic are the materials used to humans and the 
environment?

7	 How much of this material can be recycled at the end 
of its life cycle?

8	 How much training and education would be required 
to start mass production of this material?

9	 How many new jobs would be created in order to mass 
produce and maintain the use of this material?

This level of detail of questions concerning the prod‑
uct life cycle and social-economic impacts gives an ini‑
tial insight into the level of consideration of sustainable 
aspects material scientists have. To a lesser extent, it could 
be used as an indicator to measure to what degree they 
consider themselves responsible for how their work con‑
tinues after their design and development. It is noted that 
the level of detail of these questions may measure knowl‑
edge rather than awareness of sustainability.

2.2 � Data gathering and scoring

The knowledge of material scientists was assessed dur‑
ing three events. The participants of the first and second 
event were presenting their work at these events and as 
such can be said to be material scientists. The third event 
consisted of material scientists and scientists working on 
new materials and techniques for material sensors.

The first event was a symposium for material scientists 
held at a research institute in Tsukuba, Japan in March 
2017. For this event a list of ten questions was devel‑
oped. Over the course of three days, 14 scientists were 
interviewed in person. Actual interviews depended on 
researcher availability over the course of the symposium. 
Interviews lasted roughly 15 min. Participants were first 
asked to describe the object of their study. All materials/
devices were related to improving energy storage, energy 
transmission, or other technical optimizations. Participants 
were then asked to envision a future where their material/
device had become successful to the degree that produc‑
tion would be scaled up to allow mass production on a 
global scale.

The answers to the questions were rated qualitatively 
on a scale of 0–5, with 0 equating to ‘no idea’. A score of 0 
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therefore indicates whether or not participants consider 
themselves aware of the sustainability aspect. Further 
scoring divided into values of 1–5 provided more insight 
into how sustainable they judge their materials to be. For 
each question, answers rated 1 were less ideal and answers 
rated 5 were most ideal. Table 2 shows the qualitative 
scoring per sustainability aspect to which participants’ 
responses were scored. Since few participants knew how 
to estimate the greenhouse gas emissions during produc‑
tion, they were alternatively asked to describe the highest 
temperature process in order to estimate energy use.

For the second and third events, a questionnaire was 
handed out to attendants of the poster sessions or work‑
shop attendants, who were either presenters or visitors. 
The second event was a symposium held in June 2017 and 
the third a workshop held in August 2017; both events 
were aimed at material scientists and held at a research 
institute in Tsukuba, Japan. The ten questions and scor‑
ing options were virtually the same as described above 
and can be found in the appendix. Due to the nature of 
the questionnaire there was no opportunity to ask par‑
ticipants about the highest temperature process in the 
development of their materials. The age of participants 
of all three events was estimated to be between 20 and 
40 years, with all participants having completed at least 
a master’s degree in a field related to material sciences. 
The respondents were of various nationalities (Asian, Euro‑
pean, American) and working as researchers in the field of 
material science.

Responses were anonymously combined per event 
and for all three events together. A further distinction 
was made between the mean per question including all 
responses, and excluding responses with a score of ‘0’ for 

‘no idea’. The range and prevalence were also calculated 
per question. The topic of one participant of the first event 
was found to be purely theoretical, and was therefore 
excluded from the results. This participant did comment 
that the questions were interesting to think about. On two 
occasions a participant had responded with a value lying 
in between two scores. In these specific cases, the value 
of 1.5 or 2.5 was attributed, and for prevalence a similar 
0.5 value was attributed to the respective scores. On three 
occasions a participant did not give a score. This led to 
the total number of responses being 35 for the aspects 
efficiency, training, and workforce; and 36 for all other 
aspects.

3 � Results

3.1 � Scores per sustainability aspect

Table 3 gives an overview of the average of the scores 
per sustainability aspect, for all events combined, and for 
both with and without taking into account the scores of 
0 (no idea). When considering the individual events, the 
minimum and maximum attributed scores (excluding 0) 
ranged from 1 to 5 for every aspect except for efficiency 
(range 2–5) and greenhouse gases (range 3–5), as can be 
seen in Fig. 2.

Overall, the sustainability aspects where participants 
judged themselves the most to have no idea (score 0) 
were greenhouse gases (31 responses, 86%), recyclability 
(16 responses, 44%), longevity (13 responses, 36%), and 
workforce (12 responses, 35%). The aspects of which most 
people displayed awareness were accessibility (97%, only 

Table 2   Qualitative scoring per sustainability aspect (see Sect. 2.1 for full questions)

* Based on http://www.co2li​st.org/files​/carbo​n.htm

Score 1 2 3 4 5

Efficiency Orders of magnitude 
worse

Worse Comparable 2–10 × more efficient 100 × or more efficient

Longevity Orders of magnitude 
worse

Worse Comparable Years Decades

Abundance Very rare Common Highly abundant
Accessibility Difficult Average Easily
Greenhouse gases* Massive—500,000 kg 

CO2 equivalent
50,000 kg CO2 equiva‑

lent (2–3 cars)
500 kg CO2 equiva‑

lent
50 kg CO2 equivalent 

(pc)
Few to none—5 kg 

CO2 equivalent 
(food stuffs)

Toxicity Numerous adverse 
effects

Several adverse 
effects

Some adverse effects Few adverse effects No adverse effects

Recyclability ± 0–5% ± 25% ± 50% ± 75% Up to 100%
Training Beyond university 

degree
Master’s Degree Bachelor’s Degree High school diploma None

Workforce Few – 100 s 1,000 s 10,000 s 100,000 s 1,000,000 s

http://www.co2list.org/files/carbon.htm


Vol.:(0123456789)

SN Applied Sciences (2020) 2:1364 | https://doi.org/10.1007/s42452-020-3151-z	 Research Article

1 entry of 0), abundance (94%, 2 entries of 0), and toxic‑
ity and training (92–91% respectively, both 3 entries of 
0). Interestingly, accessibility and abundance simultane‑
ously were rated highest, with 27 and 22 responses scoring 
either 5 or 4. The aspects of which training and workforce 
were rated lowest, with 14.5 and 15 responses scoring 
either 1 or 2.

3.1.1 � Efficiency

For the first event, the efficiency of the participants’ materi‑
als was on average comparable to conventional materials 
used. Overall, participants responded that their material 
was either worse, comparable, or several factors more effi‑
cient. One participant in the second event did not answer 
this question. One respondent commented that since 
many of the materials are still in development and being 
improved upon, it is unlikely that any larger scale commer‑
cial application will occur until several factors of increased 
efficiency are attained.

3.1.2 � Longevity

A rather large number of participants of the events 
(25–46%) had no idea about the longevity of their mate‑
rial. As these projects are still in development, for many 
projects it is still unknown how long the material would 
remain performing up to desired standards, especially 
since these standards evolve along with the capabilities 
of available materials.

3.1.3 � Accessibility

The majority (11/13) of participants of the first event stated 
their materials are easily accessible (score 5). The remain‑
ing two participants rated the accessibility of (some of ) 
their materials with the lowest score of ‘very rare’, which 
made this a highly polarized response. The second and 
third events saw more spread for the rating of accessibil‑
ity. Still, more than half (6/11) of the participants in the 
second event rated accessibility as ‘easily’ (score 5). In the 
third event most of the participants (8/12) rated accessibil‑
ity as ‘reasonably obtainable’ (score 4) as the highest score. 

No one in the second and third event rated accessibility as 
‘very difficult’ (score 1).

3.1.4 � Abundance

The majority (10/13) of participants of the first event 
judged the materials used for their project as highly abun‑
dant (score 5). One participant indicated ‘common’ abun‑
dancy (score 3), one ‘very rare’ (score 1), and one ‘no idea’ 
(score 0). This means the majority of participants judged 
there would be sufficient material available on earth to 
produce their material for use in daily life of current and 
future generations. For the second and third event this 
appraisal changed. In the second event only 2 partici‑
pants responded with score 5, while the majority (6/11) 
rated abundancy with high abundance (score 4) and the 
remainder with scores of 2 or 3. In the third event no par‑
ticipants responded with score 5, and the majority (9/12) 
rated abundancy with either score 3 or 4.

3.1.5 � Greenhouse gases

Three out of 13 participants of the first event were optimis‑
tic and estimated the production process of their materi‑
als would result in few to no greenhouse gas emissions, 
which was motivated either by there being no heating or 
the processes occurring at room temperature. The remain‑
ing participants indicated having no idea. In the second 
event, the majority (9/11) of respondents had no idea, and 
two participants responded with scores of 3 and 4 each. In 
the third event all 12 participants reported having no idea. 
This implies most participants did not consider the emis‑
sion of greenhouse gases during design of their materials.

3.1.6 � Toxicity

For the first event, while all of the possible scores 
occurred in the answers, the most prevalent were the 
scores of ‘some adverse effects’ (score 3) for 5 out of 13 
participants, and ‘no adverse effects’ (score 5) for 4 out of 
13 participants. Only one participant had no idea about 
the toxicity of the materials, and only two participants 
rated their materials as having numerous or several 

Table 3   Average score per sustainability aspect for combined events, including % of respondents without ‘0’ entries (color coded ranging 
from green for ‘5’ entries to yellow for ‘0’ entries)

Aspect Efficiency Longevity Accessibility Abundance Green‑
house 
gases

Toxicity Recyclability Training Workforce

With ‘0’ entries 2.57 1.83 3.94 3.58 0.58 3.31 1.61 2.44 1.56
Without ‘0’ entries 3.21 2.87 4.06 3.79 4.20 3.61 2.90 2.67 2.37

80% 64% 97% 94% 14% 92% 56% 91% 66%
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adverse effects. For the second event all participants had 
some idea of the toxicity of their material, and 5 out of 
11 participants rated it as ‘no adverse effects (score 5). 
For the third event two participants had no idea (score 
0). All participants having some idea (10/12) rated the 
scores between 2 and 4.

3.1.7 � Recyclability

Nearly half of the participants (6/13) of the first event had 
no idea (score 0) about the recyclability of their materials. 
Another 6 responded they estimated recyclability would 
be around 25–50% (scores 2–3). One participant stated 

0 5 10 15 20 25 30 35

Efficiency
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Greenhouse gases

Toxicity
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Prevalence of responses
"0" (No idea) "1" (Least ideal) "2" "3" "4" "5" (Most ideal)

Scoring of responses

Fig. 2   Prevalence of respondents’ scores per sustainability aspect (combined results from 3 events)
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100% could be recycled (score 5). For the second event, 
two out of 11 participants had no idea (score 0) of the 
recyclability of their materials/devices. Only 1 participant 
indicated close to no recyclability (score 1), whereas most 
participants reported recyclability from 50 up to 100% 
(scores 3–5). Results from the third event were more like 
the first event, with 8/12 participants reporting no idea 
(score 0) and further scores of 1–2.

3.1.8 � Training

One participant of the first event indicated this ques‑
tion was not applicable; thus no response was taken into 
account. Of the remaining 12 participants, 5 indicated a 
high education in the form of a master’s degree or higher 
would be necessary to produce their material (score 2). A 
further 3 indicated a bachelor’s degree would suffice (score 
3), and 2 estimated a high school diploma would suffice 
(score 4). One participant stated no education was nec‑
essary as the production process was quite simple (score 
5). For the second event, two out of 11 participants had 
no idea (score 0) of the amount of training and education 
required for the production of their materials. Only one 
participant indicated training beyond university would be 
required (score 1), whereas the majority (7/11) reported a 
bachelor’s or master’s degree would be required (scores 
2–3). For the third event, only 1 out of 12 participants had 
no idea (score 0). The majority (10/12) had scores ranging 
from 1 up to 3.

3.1.9 � Workforce

One participant of the first event indicated this ques‑
tion was not applicable; thus no response was taken into 
account. Two participants indicated to have no idea (score 
0). The remainder of participants conveyed on average a 
keen awareness of the potential markets or industries 
related to their material, and thereby logically argued for 
the number of potential jobs that could be developed, 
which varied widely. The second event had dramatically 
different responses with 7 out of 11 participants having no 
idea (score 0), and three participants estimating a few to 
1,000 s of jobs being created (scores 1–2). One participant 
estimated the creation of millions of jobs (score 5). For the 
third event, three out of 12 participants had no idea (score 
0), and the majority (8/12) estimated a few to 1,000 s of 
jobs being created (scores 1–2). One further participant 
estimated 10,000 s of jobs might be created (score 3).

3.1.10 � Scores per event

Figure 3 shows the differences in prevalence of scores 
between events. Since the results of event 1 were gained 

by direct interviews and events 2 and 3 by means of ques‑
tionnaires, a potential difference in scoring between these 
was anticipated. However, results overall show no signifi‑
cant difference between the scoring for events 1 and 2. 
Event 3 shows the largest difference from the other two 
events for the score of “5”, which is given only once for one 
aspect. It also has the highest number of scores for “0” (no 
idea), indicating higher uncertainty. Total scores per event 
and per aspect (Fig. 4) highlight the varied responses per 
event, dismissing a significant difference in responses 
between interviews and questionnaires.

3.2 � Highest degree temperature process

Participants of the first event were asked to estimate the 
highest degree temperature Celsius of their combined 
production processes (see Fig. 5). The time taken for each 
of these processes varied widely from 10 min to several 
days. Most of the processes (8/13) occurred up to 80 °C; 
the remaining 5 ranged between 140 and 450 °C. None of 
the values qualified as outliers as per the Tukey formula of 
1.5 * interquartile range. Two participants did not answer 
this question.

4 � Discussion

4.1 � Interpretation of results

Within the confines of this study, the sustainability aspects 
of which participants judged themselves the most to have 
no idea of were greenhouse gases, recyclability, longev‑
ity, and workforce. For these respondents, these sustain‑
ability aspects are not yet fully understood in relation to 
the materials they are designing. Furthermore, the aspects 
scoring high most often were accessibility, abundance, and 
toxicity. The aspects scoring low most often were training 
and workforce. It is prudent to verify how these aspects 
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might actually score and relate education goals and veri‑
fication of knowledge based on these results. Training 
and workforce currently score high when education levels 
are low and many new jobs are created, though this may 
arguably be viewed differently (see methods). However, 
if a reversed scoring system had been applied, this would 
not have changed which aspects score the highest overall.

It is noted that the questions reflect more the knowl‑
edge of how the material development process might 
impact detailed sustainability aspects, rather than merely 
the awareness of which sustainability aspects exist and 
might be influenced. Awareness itself can be evaluated 

as responding with values that are not ‘no idea’. The sub‑
sequent scoring provides additional insight into which 
knowledge of the impacts the material scientists judge 
themselves to have.

It is important to keep in mind that these scores are 
based on the participants’ own judgment as experts in 
the fields respective to the material they are developing. 
These scores however do not necessarily reflect reality. 
For instance, are the base materials really as easily acces‑
sible as many respondents have judged? The quantities 
required for experimental designs might be readily availa‑
ble, but for mass production, the volatility of global supply 

Fig. 4   Prevalence of score per event and per aspect

Fig. 5   The estimated highest 
degree temperature Celsius 
of the production processes 
(made with http://www.imath​
as.com/statt​ools/boxpl​ot.html)

http://www.imathas.com/stattools/boxplot.html
http://www.imathas.com/stattools/boxplot.html
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chains and how this might directly and indirectly affect 
production of their material can lead to strongly reduced 
access. Actual scores would be more suitably evaluated by 
a life cycle analysis study. If these scores accurately reflect 
reality, there is much to be improved in relation to job 
creation and training.

Regarding the logic behind the questions, the ideal sit‑
uations envisioned can have several influences reducing 
their desired status. For example, efficiency of a material 
is also technology dependent. There can exist tradeoffs 
between more efficient materials and more efficient tech‑
nologies and processes, which have not been examined 
in these ten questions. Comparably, a higher accessibility 
might lead to overconsumption if there are no simulta‑
neous measures to stimulate production in line with the 
needs of future generations. Furthermore, it can be argued 
that a production process requiring few workers is prefer‑
able, as it is easier to set up. However, the development of 
a new material is envisioned, that in an ideal case would 
replace existing technologies and thereby affect current 
livelihoods. Therefore, providing more people with a 
steady income is seen as the preferable sustainable situ‑
ation for overall society. For this same reason a minimum 
of education is seen as preferable over long years of train‑
ing, as this would increase the number of years someone 
can have a productive income. It is acknowledged that a 
longer education could lead to a higher income and simul‑
taneously create more educational jobs, but this was not 
taken into account in the questionnaire.

As for the highest temperature during manufacturing, 
this may provide an initial indication of how much energy 
is required to produce the materials. Depending on the 
energy source, this can contribute more or less to climate 
change. What is still missing is an indication of how long 
these highest temperature processes last, and if there are 
many different high temperature processes or merely a 
single manufacturing step requiring this temperature. 
Moreover, an indication of how much of the manufactur‑
ing process could be supplied by locally generated renew‑
able energy, and how various manufacturing emissions 
could be captured and neutralized, would be ideal. The 
fact that the majority of the respondents of the first event 
where this question was posed could easily give their esti‑
mation implies a strong awareness among participants of 
the technical side of manufacturing their materials.

4.2 � Implications

These results mainly imply that material scientists are not 
yet considering and applying all relevant aspects of sus‑
tainability when designing new materials, which in turn 
could have grave consequences if their material proves 

successful and is mass produced in the future. Improv‑
ing this situation begins in education, however, teaching 
sustainability aspects has its own hurdles. While the SDGs 
are ideally taught as early as in elementary school, many 
schools face issues integrating the topics in the already 
overcrowded curriculum. In the Netherlands for instance, 
“only a few elementary schools teach sustainability. The 
requirements of elementary school teachers on sustain‑
ability as set by the UN in 2011 are not applied in practice, 
as there is more emphasis on math, language, geogra‑
phy, nature, and history” [45]. We need to recognize these 
challenges and allow for more budget and resources to 
transform current education at all levels and ensure future 
students of all fields are well informed.

That being said, merely teaching these concepts 
remains insufficient. We also require policy changes to 
enforce course evaluations, and encourage lifelong learn‑
ing to guarantee both practitioners’ active working knowl‑
edge and update this where required. The latter requires 
action from the professional field by recalling students to 
offer continuous education, and normalizing membership 
of a professional organization which has the capabilities 
to enforce the principles of continuous learning and put‑
ting sustainability aspects into practice as an industry and 
scientific standard.

Furthermore, mass financial investments are being 
made into energy systems designed to last for the com‑
ing two to three generations. Without awareness of sus‑
tainability aspects, we cannot realistically hope to gain 
lasting progress as opposed to continuing with current 
practices which will cost more in the long term. It has been 
suggested by McCollum et al. [46] that funds should be 
massively reallocated in order to reach the Paris climate 
agreement targets. To effectively encourage reaching 
these goals, the consequences of such reallocation should 
implemented in the process of scientific funding as well. I 
therefore recommend two global improvements to trans‑
form our current generation of scientists, as well as foster 
our future generations, into being more deeply aware of 
the consequences of their research:

(1)	 Increase sustainability education, including environ‑
mental ethics, in all disciplines, countries, and tiers of 
education; for students, researchers, and policymak‑
ers.

(2)	 Make addressing sustainability considerations a com‑
pulsory component of research grants and funding 
(see also [47]).

Practically, one example of how this can take form con‑
cerns the International Science Council, formed in 2018 
through merging two large existing scientific councils. 
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As a leading authority on admirable scientific practices, a 
possible revision of their newly combined guidelines for 
ethical conduct could include the following:

•	 Advocate the professional and academic standards 
as the industry norm through governmental support, 
and encourage membership to this and other similarly 
regulated societies.

•	 Advocate the need to update one’s knowledge regu‑
larly to all graduates, past and future, and stimulate ini‑
tiatives by graduates and educational facilities to this 
end.

•	 Advocate the need to include sustainability concerns 
into grants and funding applications to policymakers, 
industry leaders, and other donor organizations, as a 
mandatory element.

•	 Advise members to shun grants and funding that does 
not require a review of how sustainable life cycles 
might be affected or studied.

As addressed by Bobrowsky et al. [35], such a code of 
conduct would have to be enforceable. If not the code 
would not be sustainable in itself. In line with these con‑
cepts, educators would review existing students and 
alumni about their knowledge, offering lifelong learning 
opportunities. Employers and professional societies would 
review employees’ track record of such courses, and may 
implement their own systems to for instance rank peo‑
ple according to their implementation of sustainability 
aspects. Governments, policymakers, and funding organi‑
zations would require a minimum scoring threshold and 
award higher scoring employers with more funding, and 
provide subsidies for increasing education when nec‑
essary. Society and governments both would demand 
materials that are made with more sustainability aspects 
simultaneously in mind, demanding exploratory life cycle 
studies and linked funding.

The one caveat of this setup is that making sustainable 
materials by itself is insufficient in order to reach sustaina‑
ble production goals. To truly reach transformative sustain‑
able solutions, we should question human behavior before 
asking how a new material could be optimally sustainably 
designed. The logic of the entire life cycle should be ques‑
tioned, including whether or not the product should be 
brought into existence in the first place. Policy changes are 
required to transform people’s lifestyles [1, 35, 47]. Some 
go as far as to argue for sustainable population policies 
Ragnarsdóttir et al. [48]. Costanza et al. [49] have framed 

these issues in a novel way by comparing societies’ unsus‑
tainable consumerism to that of individual addictions. In 
this view, societal addictions such as lifestyles with over‑
consumption relying on fossil fuels, overusing pesticides, 
economic aggrandizing, and overfishing, similar to an 
individual’s cigarette or drug addictions, both have short 
term rewards yet continue to be used despite universal 
knowledge of their detrimental effects. To overcome prob‑
lems with lifestyle transformations, Mulder et al. [3] state 
that technical innovation could be easier to implement 
than changing lifestyles on a global scale, while there 
remain many uncertainties regarding whether or not the 
changes technology may bring lead to increased sustain‑
ability. They recommend that institutions and lifestyles 
change simultaneously with technology, and material sci‑
entists be given concrete targets. They also point out how 
increased efficiency might lead to increased consumption 
and resource depletion, and believe that discussions on 
how products are used should be solved by public debate. 
This can be contrasted by Woodruff [11], who points out 
the disadvantages of prevalent ways of thinking, and the 
opportunities we have. Inhabitants of industrialized coun‑
tries commonly believe that natural resources are free and 
can be consumed endlessly, that either nature will adapt 
to humanity’s actions or technology can solve everything, 
and that a single person’s daily activities have a negligi‑
ble effect on the environment. At the same time, humans 
have a large amount of knowledge and skills, and can work 
together to reinvent how energy is produced and used, 
and how to address our needs for water, food, transporta‑
tion etc. It is clear that, even if we do transform our existing 
education and professional ethics to align with the SDGs 
in practice, the effects of capitalist consumerism on the 
sustainable survival of our and many other species needs 
to be carefully examined by all human beings in order to 
fully reach the SDGs.

4.3 � Recommendations

In this study, 36 material scientists were interviewed, 
or asked to fill out a questionnaire, regarding their own 
awareness of different sustainable design aspects related 
to the material they were developing. These results form 
an initial indication of material scientists’ awareness and 
provide a basis to warrant whether a greater in depth 
study is required to ensure holistic awareness of all rel‑
evant sustainability concerns. The results of this study can 
be of use to:



Vol.:(0123456789)

SN Applied Sciences (2020) 2:1364 | https://doi.org/10.1007/s42452-020-3151-z	 Research Article

1	 Policymakers; for assisting in the development of edu‑
cational, industrial, and commercial policies, stand‑
ards, and assessments.

2	 Educators; for the development of curricula and to test 
if the material of those curricula is sufficiently imple‑
mented in real life settings.

3	 Companies and research organizations; for compliance 
with international and local laws, codes, and policies 
on sustainability, for insight in the organizations’ pre‑
paredness to successfully innovate and contribute to 
the circular economy and a sustainable global society.

4	 Scientists and practitioners themselves; for review‑
ing their awareness and knowledge of key sustain‑
ability aspects, how these apply to the products they 
are developing and working with, and how they can 
make choices that increase the sustainability of their 
products’ life cycles.

The results of this study may be applied by any of the 
four above listed actors in order to increase the awareness 
of the aspects of materials’ sustainable life cycles among 
material scientists and other practitioners, or to directly 
encourage the development of materials with sustainable 
life cycles.

By performing a preliminary evaluation of the aware‑
ness of sustainability among material scientists, this study 
contributes to SDG 4: Quality Education [By 2030, ensure 
that all learners acquire the knowledge and skills needed 
to promote sustainable development, including, among 
others, through education for sustainable development 
and sustainable lifestyles, human rights, gender equality, 
promotion of a culture of peace and non-violence, global 
citizenship and appreciation of cultural diversity and of 
culture’s contribution to sustainable development] and 
SDG 12: Responsible consumption and production [By 
2030, ensure that people everywhere have the relevant 
information and awareness for sustainable development 
and lifestyles in harmony with nature] [5].

Still, Wolfram Alpha listed 8880 people employed as 
material scientist in the USA alone in 2009, and there‑
fore this study has covered a small group of respondents 
compared to what the global number of practicing mate‑
rial scientists could be. This means that the results of this 
study need to be verified in a larger population of mate‑
rial scientists, and also outside of Japan. Furthermore, 
in order to assess the sense of responsibility in material 
scientist to their role in creating a sustainable society, a 
more detailed follow up study would need to ascertain 

the participants’ study background and knowledge of sus‑
tainability aspects to a deeper level. More detailed back‑
ground should include participant’s nationality, place of 
study and degree, age and career stage, to determine any 
discernable patterns between awareness on the one hand, 
and training and culture on the other. In addition, partici‑
pants’ direct response as to the question of how they per‑
ceive their role in creating a sustainable society should be 
included. One important limitation to the currently ques‑
tions chosen is that they cover neither education nor the 
ability of the scientists to act on their awareness, whether 
or not it is obtained from education or their own initiative. 
From a sustainability point of view, as well as from the vari‑
ous ethical guidelines for professional conduct, ideally a 
scientist would be themselves motivated to uphold these 
guidelines in practice. In reality limited resources, time, 
data, other tradeoffs and pressures may lead to less ideal 
circumstances and result in less ideal choices. Future ques‑
tionnaires should additionally explore the organizational 
and funding support experienced by individual scientists. 
This would lead to a stronger understanding of the values 
material scientist apply in their work, and thereby which 
parts of educational theories become part of practice and 
which parts can be improved, either by previous omission 
or apparent redundancy. For instance, if scientists know 
the materials they are using is mined under inhumane cir‑
cumstances, why did they not choose to purchase them 
from a different source? Which sustainability criteria, if any, 
do they apply during their decision making process? To 
what degree is data available on the environmental and 
socio-economic circumstances concerning their mate‑
rials and processes, and to which level of detail should 
scientists try to obtain this? To what degree are scientists 
encouraged and supported by their organization, govern‑
ments, and clients to act responsibly regarding sustain‑
ability aspects?

5 � Conclusion

This study shows the responses of 36 material scientists of 
various nationalities pertaining to their awareness of vari‑
ous sustainability aspects relating to the material they are 
developing. The results show that, when imagining their 
material is successfully mass produced in the future, nearly 
all (86%) participants have no idea of the amount of green‑
house gases that might be emitted during manufacturing. 
A further 44%, 36%, and 35% have no idea about their 
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material’s recyclability, its longevity, or how many jobs its 
manufacturing might create respectively. These results 
imply that even though the principles of green chemistry 
and the SDGs have been taught more extensively over the 
past decades, this sample group of material scientists is 
not yet fully incorporating these aspects during the design 
phase of creating new materials.

As of yet there is little incentive for material scientists 
to pay more attention to the individual aspects of sustain‑
able design, let alone to the entire spectrum of sustainabil‑
ity aspects at the same time. Therefore, these two global 
improvements are recommended in order to transform 
our current generation of scientists, as well as foster our 
future generations, into being more deeply aware of the 
consequences of their research:

(1)	 Increase sustainability education, including environ‑
mental ethics, in all disciplines, countries, and tiers of 
education; for students, researchers, and policymak‑
ers.

(2)	 Make addressing sustainability considerations a com‑
pulsory component of research grants and funding.

Since this was a small group of respondents compared 
to the global number of practicing material scientists, 
future research needs to verify the results of this study 
within a larger global population of material scientists. It 
also needs to be verified how these aspects might actually 
score and relate to education goals.
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Appendix A

Below is an abbreviated version of the questionnaires 
used during the second and third event. The event titles, 
study background, handling of personal information, and 
contact procedures have been removed to show only the 
instructions and questions themselves.

Questionnaire on Sustainability of Research 
Materials

Instructions:
Please take a moment to think about the material, 

device, or product you are developing or improving. Imag‑
ine it will be highly successful in the near future and imple‑
mented worldwide. What sort of effects may this have? 

1.	 What is the practical application of the material/prod‑
uct you are working on?

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
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2.	 How much more efficient is this material in compari‑
son to conventional materials?

□ No ideat □ Orders of 
mag‑
nitude 
worse

□ Worse □ Com‑
parable

□ 2–10 
times 
more

□ 100 
times 
more

3.	 How much longer is the lifetime of this material in 
comparison to conventional materials?

□ No idea □ Orders of 
mag‑
nitude 
worse

□ Worse □ Com‑
parable

□ Years □ Decades

4.	 How hard to obtain are the basic materials?

□ No idea □ Very 
difficult

□ Quite 
difficult

□ Aver‑
age dif‑
ficulty

□ Rea‑
son‑
ably 
obtain‑
able

□ Easily 
obtainable

5.	 How abundant is this material when considering 
future generations using your material/product?

□ No 
idea

□ Very 
rare

□ Rather 
rare

□ Com‑
monly 
available

□ High 
abun‑
dance

□ Overly 
abundant

6.	 How many greenhouse gases are released during the 
production process of this material/product?

□ No 
idea

□ Mas‑
sive-500,000 kg 
CO2 equivalent

□ 50,000 kg 
CO2 
equiva‑
lent (2–3 
cars)

□ 500 kg 
CO2 
equiva‑
lent

□ 50 kg 
CO2 
equiva‑
lent (pc)
ears

□ Few to 
none-5 kg 
CO2 
equivalent 
(food 
stuffs)

7.	 How toxic are the materials used to humans and the 
environment?

□ No 
idea

□ Numer‑
ous 
adverse 
effects

□ Several 
adverse 
effects

□ Some 
adverse 
effects

□ Few 
adverse 
effects

□ No 
adverse 
effects

8.	 How much of this material can be recycled at the end 
of its life cycle?

□ No idea □ ± 0–5% □ ± 25% □ ± 50% □ ± 75% □ Up to 100%

9.	 How much training and education would be required 
to start mass production of this material?

□ No idea □ Beyond 
univer‑
sity

□ Master’s 
Degree

□ Bach‑
elor’s 
Degree

□ High 
school 
diploma

□ None

10.	 How many new jobs would be created in order to mass 
produce and maintain the use of this material?

□ No 
idea

□ Few-
100 s

□ 1000 s □ 10,000 s □ 100,000 s □ 1,000,000 s
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