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Abstract: The concept of sustainability is nowadays employed to compare manufacturing processes
or to define the correct path for material selection. Sometimes, this concept is only partially defined,
including just low costs, profit maximization and/or CO2 emission reduction. Actually, a process
or material can be defined as sustainable only if an objective function related to the economic,
environmental and social impacts is simultaneously maximized. To this aim, it is necessary to define
appropriate and specific sustainability indicators (i.e., values related to the economic, social and
environmental aspects of a process or material under analysis). These indicators come about from
simple calculations, and they are defined in terms of percentages and represented and compared
using radar diagrams. Then, a process or specific material is identified by an objective function (i.e.,
the area included by the polygon that links the scores reported on the diagram). The scope of this
representation of data is to individuate the major weaknesses of the process/material, proposing
methods of optimization and trying to maximize the objective function in the retrieved diagram. This
work aims to propose a general and simple method to calculate sustainability indicators on the basis
of specific definitions related to a given process/material. To highlight the potential of this calculation
and comparison instrument, two case studies are proposed: the first aims at comparing processes for
the production of energy, while the second aims at driving the choice of manufacturing material. The
selected indicators and adopted algorithm allowed for the identification of hydroelectric and eolic as
the most sustainable processes for energy production; for materials, the results strictly depended on
the assumptions made regarding favorable mechanical properties.

Keywords: sustainability; environmental impact; profit; social impact; energy process evaluation;
material selection

1. Introduction

One of the main problems of modern society is the excessive exploitation of natural
resources to support unsustainable activities and processes [1]. This issue began to be
felt as a problem after decades of rough industrial development, aimed essentially at
increasing profit, without taking into account the long-term effects and consequences on
human health and the material supply lack [2]. In fact, since the earlier stages of the
industrial revolution, the environmental impacts of all related human activities have been
deliberately ignored, and there has been a reliance on the substantial (but not infinite)
resilience of the environment to contain and neutralize any threat to or alteration of the
natural conditions. Moreover, the continuous race towards technological and industrial
progress of the countries participating in the Organization for Economic Co-operation and
Development (OECD), and the late but substantial contribution posed by the developing
countries, have determined exponential increases in waste generation, effluent emissions
and more in general, of resource consumption and consequent depletion.

In recent decades, the scientific community has highlighted a substantial amount of ev-
idence that suggests we have reached a point of no return, and that the evolution of modern
society necessitates that we face the problems that are derived from industrial production
and try to put forward effective solutions and adequate preventive measures. Profit itself
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should no longer be considered the only main variable describing the relationship between
customers and manufacturers. The exponential increase in pollution in the world, which is
linked to the demographic increase, has introduced the topic of environmental impact, and
an awareness that it should not be neglected and ignored anymore. Nevertheless, the social
and economic impacts are considered the fundamental variables to measure and compare
for a thorough definition and quantification of the overall incidence of human activities.

Nowadays, the path that the world is following is particularly worrying, mainly
because industrialized countries are characterized by societies that are currently difficult
to satisfy [3]. Every living day obliges humans to balance the consumption of the earth’s
resources with its natural tendency to regenerate them [4]. Manufacturing processes are
employed in a number of production chains that transform raw materials into final objects
for consumers. For example, in order to produce a mobile phone, several tens of different
metals are necessary (such as aluminum, gold, rhodium, silver and copper). A T-shirt is
made after the use of 0.23 kg of cotton or synthetic material, derived from crude. One loaf
of bread is produced using about 0.39 kg of corn. The equivalent mass of water necessary
to produce a plastic bottle containing 1 liter of drinkable water is about 1.39 L [5–7]. This
means that, in order to let one person drink 1 liter of water, another living being is deprived
of 1.39 L. Even though this problem has only been felt for a couple of decades [8], this
kind of sacrifice cannot be tolerated any more. In this scenario, a transversal and highly
impacting factor is the enormous need for energetic sources and assets, which make huge
contributions in terms of emissions, waste generation and natural resource depletion.
The global demand for energy is rapidly increasing because of population and economic
growth, especially in emerging market economies. The rising demand has led to an abuse
of fossil energy resources, which has created new issues and challenges. One of the possible
solutions that is most agreed upon is the so-called energy transition process. However,
the shift from an energy mix based on fossil fuels to low or zero carbon emissions, based
on renewable energy sources, is not free from pitfalls because of the substantial need for
natural resources to support the development and use of emerging technologies (e.g.,
metals and minerals for photovoltaic systems).

One of the main consequences of the continuous increase in industrial production
volumes is the huge generation and accumulation of wastes [9]. Every process generates
discarded materials, mainly due to the use of non-recyclable raw materials, or to the high
costs associated with recycling. The actual situation has both environmental and social-
economic implications due to two main factors: first, the inequality in the distribution of
resources; second, the necessity to reduce resource consumption [10].

According to several studies [11–13] performed on the modern ways of living around
the world, the National Footprint and Biocapacity accounts declared in 2021 that people
living in the United States would need the resources of the equivalent of almost five Earths
in order to balance the consumption of raw materials with their natural regeneration. Simi-
larly, Australian people have an impact that is quantifiable in the need of 4.6 Earths, while
Russians would need 3.4. In Europe, France, Germany, Italy, Portugal and Switzerland
would need between 2.8 and 2.9 Earths, followed by England and Spain with 2.6 and 2.5,
respectively. On this list, China ranks among the countries with unsustainable habits and
processes (i.e., the resources needed are more than 1 Earth), with an environmental foot-
print that is equal to the need for 2.3 Earths to balance the resource consumption. Starting
from India, with 0.7 Earths, several South and Central American countries, as well as some
African and Asian countries, suffer from the unequal distribution of resources, with values
significantly lower than 0.5 Earths. Summing up this information and data, the average
value calculated for the entire world is in the need of around 1.7 Earths to counterbalance
the negative generation of resources.

Among the possible solutions aimed at reducing and regulating the consumption of
natural resources, it has become necessary to substitute the linear concept of economy [14]
with the circular model [15–20]. In other words, the concept of waste should be elimi-
nated from the actual concept of economy, and the route to achieve this important goal
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is multilevel [21]. Generally, we are used to defining the life of an object from the cradle
to the grave, considering the path of raw materials during their transformation from the
manufacturing processes to the final consumers [22]. The concept of the grave alludes to
the elimination of the used objects as waste in order to substitute them with new updated
ones. The concept of waste can be eliminated after setting up adequate processes to recycle,
reuse or regenerate artefacts or their constitutive components. Of course, this politics starts
from a reasoned choice of raw materials, based on their manufacturing processes, until the
definition of their end of life, which should not only account for the immediate exigencies,
but also for the long-term impact. In order to define a new balance on the earth, humans
need to transform the waste step into dismantling, separation and reintroduction steps in
the process chain [23]. However, as for the example of renewable energies, which can have
a non-negligible environmental impact during their entire life cycles, the individuation of
the most virtuous routes is not a trivial goal.

To achieve this fundamental target, it is necessary to introduce into our daily manu-
facturing, consuming and scientific lives the concept of sustainability [24,25]. This means
that we do need to use natural resources in order to reasonably satisfy the necessities of
human beings, but without compromising the availabilities of those resources for future
generations [26,27]. This goal cannot be achieved by only thinking about the profit of
manufacturing processes, but by also considering the environmental, economic and social
impacts. The simultaneous reduction in the social and economic impacts for a process goes
under the name of equity, the intersection of social and environmental impacts defines
a bearable process, while the contemporary validation of environmentally friendly and
economic processes is called viability. The simultaneous intersection of bearable, equi-
table and viable processes defines a process as sustainable [28,29]. In other words, if a
process is able to maximize profit, minimize the consumption of resources and energy and
maximize efficiency while reducing the social impact, then it has the power to reduce the
consumption rate of resources compared with their regeneration rates. This kind of analysis
can be applied to energy sources as well as to material selection (e.g., for the design and
production of sustainable objects). At present, these topics are among the most important
issues worldwide for their present impacts on the environment and catastrophic previsions
for the future. Hence, dedicated efforts for the assessment of sustainability criteria appears
to be a cogent and intriguing target.

The achievement of such an ambitious goal can be obtained through the simultaneous
comparison of process or material variables in terms of energy requirements, social benefits,
recyclability, environmental impact, efficiency, return on investment and so on. There are
hundreds of known indicators reported in the literature; however, the greatest power of
this discipline is linked to the possibility of building new sets, depending on the purposes
of the analysis needed [30–33].

In general, the assessment of the sustainability of a process should define numerical
criteria (indicators) that can quantify its environmental, social and economic impacts (the
latter including the important energetic aspects). Most of indicator sets require experimental
data, the knowledge of thermodynamic, physicochemical and toxicity properties as well as
mass and energy flows, operating conditions, costs and equipment specifications for their
correct and tuned definition. As reported in the literature [32,33], the existing methodology
hypothesizes the best and worst conditions that are too generalized at the global level, while
our innovation compares the best and worst cases within the same materials/processes to
be evaluated.

According to these statements and having in mind these general properties, in this
work, a simple method for sustainability analyses was proposed through the construction
of ad hoc indicators. The aim was to highlight the great power of this method, which
can be easily used by everyone, even without having specific knowledge of processes and
materials. In particular, in this work, two case studies were proposed related to different
but complementary areas of applications: the selection of a process for energy production,
and the selection of a material for industrial design and manufacturing.
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2. Methods

The sustainability indicators need to be specifically defined according to the multiple
aspects that generally describe a process, or the selection of a material for a manufacturing
process. This means that the process and material selection cannot be described only
in terms of revenues or with a basic cost-and-benefit approach, but they might also be
compared from several different points of view with other equivalent choices. It is worth
adding that each manufacturing field has its own properties and features; therefore, it is
necessary to define specific indicators starting from the collection of data. This could be
the path to follow in order to individuate a specific weakness in the process and propose
a further improvement in terms of sustainability, improving its environmental and social
impacts without reducing the profit derived from the production.

Regardless of the specific process under analysis, it is generally suggested to define
at least two indicators of cost: one related to the initial investment, and the second to the
daily operation. These values of cost should be correlated to the functional unit that better
allows for a quantification of the goods produced, and that represents the base for extensive
parameter analysis (e.g., mass or volume or flow rate).

In this work, the technologies currently available for the production of energy were
analyzed, accounting for both renewable and non-renewable sources. For this case study,
the related indicators are defined in Table 1. The kWh produced (or its multiples) was
adopted as the functional unit.

Table 1. Indicators defined for the comparison of energy production processes.

# Type of Impact Definition Unit of Measure

1 Economic Cost of energy production (i.e., operating
cost per kWh generated) €/kWh

2 Environmental Equivalent CO2 mass emitted to
atmosphere per kWh generated gCO2/kWh

3 Environmental/Economic
Ratio among energy output over total
energy fed to the process in terms of

equivalent fuel (efficiency)
%

4 Environmental Water consumption per kWh generated g/kWh

5 Social Social perception of the process
(scale from 1 to 10) dimensionless

6 Economic Investment cost of the process
per kWh generated €/kWh

7 Social Number of fatalities per TWh generated 1/TWh

8 Environmental/Economic Process plant lifetime Year

9 Environmental/Social Use of land to build process plants
related to energy produced m2/kWh

Therefore, according to Table 1, indicator #1 was built in order to define the cost
of production per kWh of power generated during the operation of the plant. Similarly,
indicator #6 defines the initial investment cost of the process related to each kWh of power
generated during the lifetime of that specific plant. In order to define a process in terms
of sustainability, the evaluation of the revenues needs to be coupled with the calculation
of several other indicators related to the environmental impact of each process currently
employed for the production of energy, the social impact and the onerous management of
the effluents. Indeed, indicator #2 correlates the equivalent mass of carbon dioxide emitted
to the atmosphere per kWh produced, while indicator #4 defines a specific correlation
between the mass of water employed for utility along the process chain and the produced
kWh. It is worth observing that, in this work, we did not account for pollutant management,
which can be related to the different life steps of a single process (production starting raw
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materials, use for production and end-of-life disposal) and requires a dedicated study.
Moreover, for the main regulated pollutants, it should be assumed that each process
was conceived to respect the existing regulation; hence, the emission levels of the main
pollutants should be similar or at least comparable.

The efficiency of the process (i.e., the ratio among the energy output over the total
energy fed to the process (in terms of equivalent fuel)) is obviously a main parameter that
must be accounted for. Indicator #8 defines the average lifetime of a process plant. The
social perception of a productive plant is a non-negligible aspect for a fair evaluation of the
impact of an energy plant on the community. Sometimes this parameter is influenced by
the bias diffused by the media, or by the effect of distorted information, but this variable
concept also needs to be taken into account. In this case, the literature generally gives a
dimensionless scale from 1 to 10 to define the perception of a power plant built near a
community: 1 in cases of the lowest impact perception, and 10 as the highest perceived
impact. Another social aspect to be considered is the number of fatalities registered in a
plant per unit of power produced; this is an indicator related to the safety of the process
and needs to be evaluated before defining the choice. Finally, yet importantly, each power
plant has a different need for the land to be used and, namely, occupied. According to
this point, indicator #9 correlates the land surface use to the amount of power generated.
This indicator considers the occupation of land near a city, which is subtracted from other
economic and social activities, thus representing a term of environmental and social impact.

The list of the calculated indicators reported for the comparison of energy production
processes as collected from the literature [34–44] is reported in Table 1.

As a second case study, in this work, we focused on a comparison of different man-
ufacturing materials. In the same manner as the first case study, it is possible to address
the choice of a specific material according to defined indicators of interest. In this case, a
balance between technical and sustainability properties is necessary; thus, the sustainability
parameters were integrated with specific customized properties related to the use of the
material. Obviously, in this case, a preliminary selection of materials is mandatory, on the
basis of the technical requirements among the available alternatives.

Among the mechanical properties, tensile strength, stiffness, ductility and density
cannot be considered as optimal in an absolute manner because their evaluation depends
on the destination use of the investigated material. In other words, depending on the
application required by the designer, many different combinations of optimal parameters
can bring about the best choice in terms of both the technical result and sustainability. For
instance, a stated application could need a low-density material, but with high rigidity;
alternatively, it could be more appropriate to increase the ultimate tensile strength with
the lowest elastic modulus. Similarly, in terms of mechanical and thermal properties (for
example, conductivity), the definition of the best and worst conditions must be considered
case by case in terms of the material choice for the industrial or design applications.

On the contrary, the property related to the service temperature range is almost always
considered as the best if the range between the minimum and maximum temperature is
large, and it is considered the worst in cases of very narrow operating ranges. Similarly,
indicators related to cost and carbon dioxide emissions for material production processes are
considered as the worst if maximized and the best if minimized. There are no ambiguities
or biases when considering the annual production rate, which is directly related to the
supply risk of the specific material. Another prominent sustainability indicator related not
only to the environment but also to the production cost minimization is the recyclability
fraction, expressed in terms of percentage.

The list of the selected indicators for manufacturing material comparative analysis
was collected from different studies retrievable in the pertinent literature [45–55], and it is
reported in Table 2.



Sustainability 2023, 15, 6689 6 of 16

Table 2. Indicators defined on the basis of material properties and their manufacturing conditions.

# Type of Impact Definition Unit of Measure

10 Environmental/Economic
Ultimate tensile strength (i.e.,

maximum strength that the material
can withstand)

MPa

11 Environmental/Economic Stiffness (i.e., resistance
to plastic deformation) MPa

12 Environmental/Economic Density of the material kg/m3

13 Economic Difference between the maximum
and minimum service temperatures

◦C

14 Environmental
Equivalent mass of carbon dioxide
produced per specific material unit

mass produced
kgCO2/kg

15 Economic Cost of material per unit mass €/kg

16 Economic/Social Annual productivity, related to
supply risk of this material ton

17 Environmental Recyclability fraction %

18 Environmental/Economic/Social Capability to transfer heat W/m K

The data on the indicators reported in Tables 1 and 2 were collected from the literature
and analyzed after proper calculations. To compare the data shown, it is necessary to create
dimensionless variables, expressed in terms of percentages. This goal can be achieved using
Equation (1), which was first reported by Ruiz Mercado et al. [32–34]. The mathematical
correlation defines the generalized way to calculate each specific indicator:

Score =
Actual − Worst

Best − Worst
× 100 (1)

where “Actual” is the value of the indicator assumed by the process/material currently
analyzed; “Best” is the value that maximizes the advantage described among the processes
or materials investigated; “Worst” is the most critical value within the class of values
analyzed. The calculated ratio multiplied by 100 defines the score obtained by the single
material or process, expressed in terms of percentage. In this manner, the use of this simple
mathematical correlation transforms raw values into dimensionless scores, according to the
difference among the worst and best ones of that specific category, thereby allowing for a
combined and fair comparison of the different indicators.

According to this correlation, a score of 100% means that the process or material has
the highest score related to that analyzed indicator. Each indicator type can be correlated
to a best and worst value, according to the significance of the value calculated. In other
words, as for the optimal criterion-set definition, the best and worst values also depend
on the specific destination use. For instance, if the indicator is related to the investment
cost, then the best is obviously defined as the lowest value among the processes analyzed;
similarly, when the indicator is related to carbon dioxide emissions, the best value is the
lowest among all the processes analyzed.

Subsequently, to combine the results related to all the scores of the indicator set, the
average value of the scores (Save) can be calculated to compare processes/materials by
means of a single dimensionless value, as follows:

Save =
∑n

i Si

n
(2)

where Si is the value of the i-th sustainability indicator, and n is their total number.



Sustainability 2023, 15, 6689 7 of 16

3. Results
3.1. Sustainability of Energy Production Processes

The analysis of the sustainability of energy production processes included the com-
parison of the main processes that currently exist, based on both renewable and fossil-fuel
sources, and it is reported in Table 3, in which the values related to each indicator defined
in Table 1 are reported for each process of power generation. The newest technologies were
compared with the traditional ones in order to create a portfolio of efficiency, environment,
cost and social impact. For each of the nine selected indicators, the best and worst con-
ditions were identified, according to the benefit or damage given by its related value, as
indicated in the Methods section.

Table 3. Values of indicators (see numbers in Table 1) related to power generation processes [34–44].

Sustainability Indicators
1 2 3 4 5 6 7 8 9

Processes

photovoltaic 0.24 90 13 10 9.57 3568 0.00002 30 22

eolic 0.07 25 39 1 9.11 2386 0.00004 22.0 0.8

hydroelectric 0.05 41 95 36 7.06 1679 0.00130 100 33

geothermal 0.07 170 15 156 7.53 4286 0.00002 23 14

coal 0.04 1004 38 78 3.01 3216 0.02462 51 21

gas 0.05 543 49 78 3.54 5313 0.00282 33 1

nuclear 0.02 9 40 55 2.38 4435 0.00003 40 0.3

biomass 0.06 230 24 7.2 3.12 3500 0.00463 43 0.5

best condition 0.02 9 95 1 2.38 1679 0.00002 100 0.3

worst condition 0.24 1004 13 156 9.57 5313 0.02462 22 33

According to Equation (1), for each sustainability indicator (from 1 to 9), a percentage
score was calculated on the basis of the best and worst conditions identified in Table 3.
Therefore, Table 4 reports the obtained values of the scores of the sustainability indicators
expressed in terms of percentages. For each row, a best condition (corresponding to a
100% score) and worst condition (corresponding to 0%) were identified; for example, the
photovoltaic production of energy is characterized by a 100% score in terms of social impact
and number of fatalities per unit of power produced, as compared with the other processes
for energy production. On the contrary, photovoltaic appears to be the worst in terms of
cost and efficiency among the processes selected for comparison, yet it is the best in terms
of process longevity. The eolic production of energy has a 100% score in terms of water
consumption (volumes minimized) and social impact (the lowest obtained value on the di-
mensionless perception scale from 1 to 10, based on surveys [37]). Hydroelectric production
is the best in terms of efficiency, investment cost and maximum plant productivity, while
geothermal only holds the first place for the score related to the lowest number of fatalities.

As expected, coal- and gas-based processes are more unsustainable, as they never
reach the best values for any indicator. In the last decades, this was due to the low supply
risk for coal- and gas-related processes; thus, countries and politics have favored the
development and use of the so-called “brown” processes. Because the supply risk of these
materials has been increasing in the last decades, together with the awareness of their
severe environmental issues, greener power sources have begun replacing coal and gas.

Nuclear has the highest values in terms of operating costs, carbon dioxide emissions
and use of land. Graphic representations of these results are reported in Figure 1 as radar
charts, which allow for the visualization of multivariate data (as those under analysis) in a
unique two-dimensional framework.
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Table 4. Scores (%) calculated for each indicator of the accounted power generation processes.

Sustainability Indicator Photovoltaic Wind Hydro Geothermal Coal Gas Nuclear Biomass

operating cost 0.00 77.27 86.36 77.27 90.00 87.27 100.00 81.59

efficiency 0.00 31.71 100.00 2.44 31.10 43.90 32.93 13.54

water consumption 94.19 100.00 77.42 0.00 50.32 50.32 65.16 96.00

social impact 0.00 6.40 34.91 28.37 91.24 83.87 100.00 89.71

CO2 emissions 91.86 98.39 96.78 83.82 0.00 46.33 100.00 77.79

investment cost 48.02 80.53 100.00 28.26 57.71 0.00 24.16 49.89

# of fatalities 100.00 99.92 94.80 100.00 0.00 88.62 99.96 81.26

process lifetime 10.26 0.00 100.00 1.28 37.18 14.10 23.08 26.92

land use 33.64 98.56 0.00 57.57 36.70 97.86 100.00 99.29
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tainability (i.e., the synergistic balance of all the indicators identified). Following these 
indications, hydro, nuclear and wind appear to be the most sustainable processes. 

In Figure 2, the average score value for each of the considered processes, calculated 
according to Equation (2), is reported in terms of a basic bar chart. 
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In particular, in Figure 1e, the overall comparison allows for a visualization of the
strengths of all the processes at a single glance. The more outwardly the graph is distributed,
and with the large included area, the more virtuous that process is in terms of sustainability
(i.e., the synergistic balance of all the indicators identified). Following these indications,
hydro, nuclear and wind appear to be the most sustainable processes.

In Figure 2, the average score value for each of the considered processes, calculated
according to Equation (2), is reported in terms of a basic bar chart.
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According to the applied methodology, the most sustainable process for energy pro-
duction appears to be the one with the largest area drawn in the radar diagram by indicator
values: the generation of power from hydroelectric, followed by wind and nuclear. This
result is also confirmed by Figure 2, which indicates hydro and coal as the best and worst
processes, respectively, according to the indicator set adopted for the analysis.

3.2. Sustainability of Manufacturing Materials

Table 5 reports the values of the selected indicators collected and calculated for the
selected manufacturing materials used in the overall sustainability analysis. In this second
case study, the purpose was to provide a methodology to select the best-performing material
not only in terms of technical properties (strength, stiffness, ductility, conductivity, etc.),
but also in terms of carbon dioxide emissions, recyclability, service temperature range, etc.,
which define its sustainability.

It is particularly important to assess that changing the area of interest (from a process
to a material) results in the definition of completely different indicators. However, also
for this second case study, it was possible to use the same analytical procedure defined in
the Methods section, and for each indicator (numbered from 10 to 18), the best and worst
values were calculated. Moreover, in Table 5, for the determination of oak wood properties,
the fibers were assumed to be parallel to the grain, as wood is not an isotope material,
and some of its mechanical properties may change according to the direction of the fibers.
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Of course, this assumption is negligible in terms of productivity, efficiency and carbon
dioxide emissions.

Table 5. Values of indicators (see numbers in Table 2) related to manufacturing materials [45–55].

Sustainability Indicators
10 11 12 13 14 15 16 17 18

Materials

aluminum alloy 310 69,000 2700 460 2 1.8 5.0 × 107 50 251

stainless steel 820 200,000 7900 1100 0.95 3 4.6 × 108 70 15.0

brass 525 110,000 8530 510 1.1 5 2.5 × 106 40 130

polyethylene
terephthalate (PET) 79 3300 1380 130 2.15 2 1.5 × 107 35 0.235

polyurethane (PU) 3447.5 6 65 120 2.755 2.5 9.5 × 106 10 0.025

oak wood (parallel to
grain) 5.5 13,600 690 67 1.725 4 8.0 × 105 60 0.197

porcelain 100 40,000 2400 1250 3.7 1.6 4.0 × 106 0 1

best condition 3447.5 200,000 8530 1250 0.95 1.6 4.6 × 108 70 251

worst condition 5.5 6 65 67 3.7 5 8.0 × 105 0 0.025

In this case study, for a meaningful comparison, we assumed a defined destination use
for the material (i.e., we hypothesized that the designer needed to select a material with
high ductility, high rigidity, high density and high conductivity for a specific structure or
design object). Imaging to select a material with the highest ultimate tensile strength, the
best one would be polyurethane. Moreover, the highest stiffness value is for stainless steel,
among the list of materials compared in Table 5. It is worth recalling that the definition
of a value as best or worst strictly depends on the assumptions, which are defined on the
basis of the desired application. That is why this method is as simple as it is powerful.
Hence, when building the corresponding score (Equation (1)), the best value for density is
considered either the lowest or highest depending on the necessity to minimize or maximize
the weight per unit volume of a finite object. Regarding the service temperature range, in
this study, the best value for the materials is the one with the largest difference between the
maximum and minimum service temperature values. For a fair comparison of the materials,
one of the most important indicators is the carbon dioxide emissions per unit mass of the
chosen materials; in this study, it is calculated as the best for stainless steel and the worst
for porcelain. The results in terms of cost are totally different, and porcelain has the best
score. Furthermore, the largest annual manufacturing amount is related to oak wood;
thus, it assures the lowest risk supply, which has an indirect effect on the social impact.
The conductivity, once again, is an indicator that we may need to maximize or minimize;
therefore, the best or worst values will depend on the kind of application required. In our
case, we assumed that aluminum has the best score. Among the most available materials,
aluminum is non-corrosive, ductile and highly conductive, having a relatively low weight.
Moreover, its supply risk is particularly low, as it is one of the first five most common
elements in the earth’s crust. It is the most employed metal after steel for its similar stiffness,
with the advantage of being cheaper.

In Table 6, the obtained values of the scores of the sustainability indicators expressed
in terms of percentages for manufacturing materials are listed.

Moreover, for this case study, radar diagrams of these calculations were built and are
reported in Figure 3 (singularly and in pairs), while, in Figure 4, histograms comparing the
average percentage scores allow for a final comparison.

Considering as best conditions for this study high rigidity, elastic behavior, density
and thermal conductivity, the best-performing material is undoubtedly stainless steel. Of
course, this study could give completely different results in cases of different mechanical
properties desired by the researcher or customer. Designers should be aware of this before
starting calculations and looking for data to build their own sustainability indicators.
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Table 6. Scores (%) calculated for materials in percentages.

Sustainability Indicators Aluminum Alloy Stainless Steel Brass PET PU Oak Wood Porcelain

tensile strength 8.85 23.66 15.09 2.14 100.00 0.00 2.75

stiffness 34.50 100.00 55.00 1.65 0.00 6.80 20.00

density 31.13 92.56 100.00 15.53 0.00 7.38 27.58

service temperature range 33.22 92.56 37.45 5.33 4.48 0.00 100.00

CO2 emissions 61.82 100.00 94.55 56.36 34.36 71.82 0.00

cost 94.12 58.82 0.00 88.24 73.53 29.41 100.00

annual productivity 10.71 100.00 0.37 3.09 1.89 0.00 0.70

recyclability 71.43 100.00 57.14 50.00 14.29 85.71 85.71

conductivity 100.00 5.97 51.79 0.08 0.00 0.07 0.39
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4. Conclusions

The massive development of industrial production based on the extensive use of
natural resources and the extremely high energy demand has determined the urgent
need to face the environmental, economic and social consequences inevitably derived. In
particular, the depletion of natural resources, the generation of huge amounts of wastes
and the emissions of polluting substances, especially those that are climate-changing, push
for a revision of the productive paradigms of modern societies, orienting all changes in
light of the concept of sustainability. As all the choices should be made aiming at the most
sustainable one, there is a growing interest in defining methodologies, procedures and
easy-to-apply algorithms for their thorough individuation.

The main aim of this work is to propose a methodology to select a process or material
based on the definition of specific criteria, which accounts for its sustainability. The
numerical criteria (indicators) are specifically related to the environmental, social, energetic
and economic impacts; each of them is correlated to an indicative functional unit, which
represents the basis for extensive parameter analysis (e.g., mass or volume or flow rate).

As case studies, the methodology was applied to the main technologies currently
available for the production of energy, accounting for both renewable and non-renewable
sources, and to the main manufacturing materials.

The main steps of the proposed methodology are as follows:

• Individuation of the alternative processes/materials to be compared;
• Definition of the most representative set of indicators;
• Collection and calculation of numerical values of each indicator, for all the alternatives

previously individuated;
• Calculation of the scores, by the individuation of the best and worst among all the

previous defined indicator values on the basis of the assumptions;
• Calculation of an average score value and radar representation for the final comparison

of processes/material.

Following these steps, it was possible to assess that hydroelectric, biomass and nuclear
sources are the most sustainable options for the production of energy. Among the materials,
high rigidity, elastic behavior, density and thermal conductivity are the desired properties.
Thus, the best-performing material is stainless steel.

This study can be easily applied to other similar scopes or interest areas dealing
with environmental, social and economic issues (i.e., to those applications in which the
individuation of the most sustainable option is still an open issue). At the same time, the
obtained results represent the starting point for the implementation of improvement and
enhancement procedures, promoting the use of the recycling, reuse, reducing (both energy
and resources employed), regenerating and repairing approaches to human activities.

As a final consideration, the proposed methodology can be easily extended to a
larger number of indicators (e.g., including acidification, basification, mass or number of
hazardous raw materials and other kinds of pollutant management) or performed with an
alternative set, which could be objects of future investigations.
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