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Abstract: Product and service development based on sustainable criteria is one of the poles of inno-
vation in design activity. Public policies, consumer preferences, and corporate social responsibility
lead to the growing importance of applying sustainability principles in the current design process.
However, to make this practice widespread, sustainability assessment must be included in the curric-
ula of bachelor’s and master’s degrees in design, so that the graduates have the precise tools to use
when they start their professional careers. Furthermore, sustainable design methods have mainly
been applied to improve only the environmental behavior of products. In this work, a methodology
that simultaneously evaluates environmental, economic, and social aspects was applied to project
more sustainable designs of products and services. This approach was implemented in higher
education to develop Bachelor’s and Master’s degree final projects by design engineering students.
Collaboration with different companies and institutions allowed the study of a number of cases. The
production process of a cash management machine, the service provided by a public nursery school,
and the development of an itinerary exhibition were addressed. In each case, product and service
requirements were analyzed, sustainability indicators were obtained, and more sustainable designs
could be proposed. This experience is also part of a global strategy at the University of Zaragoza to
support the implementation of the UN’s Sustainable Development Goals, enhancing sustainability
education. The intention of this paper is to present a methodology for more sustainable design, and
examples of its application that other teachers can easily follow when teaching design of products
or services.

Keywords: sustainable design; product and service design; sustainability strategies; design engineering
students

1. Introduction

Today, designers face the challenge of reaching the best possible combination of both
operative and sustainable aspects in the design of products and services. Thus, design
engineering students need to learn and apply new methods and techniques for addressing
issues such as evaluating the sustainability of a system and integrating sustainability
strategies in the design activity.

Sustainable design was initially focused on reducing the environmental impacts of
industrial products [1]. At the same time, a life cycle perspective, which takes into account
the whole process from the raw material generation from natural resources to the product
final disposal, was included in the development of eco-design methods [2,3]. Thus, a
number of factors in the manufacturing, assembly, maintenance, and end-of-life stages of
the product life cycle are incorporated at the very beginning of its design process. The
eco-design methodology is assisted by a set of techniques, rules, and tools [4,5]. Two
types of tools are required: tools to evaluate environmental impacts, and tools to achieve
environmental improvements. One of the most important tools to measure environmental
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impacts is the Life Cycle Assessment (LCA) method [6,7]. Meanwhile, to identify potential
improvement actions, one of the most remarkable tools is the Life Cycle Design Strategy
Wheel (LiDS-W) [8], which proposes the application of a wide number of eco-design rules
throughout the entire product life cycle. Andriankaja et al. [9] compiled, in a summarized
manner, different eco-design tools used by researchers to achieve the assessment and
improvement of environmental impacts. Numerous studies have focused on applying
eco-design to a comprehensive range of products. In the case of service design, criteria
such as user experiences and expectations are emphasized [10].

The eco-design methodology is mainly approached from a technical perspective, with
limited attention to the human-related aspects. Nevertheless, applying a sustainable ap-
proach means not only taking into account environmental impacts, but also introducing
socio-ethical principles and models that are economically feasible. Three dimensions—
looking simultaneously at economic aspects (profit), environmental issues (planet), and
social concerns (people)—should be considered [11,12]. In order to evaluate sustainability
in this triple bottom line, a new perspective is being introduced through the Life Cycle
Sustainability Assessment (LCSA) framework [13–15]. Applying this approach, different
impact categories are evaluated in the environmental dimension; economic aspects are
usually valued by considering costs, and social issues are analyzed by establishing different
stakeholders’ groups. These groups (workers, local community, society, consumers, and
value chain actors) are recognized according to the UNEP guidelines [16]. Each sustainabil-
ity dimension is measured by a set of indicators according to different works [17–19]. Since
social issues are not easy to quantify, semi-quantitative and qualitative information is also
usually proposed. After the separate assessment of each dimension, a global improvement
in the sustainability of the product or service can be obtained. If improvements are not
achieved in all dimensions, the global improvement will depend on the criteria applied to
weigh each of the dimensions [20].

Sustainability integration in product and service development has been the objective
of numerous researchers. Maxwell and Van der Vorst [21] proposed using a checklist of
the most usual environmental and socioeconomic impacts at each stage of the life cycle.
Maxwell et al. [22] elaborated “The Guide for Developing Sustainable Products and Services
in Industry”, which collates some of the most significant sustainable product and service
development endeavors until that moment. On the other hand, Gagnon et al. [23] indicated
that sustainability tools should be used in conjunction with existing approaches associated
with state-of-the-art design practice. In addition, Pesonen and Horn [24] recommend
the use of tools to expedite the assessment process and communicate the results easily
to key decision makers. With the objective of introducing the design process toward
sustainable system solutions, Ceschin [25] proposed the implementation of socio-technical
experiments, while Vezzoli et al., [26] suggested the application of design criteria and
guidelines to stimulate the generation of ideas, as well as the use of comparative checklists
and radar diagrams to visualize the results of the analysis. The design criteria applied in
order to achieve more sustainable products and services must guarantee that the initial
specifications of the designed product or service are still met [27,28].

Ceschin and Gaziulusoy [29] carried out a comprehensive study on the response of
the design discipline to sustainability issues; these authors cite diverse approaches that
are increasingly focused on both the integrated combination of products and services and
promoting new socio-technical systems in which not only technological advances, but
also social and organizational innovations, are developed. Other authors also point out
that designers have an opportunity to influence the development of socially responsible
products [30], that design can influence the more sustainable behavior of the users [31],
and that sustainability can be one of the factors that influence the positive perception of
the product or service ahead of purchase [32].

Nevertheless, practical methods to value sustainability aspects in a triple dimension
(specifically including social issues) have only recently been applied. In addition, studies re-
garding the sustainability performance of service systems and complex systems composed
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of products and services are rather limited [33,34]; hence, practical methods to address their
sustainable design, (including a set of sustainability strategies) are scarcely developed [35].
Additionally, there is a need to implement research achievements in teaching programs in
higher education.

Although 80% of the environmental impact of a product is estimated to be determined
at the design stage [36,37], the introduction of sustainability assessment methods into
the teaching practice in bachelor’s and master’s degrees in industrial design is still not
widespread. For example, from 93 contributions to the 23rd International Conference on
Engineering and Product Design Education held at VIA University in Herning, Denmark.
9–10 September 2021, only 7 of the contributions mentioned sustainability in the keywords,
and just one presented by the authors focused on sustainability assessment with quantita-
tive data [38]. Authors such as Østergaard, Leube and Walcher, and Sumter et al. [39–42]
demonstrate the need for changes in the curricula of design degrees in order to develop
sustainable competencies.

The aim of this work is to effectively achieve more sustainable products and services
via the implementation of an approach in which sustainability improvements are evaluated
according to the three pillars of sustainability: environmental, economic, and social impacts.
This approach was formulated and put into practice by a group of professors at the
University of Zaragoza who decided to include the sustainability issue in the development
of final projects in bachelor’s and master’s degrees in industrial design and product
development engineering. The methodology applied and results achieved in three different
case studies, which include very different systems, are shown in the following sections.

This paper represents a practical example of how to introduce the sustainability assess-
ment in teaching programs independently of the design topic addressed in the course. The
aim of the methodology presented is to equip students with tools for the implementation
of improvement strategies in their design, based on the sustainability criteria.

2. Methods

Regardless of the product or service design methodology that is followed in design
education, it certainly includes a phase of idea generation, concept development, and
selection of the most appropriate proposal for the detailed design. In the proposal selection
stage, there is the potential not only to include the sustainability criteria in the decision-
making process, but also to improve the chosen proposal by applying the sustainability
strategies, and assessing the different design options in the environmental, economic, and
social dimensions. This procedure gives the designers the option to look deeper into the
design that they deliver, and to be conscious of the impacts it provokes.

The sustainability improvement of products and services is addressed by applying
both the LCSA approach and engineering design methods, via the systematic development
of three phases (Figure 1): (1) sustainability assessment of the initial product/service;
(2) product/service redesign, taking into account initial specifications and sustainability
criteria, and the consequent sustainability assessment of the redesign; and (3) comparison of
sustainability results between initial design and redesign, to detect whether enhancements
have been achieved.
Phase 1: Sustainability Assessment

In Phase 1, the initial product/service is analyzed, and the LCSA methodology is
applied to assess its sustainability. Four steps are carried out: First, the goal and scope
of the study are established, and the functional unit is also settled. Next, inventory data
are obtained, and product/service performance is characterized by a set of metrics. Then,
the environmental, economic, and social dimensions are assessed using a number of
appropriate indicators. Finally, results are analyzed, determining the most significant
impact factors. The elementary flows exchanged within the system boundaries include
inputs (raw materials, energy consumption, consumables, money inputs, etc.) and outputs
(products, waste and production energy costs, salaries, payments, etc.). Depending on
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the depth and the scope of the research, the entire life cycle or specific stages along the
product/service life cycle can be analyzed.

Figure 1. Sustainable design methodological scheme (by authors).

Phase 2: Sustainable Redesign
The definition of new design concepts or the transformation of existing ones is usually

carried out when those improvements or innovations detected are included in the initial
design. Nevertheless, the specifications of the product or service must be met. In the
same way, these specifications should not be compromised if sustainability strategies are
applied. The selection of low-impact materials, reduction in material usage, and lower
energy consumptions are usual strategies to environmentally improve products. If the
socioeconomic approach is also taken into account, the relevant stakeholders should be
identified, and strategies to improve specific requirements and social indicators should
be applied.
Phase 3: Comparing Designs
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A new sustainability assessment is undertaken for the redesigned product/service.
The resulting indicators are compared with those obtained for the initial design, with
the aim of detecting whether sustainability improvements have been achieved. A global
improvement in the system sustainability will be obtained if improvements in the three
dimensional indicators are achieved. However, if this is not the case, the improvement in
the system sustainability will depend on criteria to evaluate each dimension. These criteria
can vary widely in each product/service evaluated, in accordance with the concerns and
choices of the stakeholders and decision makers. Hence, different weighting factors can
be applied to sustainability indicators to express the relative importance of each one of
the sustainability dimensions. Three main methods for weighting indicators can be used:
equal weighting, statistics-based weighting, and expert-opinion-based weighting [20].

In this work, the design of more sustainable product/service is backed by the evalua-
tion of a set of metrics and indicators. Metrics provide designers with useful information on
the system performance, and are indispensable to later obtain sustainability indicators. The
selection of metrics depends on both the product/service characteristics and the score of
the study. Thus, very different metrics can be used in each study case. Metrics considered
useful to measure a product manufacturing process are the mass of raw materials, the
amount of material removed, and the units of the product manufactured within a period
of time, as well as the energy consumption and different production costs. In the case of
service provision, metrics should compute the consumption and costs of different resources
used throughout the service operation, but also the number of users or customers that
make use of the service over a period of time.

In addition, sustainability indicators that can be quantitatively evaluated were selected.
The global warming potential (GWP100), used in all research papers in which environmental
impacts are assessed, was the indicator selected to measure the environmental dimension.
The ProBas database (https://www.probas.umweltbundesamt.de/php/index) [43] php
(accessed on 13 April 2017) was used to obtain environmental indicators of different
materials and products, and emission factors of electric commercial companies [44] were
applied to evaluate greenhouse gas emissions from both electric and fuel consumption.
The value added (VA), or net operating profit, was selected for the economic dimension,
since it is a useful indicator to show the economic feasibility of any activity.

Finally, the workers were selected as the main category of stakeholders, and the social
dimension of sustainability was valued by quantifiable indicators. Qualitative or semi-
quantitative information of social sustainability were obtained in various studies due to
the social aspects being difficult to quantify. However, the use of quantifiable indicators is
proposed in those works in which the ability to improve the sustainability of a system is a
main objective of study [19,35]. The metrics and sustainability indicators used in this work
are defined in Table 1.

Table 1. Metrics and sustainability indicators.

Metrics Used in Product Manufacturing

Mp (Kg) Product Mass is obtained by the difference between the mass of raw materials and the masses of both material
removed and byproducts generated in the production process.

Wp (%) Waste expresses the efficient use of raw materials in the production process; it is obtained by the mass ratio of
the material removed and the raw materials required in the production.

Epr (kW·h) Energy Consumption is obtained by the sum of consumption in each operation carried out throughout the
product manufacturing process.

Cpr (EUR) Production Costs refers to the costs associated with the manufacturing process, and includes the following
groups: raw materials, labor, consumables, and indirect costs.

Tpr (h) Production Time expresses the average time to develop a productive operation.

Pr (units/year) Production represents the units of product manufactured within a time period. Average production is obtained
from the times involved in each productive operation.

Metrics Used in Service Operation

Us Service Users expresses the number of users or customers that make use of the service over a period of time.

Ws Service Workers is the number of workers that are involved in the service provision. Different categories of
employees can be established.

https://www.probas.umweltbundesamt.de/php/index
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Table 1. Cont.

Metrics Used in Service Operation

Es (kW·h) Energy Consumption is obtained by the sum of different forms of consumption (electric, gas, etc.) throughout
the service development.

Cs (€) Service Costs refers to the service operation costs, and includes the following main cost groups: energy, labor,
consumables, and indirect (insurance, taxes, etc.).

Fs (EUR) Service Fee represents the revenues obtained by the service provider from fees paid by users/customers who
make use of the service.

Sustainability Indicators

GWP100
(KgCO2 eq)

Global Warming Potential represents the total emissions of greenhouse gases, calculating the radiative forcing
over a time horizon of 100 years.

VA (EUR) Value Added expresses the net operating profit; it is a useful indicator to present the economic feasibility of
any activity.

Tw (h) (workers)
Us/Ws (workers)

To (h) (users)

Working time represents the average time required by the workers to develop an activity.
Ratio between numbers of users and workers represents the average number of users that each worker has

to attend.
Service operating time represents the period of time in which the service is developed.

3. Case Studies

In this section, different cases that include the design of products and services are ad-
dressed. In each case, a more sustainable product/service is projected, taking into account
that only some stages of its life cycle are analyzed. First, a cash management machine
(product) is studied, and an improved design to obtain a more sustainable production
process is presented. Next, the performance of a public infant school (service) is reviewed,
and various improvements are projected. Finally, sustainability-oriented changes in the
system used to exhibit contents (product) are proposed in the development of an itinerary
exhibition (service). Projects were carried out by students individually, and were tutored
or co-tutored by chosen professors over the course of approximately 6 months, in weekly
sessions. The case studies were chosen by both student and teacher, and were approved by
the degree academic commission that checks whether the object and scope of the work are
adequate. Each project corresponds to 12 ECTS credits.

3.1. Case 1: Cash Management Machine

The design of this machine is characterized by two elementary functions: counterfeit
detection, and money accounting and safe storage. It consists of four different modules,
which are shown in Figure 2. Money notes are placed in the feeding module, where they are
sequentially rolled on to the detection module, and then to the safe deposit box, through
the transportation module. The closing module acts as general cover for the machine
(except for the safe box). Rejected banknotes from the detection module are driven out
from the machine.

Inventory data in the manufacturing stage were obtained from a detailed study
of the production process and specific data provided by the company. This process is
schematically shown in Figure 3. The raw materials required in the manufacture of the
mechanism and structural parts are mainly steel (AISI 430, AISI 303, and ST 37-2) and
aluminum alloy (Al 6061), which are mainly received in the industrial facility as sheets
and bars. A wide number of components are manufactured by external companies, and
are incorporated into the production process along with the final assembly process. The
manufacture of this product includes cutting, folding, and machining, as well as welding
operations, component assembly, and testing of the product. Times required for operation,
energy consumption and money flows are shown in Figure 3. All data are expressed per
functional unit (one machine).
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Figure 2. Case 1: cash machine scheme (by authors).
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Figure 3. Case 1: scheme of the production process. Metrics of the initial design (by authors).

Welding of the safe box parts is the operation with the highest energy consumption,
and machining of the components involved in the transport module is the operation for
which the most time is required. The total mass of the raw materials is 50.4 kg. It can be
observed that an elevated residue proportion is produced (68.7%). The energy consumption
for the whole manufacturing process is 917.9 kW)h. Production costs—including materials,
labor, energy, and indirect costs—are EUR 1911.3. Raw materials account for ~52% of the
total cost. Regarding times required for operations, it can be observed that the machining
time is the highest (4.15 h). Production is ~2000 units per year. A summary of the metrics
evaluated in the initial production process can be found in Table 2, where they can be
comparatively analyzed with those obtained later from the application of sustainability
strategies in the product design.

Table 2. Case 1: application of sustainability strategies.

Strategies Tpr (h) Epr (kW·h) Cpr (EUR)

(Str1) Material change
in rollers

Al 6061(machining) 0.54 2.17 22.8

POM (injection mold) 0.25 1.26 6.3

(Str2) Alternative
production technique

Production by folding 0.03 13.26 9.55

Production by stamping 0.02 12.41 7.56

(Str3) Reuse
of the safe box

Safe box (full production) 2.53 873.6 560

Reused (assembly) 0.36 12.41 72

In addition, sustainability indicators were evaluated. As shown in Table 4, a total
of 146.8 Kg CO2-eq are emitted, due to both utilization of raw materials and power
consumption in the production of each machine. According to revenues obtained from
sales, the net operating profit of the company is EUR 388.7. In the social dimension, the
workers category is selected. The average working time required to manufacture one unit
is 13.04 h.
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Next, three different strategies named Str1, Str2, and Str3 were applied as more
sustainable design options for this product:

• Str1: The material used in the rollers of the transportation module was changed from
aluminum to POM (polyoxymethylene);

• Str2: The design of some of the components used in both the in-feed and transport
modules was partially changed in order to be manufactured by die stamping instead
of folding;

• Str3: The reuse of the safe box from machines that are no longer used was studied in
the production of the new machines.

These strategies are proposed taking into account that initial product specifications
(storage capacity, note processing speed, and detection level) should be not modified.
Changes in particular metrics of the production process due to the implementation of these
strategies are summarized in Table 2. When POM is selected in the production of rollers
(Str1), machining operations in aluminum are avoided, involving a reduced costs and an
energy consumption decrease of 42%. If the design of specific components is modified
to be manufactured by stamping instead of by the folding technique (Str2), it also shows
an improvement in terms of cost (21%) and energy consumption (6%). Moreover, when
reusing safe box (Str3) material, cost and energy consumption are cut down to their minima.
Note that this alternative only includes additional operations to guarantee the assembly of
the safe box from one to another.

In addition, global metrics are calculated for the cash machine production applying
each sustainability strategy; the results are summarized in Table 3. When Str1 is applied,
slight reductions in the product mass, energy consumption, and cost metrics are observed.
Production time decreases by around 7%, so production could be improved. If Str2 is
applied, very small reductions in energy consumption and manufacturing costs are also
obtained. Finally, when Str3 is considered, very notable reductions in raw materials, energy
consumption, and production costs are observed due to the welding operation being
considerably simplified. Nevertheless, the initial cost (materials, energy, etc.) from the first
time that the safe box was manufactured should be divided and considered.

Table 3. Case 1: metrics comparison.

Mp (Kg) Epr
(kW·h)

CRM
(EUR)

Cpr
(EUR) Tpr (h) Pr

(Us/Year)

Initial product 31.97 915.48 301.09 1911.3 4.15 2000
(Str1) Material change

in rollers 31.90 914.32 284.55 1874.8 3.86 2110

(Str2) Alternative
production tech. 31.97 914.04 295.12 1904.1 4.15 2000

(Str3) Reuse of the
safe box 31.97 56.71 111.09 1071.3 3.96 2738

Final product
(Str1+Str2+Str3) 31.90 39.88 105.12 1027.7 3.61 2848

Sustainability indicators were calculated from rough data to enable a better under-
standing and comparison between the initial product and the redesigned one. As shown
in Table 4, significant improvements were achieved in the environmental, economic, and
social dimensions when all sustainability strategies were simultaneously applied.
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Table 4. Case 1: sustainability indicators.

GWP100 (KgCO2-eq) VA (EUR) TW (h)

Initial product 146.8 388.7 13.04
(Str1) Material change in rollers 146.6 425.2 11.28

(Str2) Alternative production technique 133.5 395.9 11.57
(Str3) Reuse of the safe box 107.5 1228.7 9.38

Final product (Str1+ Str2+Str3) 94.2 1272.3 9.02

If Str1 is applied, significant improvements are achieved in both economic and social
indicators; meanwhile, the GWP100 indicator barely changes. In the case of Str2 application,
GWP100 reduces by approximately 9%, VA increases by 1.8%, and Tw reduces by 3.6%.
On the other hand, Str3 is the sustainability strategy that causes the most substantial
improvement in all indicators—particularly in the environmental and economic dimensions.
It was assumed that the revenues and workforce of the manufacturing company were not
modified.

The resulting values for each sustainability indicator are comparatively shown in
Figure 4.

Figure 4. Case 1: comparison of sustainability indicators (by authors).

The effects of each strategy are clearly exposed. Since positive results were obtained, a
more sustainable product could be developed. In view of these results, Str1 and Str2 are
currently being implemented by the manufacturing company, and Str3 is under study. The
reuse of the safe box is a very promising strategy, although its implementation is complex.
Recycling processes are increasing in efficiency with regard to recovered products, but
a better tracking of those products leaving the factory should be also implemented to
facilitate the recovery process.

3.2. Case 2: Daycare Service

The service provided by a public infant school is considered in this case. The educa-
tional center is located in a rural region of Spain with a low population density (around
9 hab/Km2), and receives children from 4 months to 3 years of age, who live in the village
itself and in other small localities within a radius of 20 km.

The nursery school is open from Monday to Friday, from 8:45 a.m. to 1:15 p.m. in
the morning, and from 2:15 p.m. to 5:30 p.m. in the afternoon. Users can request entry
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either for full-time hours or for the morning only. The service development takes place
in a two-floor edifice with six classrooms that are used depending on the needs of each
course As is shown in Figure 5, the construction has a circular cross-section. Based on the
ratios of children per school unit or classroom [45], the city council estimates the needs of
the next course and determines the number of classrooms that will be put into operation.
Four classrooms are currently in use; the first floor houses the C1 and C2 classrooms, and
the ground floor houses the C3 and C4 classrooms. The number of children, their age
range, and the surface of each classroom with its pertinent bathroom surface are shown in
Figure 5. The C1 classroom is filled to capacity at all service operation times; C2 and C3 are
used only part-time, and C4 is dedicated to caring for 6 babies up to one year old in the
morning, and for 12 children from 0 to 2 years old in the afternoon.

Figure 5. Case 2: initial daycare service: distribution of children and classrooms, and operational metrics (based on [46]).

It should be noted that, currently, the infant school is open from Monday to Friday, for
7 h and 45 min each day (with 1 h closed at noon). The annual performance of the infant
school involves an electricity and gas consumption of 9967 and 96,607 kW)h, respectively,
and the total energy cost is EUR 7078/year. Data were obtained thanks to the collaboration
of municipal institutions and the workers of the nursery school. A total of five educational
workers (two working 37.5 h/week and three working 22.5 h/week) take care of the
different groups of children. Total labor costs are EUR 68,713/year. On the other hand,
the payment of user fees is made monthly. In addition, a single initial payment of EUR
80 corresponding to the registration is made. The monthly fee for a full-time user is EUR
95, while the monthly fee for a morning-only user is EUR 75. Likewise, reduced fees or
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bonuses are applied according to the particular conditions of each family, based on salary
income and number of children.

Metrics obtained for the initial service development are recapped in Figure 5. It should
be noted that a total of 45 children are registered. A minimum surface of 2.9 m2/child is
calculated for the C1 classroom. Average energy consumption per child is 2146.1 kW·h, and
costs due to energy and labor are EUR 157.3 and 1527, respectively. Table 5 summarizes
the sustainability indicators of the initial service, which are calculated using the practical
information provided by service operation metrics, along with those gathered later from
the redesign service. In the environmental dimension, emissions of 585.3 Kg of CO2-eq
per child are produced (this calculation is based on the energy consumption). To obtain
the VA economic indicator, monetary inputs and operation costs were calculated. The
children’s fee (EUR 1031.5/child) is one the most important inputs in the infant school,
and is a relatively low cost because the service is supported by a high public finance. Thus,
an annual VA of EUR 249.2/child is obtained (a 20.1% increase in the effectiveness of the
public subvention is obtained). Finally, two indicators—the maximum number of children
per caregiver, and the operating time of the daycare service—were selected to quantify
social aspects, since social demands will be the focus of the service improvement strategies
exposed below.

Table 5. Case 2: sustainability indicators.

GWP100
(KgCO2eq)

VA
(EUR) Ts (h) Max

Children/Caregiver

Initial daycare service 585.3 249.2 7.75 18
Projected daycare service 577 143.9 9 15

The demands of different stakeholders were taken into account to project sustainability
strategies in the service provision. On the one hand, parents’ requests were focused on the
service hours; they expressed special interest in keeping the nursery school open at noon,
allowing for a longer and more flexible schedule that was compatible with their working
routines. On the other hand, the main requirement of educational workers was to reduce
the number of children per caregiver, as they consider the current ratio to be too high.

Thus, a new schedule from 8:00 a.m. to 5:00 p.m. was proposed from Monday to
Friday, representing an increase of 1 h and 15 min per day. According to the preferences
expressed by the parents, the enrollment was expected to increase by 8 children; as a result,
it was necessary to increase the number of available classrooms, and to allow the flexible
entry and exit of children within certain time slots. Additional resources should be used to
implement these changes: a new classroom should be used, and a new educational worker
should be hired. Inventory data of the service projected and subsequent assessment of
sustainability indicators were carried out. Use of classrooms and distribution of children are
shown in Figure 6. A maximum number of 15 children per classroom (for the C1 classroom)
can be now estimated due to the flexible schedules and the new worker introduced. Thus,
a minimum surface of 3.5 m2/per child can be obtained. Moreover, the occupation of other
classrooms is slightly modified. Normative requirements are fulfilled (20 children/class
and 2 m2/child in the case of children from 2 to 3 years old).
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Figure 6. Case 2: projected daycare service: distribution of children and classrooms, and operational metrics (based on [46]).

The new adjustment in the service’s opening hours increases the energy consumption
and operation costs of the nursery school. Taking into account that 53 children could be
registered, average energy consumption per child is 2111 kW)h in the new service design,
and energy costs are EUR 154.7/child. The labor costs increase in the new service design
(EUR 1685.8/child), since one more educational worker is required. Thus, a slight reduction
of 1.5% in energy consumption per child is estimated, although the redesigned daycare
service increases the opening hours. Meanwhile, a notable increase in labor costs (10.4%)
is obtained.

Environmental, economic, and social indicators for the projected service are recapped
in Table 5. Greenhouse gas emissions of 577 Kg of CO2-eq per child are obtained. A value
added of EUR 143.9/child is calculated, taking into account that the average fee per child
is unchanged. Total financial inputs due to the children’s fees and public financial support
are increased due to the increase in the number of children registered, but operational
costs are also increased due to operating time being amplified and another worker being
required. In the social dimension, the children/caregiver ratio is 15 (indicator associated
with the educational workers’ demands) and the operating time of the daycare service is
9 h (indicator associated with parents’ requirements).

The comparison of the results obtained in the initial and redesigned service is pre-
sented in Figure 7.
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Figure 7. Daycare service: sustainability indicators comparison (by authors).

The results show a slight reduction in the environmental impact and considerable im-
provements in the social indicators. Furthermore, these positive results affect the economic
dimension, in which a significant decrease in the VA indicator is calculated.

3.3. Case 3: Itinerant Exhibition

In this case study, a cultural service, which consists of an itinerant exhibition dedicated
to the painter Francisco de Goya, is reviewed. In particular, the elements used in the
suitable conditioning of a total area of approximately 300 m2 to didactically transmit
the painter’ legacy are analyzed. The exhibition will travel to 11 different Spanish and
Portuguese destinations (Zaragoza, Bilbao, Valladolid, Santiago, Oporto, Lisbon, Sevilla,
Málaga, Murcia, and Valencia) after its inauguration in Madrid, staying for 3 months in
each location. Inventory was carried out using primary data collected during the creation
and operation stages of the itinerant exhibition in the first destination. The conditioning
works of the exhibition area involve the construction of a system of modular walls with
the printed material exposed on them (printed and cut-out vinyl). A total of 37 modules
of 1 × 3 × 0.2 m each are conveniently distributed in the exhibition hall (Figure 8) and
attached to the walls with struts and brackets. The structure of each module is made up of
wooden slats, joined by dowels and adhesives, and later covered with medium-density
fiberboard (MDF) panels. Later, successive products are applied to them (filler, primer,
and two layers of paint). Finally, printed vinyl and cut-out vinyl are set on these modules.
When each exhibition finishes, the modular walls system can be disassembled and reused
in the next destination. However, printed materials must be manufactured again in each
destination, because it is not possible to reuse them. A summary of the materials used and
activities carried out in the current design of the exhibition hall is shown in Figure 8.

It should be noted that the mass of raw materials used along the entire tour of the
exhibition is up to 4178 kg, which implies a fuel consumption of more than 1000 l in the
transport of materials between those destinations in which the exhibition will be open.
Total costs due to the conditioning works of the exhibition area—including manufacturing,
transport, and assembly of the modular walls system in the exhibition hall—are EUR 55,722.
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Figure 8. Case 3: itinerant exhibition: inventory data of the initial design (by authors).

Data associated with the operation stage are also briefly exposed in Figure 8. The
exhibition was open every day (except on Monday) for 11 h over the course of 3 months.
Activities of public attention and coordination were carried out in two shifts of 5.5 and
6 h, respectively, each day (one worker in each shift). Meanwhile, cleaning activities were
performed in one shift of 1 h. In each destination, a total of five workers were required
during the exhibition performance; total labor costs were EUR 263,610. The main energy
consumption computed was due to lighting. On the other hand, revenues obtained from
ticket sales were EUR 648,831. A total of 9011 visits were notched in the first destination,
and the average price of the tickets was EUR 6. Sustainability indicators resulting from the
itinerant exhibition’s development are shown in Table 6; these are expressed per visitor,
and two different stages are distinguished: creation of the exhibition space, and provi-
sion of the cultural service. As in the previous case studies, the sustainability indicators
obtained in the initial design can be also compared with those calculated after applying
sustainability strategies. Greenhouse gas emissions of 0.47 Kg of CO2-eq were calculated,
the net operating profit of the company was EUR 2.9, and the average working time was
0.22 h. It should be noted that a negative VA was obtained in the creation stage.
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Table 6. Case 3: sustainability indicators.

GWP100 (KgCO2-eq) VA (€) Tw (h)

Exhibition with
walls system 0.47 2.9 0.22

Exhibition with
audiovisual system 0.43 3 0.211

Creation Provision Creation Provision Creation Provision

Exhibition with
walls system 0.13 0.34 −0.5 3.4 0.015 0.205

Exhibition with
audiovisual system 0.01 0.42 −0.3 3.3 0.006 0.205

In order to reduce the impact caused by the construction, transport, assembly, and
painting activities of the modular walls system, which is currently used in the preliminary
conditioning of the exhibition area, some changes to the exhibition methods were proposed.
Strategies to improve the sustainability of the product/service should not compromise
its initial specifications. Particularly, assembly/disassembly activities should be easily
carried out in each destination. From the operational point of view, it is necessary to ensure
appropriate attention to visitors. Thus, the use of an audiovisual system composed of
10 projectors, 8 speakers, and a computer is proposed to replace the current system of
modular walls (Figure 9).

Figure 9. Case 3: itinerant exhibition: inventory data in the redesign (by authors).
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According to this strategy, a new inventory was obtained from the elementary flows
exchanged throughout the system development. A summary of the inventory data can
be consulted in Figure 9. The mass of raw materials is considerably reduced. In addition,
assembly activities consist mainly of the installation, testing, and tuning of equipment.
Thus, the energy consumption in the transport of materials between destinations reduces
by 79%, and the working times in assembly activities decrease by 61.3%. Nevertheless,
energy consumption during the operation stage increases by 10.6% due to the use of new
electronic devices.

Sustainability indicators of the new exhibition design were also calculated. As is
shown in Table 6, emissions of 0.43 Kg of CO2-eq were obtained for the GWP100 indicator, a
final VA of EUR 3 was calculated in the development of the exhibition with the audiovisual
system, and 0.21 h was estimated for the Tw indicator.

Percentage variation of sustainability indicators can be analyzed in Figure 10.

Figure 10. Case 3: sustainability indicators comparison (by authors).

If the global values are compared, we observe that GWP100 reduces by 8.6%, VA
increases by 5.5%, and Tw reduces by 4%. If the indicators of the different stages are
compared, we observe that GWP100 increases in the provision stage, but considerably
reduces in the creation stage due to the lesser quantity of materials being used. VA reduces
in the provision stage, but the costs of the creation stage are also lower. Finally, Tw is
not modified in the provision stage, but a significant improvement is obtained in the
creation stage. The exhibition based on the audiovisual system generates improvements
in the environmental and social dimensions. In order to determine whether a global
sustainability improvement is achieved, criteria to define the weight coefficients assigned
to each sustainability dimension should be applied.

4. Conclusions

This work presents a methodology for the development of more sustainable design
of products and services, as well as practical examples of the implementation of this
methodology in the academic context of the bachelor’s and master’s degree final projects.

The methodology is based on the quantitative assessment and improvement of spe-
cific sustainability indicators, and is structured in three main phases: (1) sustainability
assessment of the initial product/service design; (2) application of strategies to improve
sustainability of the initial product/service; and (3) sustainability evaluation of the new
design, and comparison of results obtained for both designs. A number of functional
metrics are used to obtain specific data on the product/service that is the object of study. In
addition, three different quantitative indicators are selected to evaluate each sustainability
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dimension. The selection of metrics and indicators could be modified according to the
system to be analyzed.

The case studies presented in this paper are the results of the implementation of the
methodology presented above in higher education to develop bachelor’s and master’s
degree final projects by design engineering students. The production stage of a cash
management machine (product), the performance of a public nursery school (service), and
the development of an itinerant exhibition (service) including preliminary conditioning
works (product) were reviewed. Therefore, products and services of very different domains
could be analyzed. In each case, a new design applying environmental, economic, and
social sustainability strategies was projected, taking into account the fulfillment of initial
design specifications.

A more sustainable design of a cash machine is already being developed by the
manufacturing company, applying sustainability strategies that affect the design of some
components. In the case of the daycare service, the implementation of a more flexible
timetable as a design strategy is under study by the local institutions, since the local
employment could be pushed up and the working routines facilitated. Finally, the design of
a more sustainable itinerant exhibition using audiovisual equipment instead of a modular
walls system is only in the project phase. In all cases, sustainability-oriented decision
making can be carried out using the methodology proposed.

The introduction of sustainability assessment in bachelor’s and master’s degree final
projects was very positively valued by the students, although it proved laborious because
they lacked previous knowledge. The consciousness of the impacts their design decisions
have on each of the analyzed dimensions was the most important aspect highlighted by
the students.

Future research should expand the application of this approach to the sustainable
design of complex systems composed of products and services, including a suitable identi-
fication of the links between the systems involved, and the study of the effects of strategic
decisions on the sustainability of those systems. From the educational point of view, future
work should focus on the implementation of sustainability assessment methods in regular
courses as well, which will enable us to assess whether the students really submit more
sustainable designs, and how their sustainability-related competencies have improved.
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