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ABSTRACT

Background: This paper describes the development of a toolbox for
measuring the state of sustainability in industrial plants adopting Industry
4.0 (14.0), using a diagnosis of Sustainability 4.0 (S4.0) (i.e., the integration
of sustainable practices with 14.0 tools) as a business strategy, based on the
Sustainable Development Goals (SDGs) of the United Nations (UN).

Methods: The evaluation of sustainable integration with 14.0 practices was
based on the development of a toolbox for S4.0, which consisted of two
parts with 10 steps. In the first stage of the research, the toolbox was
developed, and in the second stage, it was applied to obtain a diagnosis of
sustainability integration in the context of 14.0.

Results: We report the development of a toolbox for sustainable
manufacturing practices and the tools of 14.0 identified in the literature,
which was validated based on expert judgment. The S4.0 toolbox was used
to obtain a diagnosis of the integration of such practices in a sample of
industrial plants located in Ciudad Juarez, Chihuahua, Mexico.

Conclusions: Our results show that the current level of adoption of S4.0 is
6.36% on average, in the manufacturing sector in Ciudad Juarez, México.
This indicates the need to develop strategies for the adoption of
sustainable practices.
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INTRODUCTION

The production and consumption of goods and services are two of the
major factors that impact ecosystems, leading to the alteration of
biogeochemical cycles, ozone depletion, and ocean acidification [1,2],
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which have a direct impact on climate change due to the severity of
environmental degradation. There is therefore a need to become aware of
the seriousness of environmental degradation, which has been increasing
since the middle of the 20th century. Faced with these concerns, the United
Nations proposed the concept of sustainable development in 1972 as the
ability for current populations to meet their actual needs without
compromising the ability of future generations to meet their own [3]. In
the area of manufacturing, the International Institute for Sustainable
Development (IISD) has defined sustainable development as the adoption
of business strategies and activities to meet the actual needs of the
company and its stakeholders, while conserving, enhancing, and
protecting the natural and human resources that will be needed in the
future [4].

This means that changes are needed in terms of production and
consumption [5], especially in view of the transition of many industries to
an Industry 4.0 (I4.0) model [6]. This new industrial paradigm involves the
networking of industrial automation systems with innovative functions
based on access to the cyber world. It represents a transformation of
industrial processes towards digitalisation [7] in order to obtain increases
in productivity, income and competitiveness; however, there is a lack of
integration of sustainable practices, which limits the resolution of
environmental issues to the benefit of production [8,9]. Nonetheless, there
is evident potential for the integration of I4.0 technologies with
sustainable processes. This can be achieved by identifying and evaluating
indicators of industrial activities with significant environmental impacts
[6,10].

In Ciudad Juarez, Chihuahua, Mexico, which is located on the
international border with El Paso, Texas, USA, the manufacturing sector
accounts for 41% of the state’s GDP [11]. This area contains close to 350
multinational industrial companies, operating more than 400 plants. The
most technologically advanced companies are currently adopting 14.0
practices [10], but the status of the integration and impact of sustainable
practices is unknown. For this reason, it is important to characterise the
introduction of Sustainability 4.0 (54.0) in the high-tech factories in Ciudad
Juarez. We define S4.0 as the application of 14.0 technological solutions to
address the environmental, economic, social, and technological challenges
facing our world. In other words, S4.0 combines the principles of
sustainable development with the advanced and connected technologies
of the fourth industrial revolution, to achieve a sustainable development
model.

In this report, we describe the development and application of a
toolbox for determining the status of S4.0 of manufacturing firms of
different types and sizes in Ciudad Juarez, Chihuahua, Mexico. The specific
research questions of our study are:

RQ1: What are the key sustainability indicators (environmental,
economic, social and technological) in manufacturing operations that
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need to be assessed and how can they be measured using Industry 4.0
technologies?

RQ2: Can a toolbox that integrates sustainability and 14.0 tools make it
easier to assess the adoption of sustainable practices in manufacturing?

The remaining sections of this study are organised as follows. Section 2
(MATERIALS AND METHODS) explains the materials and methods used to
develop the toolbox, and describes the application of this toolbox to obtain
a diagnosis of the status of S4.0 in the manufacturing industry in Ciudad
Juarez, Chihuahua, México. In Section 3 (RESULTS), we report the results
of the validation and the application of the toolbox to generate a diagnosis
in terms of sustainability adoption levels. In Section 4 (DISCUSSION), we
present our results, and Section 5 (CONCLUSION) contains conclusions and
recommendations.

MATERIALS AND METHODS

This section presents the materials used and methods applied in the
development and validation of a toolbox that can be used to measure the
adoption of S4.0 in manufacturing companies in Ciudad Judrez. The
following list summarises the resources used in the project.

e A literature review of studies in the university library and virtual
libraries enabled the identification of the sustainability indicators; The
FESTO toolbox [12] was used as a basis for the calculation of the 14.0
levels;

e Publisher version 16 was used for the development of the toolkit;

e Minitab version 17 was used for the expert validation analysis;

e Adobe Illustrator was used to develop the images for the toolbox;

e The toolbox was redesigned in PDF Pro version 16 in response to
recommendations from the validation experts;

e Electronic means such as computers, cell phones, projectors, and e-mail
were used for the application of the toolbox and a satisfaction survey.

The research was conducted in two stages: in the first, the toolbox was
developed, and in the second, field measurements were carried out to
generate a diagnosis of sustainability in the manufacturing industry.
Figure 1 shows the stages of development of this study.
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1. Field measurements
using toolbox

2. Declaration of use for
toolbox

3. Diagnosis of
Sustainability 4.0

Figure 1. Structure of the methodology for this study.

Development of the Toolbox

The sustainability toolbox was developed in seven steps: (i)
identification of sustainable practices; (ii) determination of 14.0 levels; (iii)
design of the structure of the pilot version of the toolbox; (iv) expert
validation; (v) image design; (vi) development of a satisfaction survey; (vii)
production of the final version of the toolbox.

Identification of sustainable practices

To identify the sustainability practices that manufacturing companies
should consider, several sources were consulted, including online
databases, the virtual library, and the physical library of the Universidad
Auténoma de Ciudad Judrez (the Autonomous University of Ciudad Juarez),
where keywords were used to select the papers. The keywords were
sustainability, sustainability dimensions, sustainability practices,
manufacturing industry, 14.0 and I4.0 pillars. In the next level of the search,
these words were used in combination, for example sustainability and
manufacturing industry, sustainability practices and manufacturing,
sustainability and manufacturing industry and I14.0, and sustainability
practices and I4.0 pillars. Using these words and their combinations, 413
documents were identified. After reading and analysing these documents,
153 were selected for this study.
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Determination of 14.0 levels

The levels used here to measure sustainability are the same as those
used in the FESTO toolbox [12] to determine the use of technologies in
products and processes. We consider five levels, ranging from ‘no use of
technology’ to ‘full automation including one or more 4.0 technologies’, to
avoid moderate or regular responses (value 3 in a range from 1 to 5), this
toolbox proposes to use four measuring levels. These values determine the
level of integration of sustainable practices into the pillars of 14.0.

Structure of the pilot version of the toolbox

After identifying and selecting the sustainable practices (32 items) and
the four 14.0 levels, the first version of the toolbox was designed. Since the
toolbox had to be practical and quick to use, it was divided into two
sections: the first collects demographic information such as size and type
of industry, while the second collects information on sustainable practices
across four dimensions of sustainability: environmental, economic, social
and technological.

Expert validation of the toolbox

At the same time as the toolbox interface images were being designed,
experts validated the items by evaluating the sustainability indicators
considered in the toolbox, and were asked to respond as to whether or not
the plants were using them. This method verifies the reliability of a survey.
Validation involves the informed opinion of people with experience of the
subject who can provide information, evidence, judgments, and
assessments [13].

This method consisted of asking experts to provide a judgment on a
specific topic [14]. The objectives were to precisely determine the factors
that define the sustainable practices within the 14.0 activities, based on to
the evaluation, comments, and observations of the experts, and to decide
which were relevant in this study and should be included in the
measurement tool. We considered two established criteria for validation
purposes, clarity and relevance [13], as follows:

e Clarity: The item is easy to understand, i.e., the semantics are adequate,
with the following options as responses:

= The item is not clear;

» The item requires many changes;

» The item requires a few changes;

» The item is clear and appropriate.

e Relevance: The item is essential, i.e., it must be included, with the
following options for responses:

» The item can be removed without affecting the dimension;

» The item has some relevance, but it can be the subject of measurement
by someone else;

» The item is relatively important;
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» The item is very relevant and should be included.

Image design for the toolbox

Adobe Illustrator was used to create interface images, both for the
sustainability indicators and for the proposed 14.0 levels. A separate image
was designed for each sustainability indicator and level of integration of
the corresponding I4.0 tools; this was done in order to offer a visual
representation of each answer option, for better understanding.

Development of the satisfaction survey

The usefulness of the toolbox was measured using, four criteria were
considered: Measurement, Novelty, Comprehensibility and Modularity;
based on eight questions in the form of a questionnaire. A five-point Likert
scale was used, with 1 corresponding to “strongly disagree”, 2 to “disagree”,
3 to “neither agree nor disagree”, 4 to “agree”, and 5 to “strongly agree”.
The Likert scale is based on ordinal levels [15], and is constructed as a
series of questions that are each associated with a fixed value, reflecting
the interviewee’s opinion in terms of a degree of agreement or
disagreement with a statement. The Likert scale is easy to use, and the
results take the form of percentages, which are straightforward to
interpret with Cronbach’s alpha in order to determine the reliability of the
questionnaire [16]. Cronbach’s alpha estimates the internal consistency of
multiple-choice responses, such as the Likert scale; this parameter, in
general, determines the reliability of the average of q measurements,
which can represent the behavior of the items in a questionnaire.

The satisfaction survey began with the instruction “Please rate your
level of agreement with each of the following aspects of the evaluation of
the usefulness of the toolbox on a scale of 1 to 5, where 1 means strongly
disagree, 2 means disagree, 3 means neither agree nor disagree, 4 means
agree, and 5 means strongly agree”.

The questions were as follows:

1. The toolbox is a guide that identifies the aspects that need to be
developed to achieve environmentally friendly processes.

2. The toolbox is a suitable self-assessment tool for your organisation’s
sustainability parameters.

3. The toolbox can be considered the only one of its kind for sustainability

analysis at the 14.0 adoption level.

The toolbox has a user-friendly design.

The toolbox is easy to understand.

The levels of the toolbox clearly explain the level of adoption of 14.0.

The toolbox is a good assessment tool for companies in different

industries.

N o o e

8. The toolbox can serve as an evaluation tool for companies of different
sizes.
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Production of the final version of the toolbox

The final version of the toolbox contained three sections. The first asked
for information on the company such as the industry and size, the name
of the company, and the position of the person evaluating the usefulness
of the measuring instrument. The evaluation section covers the
environmental, financial, production and technological areas. The third
section is the satisfaction survey, which assesses the usefulness of the
toolbox.

Sustainability 4.0 Diagnosis

The level of integration of sustainability in the manufacturing industry
was determined using three steps: (i) measurements in the field through
the application of the toolbox; (ii) satisfaction survey to assesses the
usefulness of the toolbox; and (iii) diagnosis of the S4.0 level.

Measurements in the field through the application of the toolbox

This phase involved participants from a variety of manufacturing
plants of multinational companies, in the domains of aerospace,
automotive, construction, electronics, communications, computer
equipment, office supplies, transportation equipment, medical equipment,
pharmaceuticals, integrators, electrical machinery, ferrous metals, non-
ferrous metals, plastics and rubber, fabricated metal products, suppliers,
and chemicals. The companies were different sizes, including small,
medium, and large.

Toolbox usefulness survey

Data analyses were carried out with statistical tools such as Minitab
and Excel, including factor analysis and graphing. This allowed us to study
of the situation in the manufacturing industry of Ciudad Juarez in terms
of sustainability practices and transition towards I 4.0.

Diagnosis of the §4.0 level

The data obtained from the application of the toolbox were analysed
with the help of graphs, in order to study the situation of the industrial
plants in our sample of companies from the manufacturing industry of
Ciudad Juarez, in terms of their sustainable practices related to the
transition towards I14.0.

RESULTS

Development of the Toolbox

The sustainability toolbox was developed in the following stages: (i)
identification of sustainable practices; (ii) determination of 14.0 levels; (iii)
development of the pilot version of the toolbox; (iv) expert validation; (v)
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image design; (vi) development of the satisfaction survey; (vii) design of
the final version of the toolbox.

Identification of sustainable practices

The sustainability indicators were identified based on their relative
importance and impact, and a total of 32 indicators were selected. These
were organised into four dimensions, environmental (18), economic (4),
social (4), and technological (6). The search for indicators was based on the
selected keywords and 153 documents were reviewed, classified by
sustainability dimension and divided into the following categories: 45
documents were used to identify the factors of the environmental
dimension, 33 for the factors of the economic dimension, 35 for the factors
of the social dimension and 40 for the factors of the technological
dimension.

After reading and analysing the 153 documents mentioned above, 32
indicators were obtained for the proposed dimensions of sustainability, of
which 18 were related to environmental issues, four to social issues, four
to economic aspects, and six to technological factors. Table 1 shows the 18
indicators selected for the environmental dimension, including
“electricity use” and “transportation use”. For the economic dimension,
the four selected indicators included “technological and/or sustainable
investment” and “scrap recovery”. The four indicators for the social
dimension included “staff training” and “collection of products”, and,
finally, the six indicators of the technological dimension included “energy
efficiency in product design” and “products that support maintenance”.

Table 1. Sustainability indicators for the manufacturing industry.

Dimension Indicators References
Environmental  Use of electricity [17-31]
Use of gas

Use of potable water

Quantity and type of waste generation
Recoverable waste

Greenhouse gas emissions

Electricity efficiency

Gas efficiency

Drinking water efficiency

Waste generation

Toxic waste generation

Toxic substances

Product life cycle

Prolongation of useful life of materials
Reduction of material use

Reduction of energy consumption
Recovery of obsolete products

Use of transportation

J Sustain Res. 2024;6(4):e240076. https://doi.org/10.20900/jsr20240076
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Table 1. Cont.

Dimension

Indicators

References

Economic

Technological and/or sustainable investment
Return on investment
Saving sustainable practices

Scrap recovery

[27,28,31-41]

Social

Staff training
Communication to employees
Sustainable certifications

Product harvesting

[20,23,24,28,42-50]

Technological

Energy efficiency in product design
Energy efficiency in production systems
Energy efficiency in transportation systems

Modular products

Products for repair, rework, and refurbishment

Products that support maintenance

[20,22,24,31,50-57]

Determination of 14.0 levels

Having analysed the pillars of I4.0 and its tools, the levels of integration
that could be associated with sustainable practices were determined. Level
1 indicates that the company does not consider the proposed parameter,
which means that they do not carry out a specific action. At Level 2, the
activity related to the parameter is measured manually. At Level 3, the
activity related to the parameter is measured by obtaining data through
sensors and/or electronic tools/equipment, which are then manually
analysed. Finally, at Level 4, the activity related to the parameter is
measured using sensors and/or electronic tools/equipment to generate
information for analysis with 14.0 tools (Table 2).

Table 2. 14.0 levels and their descriptions.

Levels Description

Level 1 Activity related to the parameter is not measured

Level 2 Activity related to the parameter is measured manually

Level 3 Parameter activity is measured based on data from sensors and/or electronic tools/devices,

with manual analysis

Level 4 Activity related to the parameter is measured through sensors and/or electronic tools/devices

that provide information, which is then automatically analysed by an 14.0 tool
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Structure of the pilot version of TB

After identifying and selecting the sustainable practices (32 items)
and the I14.0 levels, the pilot design of the toolbox integrated 32
sustainable practices that were measured at four levels of development.
In Figure 1, the first box represents the sustainability indicators, and the
boxes with numbers correspond to the levels of integration of the 14.0
tools described in Table 2. The data collected for the pilot design of the
toolbox is based on sustainability parameters and has been assessed on
the basis of four levels that indicate the status of the industry in relation
to the 14.0 pillars.

The environmental dimension involves 18 measurable parameters, as
follows:

Parameter 1: Electricity usage monitoring.

Parameter 2: Gas usage monitoring.

Parameter 3: Water usage monitoring.

Parameter 4: Generated waste monitoring.

Parameter 5: Recoverable waste monitoring.

Parameter 6: Reporting and control of hazardous gas emissions.
Parameter 7: Development of electrical efficiency practices.

Parameter 8: Development of gas efficiency practices.

Parameter 9: Development of electrical efficiency practices.

Parameter 10: Identification of the sources of waste generation.
Parameter 11: Knowledge of whether a process/service generates toxic
waste.

Parameter 12: Elimination of the use of toxic substances from products.
Parameter 13: Evaluation of the product life cycle.

Parameter 14: Design of products that extend the useful life of materials.
Parameter 15: Design of products that reduce the use of materials.
Parameter 16: Design of products that reduce the use of energy.
Parameter 17: Design of products that incorporate material recovery.
Parameter 18: Transportation usage based on environmental decisions.

The economic dimension involves four measurable parameters, as
follows:

Parameter 19: Performance of an analysis of sustainable practices.
Parameter 20: Performance of ROI control of each technology and
sustainable practice implemented.

Parameter 21: Performance of an analysis of the savings produced by
sustainable practices.

Parameter 22: Control of economic inputs from waste recovery or
transformation.

The social dimension has four measurable parameters, as follows:

Parameter 23: Provision of employee training on sustainability issues
(recycling, toxic waste, environmental stewardship).

J Sustain Res. 2024;6(4):e240076. https://doi.org/10.20900/jsr20240076
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Parameter 24: Communication of the company’s environmental
performance to employees.

Parameter 25: Knowledge of what percentage of customers are interested
in sustainable certification.

Parameter 26: Coordination with the customer on the take-back of the
product at the end of its life cycle.

The technological dimension consists of six measurable parameters:

Parameter 27: Use of energy-efficient systems in product design.
Parameter 28: Use of energy-efficient systems in production systems.
Parameter 29: Use of energy-efficient systems in transportation systemes.
Parameter 30: Designs modular products.

Parameter 31: Designs products that facilitate rework and renovation.
Parameter 32: Designs products that support maintenance.

Expert validation for the toolbox

In order to ensure a scientifically rigorous evaluation, experts
conducted a comprehensive analysis of the elements under study,
applying objective criteria of clarity and relevance [58]. These criteria
were based on the conceptual coherence and thematic relevance of each
element within the research context. To support their judgements, the
experts provided detailed comments illustrating the rationale behind
their choices, thus providing a solid basis for subsequent review and
decision-making. In this process, different courses of action were
considered for each element evaluated: clarifying its meaning or
purpose, eliminating it if was deemed redundant or irrelevant, or
retaining it in the tool if it was deemed essential to achieving the
research objectives.

This systematic and methodical approach ensured the quality and
coherence of the measurement tool used. A representative example of this
process is shown in Figure 2, which serves as a concrete model of how the
evaluation criteria were applied, and the results obtained in the analysis
of the study elements. As can be seen in Figure 2, in question 14 of the
toolbox, the experts consider that the item is not clear (marked in blue)
and the item requires a few modification (marked in yellow) in the clarity
criterion, and in the relevance criterion the experts consider that the item
is not clear, after that, the item is rewritten, without affecting the toolbox
in any way.
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SUSTAINABLE
INDICATOR

APLICATION 14.0
LEVEL 0

APLICATION 14.0 | APLICATION I4.0
LEVEL 1 LEVEL 2

APLICATION 14.0
LEVEL 3

I12. Base the use
of transport and

Does not base its
decisions of

It has cloud-connected
software that provides

Based on data It has software that
obtained manually, | provides carbon

distribution transport and make decisions footprint data that is automatic information
logistics on distribution logistics | that optimize fed into a digital on the carbon footprint,
environmental on environmental routes and modes database to make which would facilitate
decisions considerations of transportation decisions that optimise decision-making to
routes and modes of optimize routes and
transport modes of transportation
CLARITY (1) The item is not clear (3) The item requires few modifications
(2) The item requires quite a few (4) The item is clear and adequate
modifications
RELEVANCE (1) The item is not clear (3) The item is relatively important

(2) The item has some relevance, but it can
be the subject of measurement by someone
else

(4) This item is very relevant and should be added

113. Report and Does not report or Manual reporting Reporting and Sensor-based reporting
control of control and control controlling using and control with
greenhouse gases sensors with manual automatic cloud-based
emissions analysis analytics
CLARITY (1) The item is not clear (3) The item requires few modifications

(2) The item requires quite a few (4) The item is clear and adequate

modifications
RELEVANCE (1) The item is not clear (3) The item is relatively important

(2) The item has some relevance, but it can (4) This item is very relevant and should be added

be the subject of measurement by someone

else
I14. Use eco- Does not have an The information Information generated The cloud automatically
labels if required | eco-label generated by the by ecolabels is entered generates an analysis of
by the product eco-labels is into a digital database the products using the

entered into a information generated
manual database by the eco-labels

CLARITY (1) The item is not clear (3) The item requires few modifications

(2) The item requires quite a few (4) The item is clear and adequate

modifications
RELEVANCE (1) The item is not clear (3) The item is relatively important

(2) The item has some relevance, but it can
be the subject of measurement by someone
else

(4) This item is very relevant and should be added

Figure 2. Example of the expert validation survey.

As recommended by Levy and Varela [58], an analysis of the mean
values from the evaluations of these items was carried out, and those with
values lower than 2.5 were eliminated; items with evaluations in the range
2.5-3.5 were discussed with the experts to decide whether they should be
eliminated or modified; and items with evaluation scores larger than 3.5
were kept. Figure 3 shows that indicators 13 through 17, which belong to
the environmental dimension, have mean scores of below 2.5 and are
therefore candidates for elimination. The full results of this evaluation can
be found in Appendix 1, which contains the full Sustainability Toolbox
validation study. After this evaluation, and based on the expert opinion, it
was recommended to analyze 13 items, which were modified and even
moved to another sustainability dimension. The final version of the
toolbox contained 29 items, distributed as follows: 14 items in the
environmental dimension, 5 items in the economic dimension, 4 items in

the social dimension and 6 items in the technological dimension.
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SUSTAINABLE DIMENSIONS

Figure 3. Graph of mean values for the selection of final indicators.

Image design for the toolbox

Adobe Illustrator was used to create images for the application
interface, both for the sustainability indicators and for the proposed 14.0
levels. These images were generated exclusively for the development of
the toolbox. An image was designed for each sustainability indicator and
level of integration to the corresponding 14.0 tools, in order to ensure a
visual representation of each answer option for a better understanding.
The Sustainability Toolbox 4.0 is under review to be patented in Mexico as
a sustainability evaluation system in the industry, which is why it is not
fully included in this study. However, the parameters included here and
used as basis for the diagnosis are those used in the toolbox.

Satisfaction survey

A questionnaire evaluating the usefulness of the toolbox was
distributed to a sample of 105 people working in 14.0 manufacturing
sectors in areas such as environment, finance, production, manufacturing,
and technology.

Final version of the toolbox

The development of the S4.0 toolbox contain two sections: the first
gathers information on the manufacturing company under evaluation,
while the second contains 29 indicators with four graphic response
options, these answers are related to the level of I4.0 that the company has.
These indicators, which are divided into four dimensions of sustainability
(environmental, economic, social, and technological), include energy
efficiency, waste management, staff training in sustainable practices,
investment returns for sustainable practices, and the manufacturing of
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modular products, among others. Appendices 2-6 contain the final version
of the proposed S4.0 toolbox.

Sustainability 4.0 Diagnosis

As mentioned above, the second stage of the toolbox focuses on
measuring S4.0 in industry to obtain a diagnosis of the level of integration
of 14.0 pillars and sustainable practices.

Measurement in the field through the application of the toolbox

The questionnaire for diagnosis of $4.0 was distributed to subjects
working in the manufacturing sector in different areas, such as aerospace,
automotive, construction, electronics and communications, computer
equipment and office accessories, transportation equipment, medical
equipment, pharmaceuticals, integrators, electrical machinery, ferrous
metals, non-ferrous metals, plastic and rubber, fabricated metal products,
suppliers and chemicals. The companies were of different sizes (small,
medium and large) and the specific areas of work included environmental,
finance, production, manufacturing and technology. The surveys were
administered physically.

Analysis of the satisfaction survey to assesses the usefulness of the toolbox

The survey was applied to 105 enterprises. The reliability of the data
was estimated using the Cronbach’s alpha value obtained, which is a
measure used to determine the internal consistency of a test or scale [59];
its values range from 0 to 1. In this study the value obtained was 0.8188,
indicating that the participants who completed the satisfaction survey
understood the questions.

Diagnosis of $4.0

An analysis of the data showed that 90.48% of the respondents in the
study were from large companies, and the remaining 9.52% were from
medium, small, and micro enterprises (MSMESs). The large enterprises and
MSMEs had levels of adoption of S4.0 of 3.11% and 0.34%, respectively.

The overall level of adoption of S4.0 in the manufacturing sector of
Ciudad Juarez was 6.47%. This score was obtained by asking about the
degree of integration of sustainable practices with 14.0, and the levels of
adoption for each indicator and the sustainability dimensions
(environment, economy, social, and technology) (Figure 4a,b,c,d). It is
important to note that Level 4 indicators were considered.

Figure 4a shows the results for the activities associated with the
environmental dimension that were carried out by manufacturing
companies through the integration of 14.0 tools. Water consumption
monitoring, recyclable waste monitoring, and a knowledge of the sources
that generate waste were implemented by 9.52%, whereas monitoring of
electrical energy consumption and basing logistics on environmental
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decisions were implemented by 8.57% of the companies. Reporting and
control of greenhouse gas emissions were implemented by a total of 7.62%,
and eliminating the use of toxic substances in products, monitoring waste
generated and knowing whether their processes generate toxic waste
were done by 6.67%. A total of 5.71% applied eco-labels to products that
required them; 4.76% implemented water use efficiency practices; and
4.76% monitored natural gas usage. In addition, 3.81% implemented
natural gas efficiency practices and 1.90% had electricity efficiency
practices.

The results for the economic dimension are shown in Figure 4b. Control
over the economic revenues from waste recovery was the most commonly
introduced indicator for sustainability adoption, with the highest level of
9.52%, and this was followed by control over the return on investment for
implemented technology sustainable practices, with a value of 4.76%.
Lastly, the analysis of sustainable practices and the analysis of the savings
they generate had an adoption rate of 3.81%. In regard to the social
dimension, as shown in Figure 4c, the items with the highest level of
integration of sustainability 14.0 were knowledge of whether customers
are interested in sustainable certifications, and communication to
personnel about environmental behaviour, with scores of 7.62%.
Collection of the product at the end of its life cycle scored 6.67%, and finally,
training personnel on sustainability issues scored 5.71%.

From an analysis of the data in Figure 4d, we see that the
implementation of manufacturing products to support maintenance with
I4.0 tools was done by 10.48% of the companies, while 7.62% were
applying energy-efficient systems in the manufacturing of their products.
A total of 5.71% were producing modular products and considering the use
of energy efficiency systems in transport issues, while 4.76% were
measuring production—remanufacturing and renovation and energy
efficiency systems in production.

Sustainability 4.0: Environmental Dimension

Environmental Indicators

Figure 4. Level of adoption by indicator for the four dimensions of sustainability: (a) environmental, (b)

economical, (c) social and (d) technological.
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DISCUSSION

The toolbox was developed to enable the evaluation of the level of
adoption of sustainable practices and the use of tools of the pillars of 14.0
(54.0), and to measure and monitoring factors such as the efficient use of
resources. It offers an opportunity to easily determine the sustainable
performance of industrial companies, in regard to the four dimensions
that are linked to the productive processes of companies: environmental,
economic, social, and technological. Each of these aspects has an influence
on the value chain of the manufacturing industry. It should be noted that
the interest in the development and adoption of sustainable practices and
their integration with Industry 4.0 tools has increased significantly in
recent years [60]. We can observe an increase in studies that report the
indicators of these practices that are integrated into industrial processes
to improve their performance in terms of the objectives of the sustainable
development model [61,62]. This highlights the importance of the study,
since in order to control the behavior and performance of a system that
has an impact on the various development sectors, such as the economic,
social and environmental, it is first necessary to measure that behaviour
in order to identify in which practices or factors the standards proposed
to reduce this impact are not being met. That is why we present the
Sustainability 4.0 toolbox.

This study started with an analysis of the sustainable practices that can
be implemented in industrial companies. Also focuses on these practices
and combines them with I4.0 tools to create an evaluation tool to facilitate
the measurement of the adoption of sustainability, taking advantage of the
tools offered by the pillars of I4.0, this aims to reduce the impact of
industrial practices and their contribution to climate change and to social
and economic development at local, regional and national levels.

Our toolbox offers a simple way of evaluating and hence diagnosing the
performance of companies in relation to the level of sustainability
adoption, which can also be related to the effects of local and regional
development. It represents a process allowing companies to determine the
level of adoption of sustainability and to understand the effects they have,
and specifically the activities that have this effect. A sustainability
assessment is the first step to starting a transition towards the sustainable
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development model. Figure 5 shows the percentage of the total S4.0 in each
of the sustainability dimensions that manufacturing companies in Ciudad
Judrez have implemented. The environmental dimension is in first place
at 6.90%, followed by the ecological dimension at 6.73%, the technological
dimension at 6.51%, and the economic dimension at 5.33%. This clearly
shows the need for a tool that facilitates the evaluation and quantitatively
reports the performance in terms of the sustainability of manufacturing
companies, since, as previously mentioned, this development sector has a
significant impact [63].

Average adoption of Sustainability 4.0

6.73

Environmental

6.90 6.51
5.33

Economic Social Technological

Figure 5. Percentage level of adoption of $4.0 by dimension.

As pointed out by Dreyer et al. [64], the evaluation of the social and
environmental aspects, and in the case of the manufacturing industry, the
economic and technological impacts, involves judgments based on a solid
understanding of the methodological tools when considering the best
practices related to these dimensions. Our toolbox may contribute to
efforts to comply with international standards in all areas of development
in relation to sustainability [49]. In this context, the proposed S4.0 toolbox
represents a useful option for industrial enterprises.

CONCLUSION

The results presented here indicate that the proposed toolbox for
measuring sustainability in the manufacturing industry is adequate for
the diagnosis of the degree of implementation of S4.0 in the manufacturing
industry of Ciudad Judrez. Our toolbox gives companies recommendations
for the technologies they should adopt to become more competitive and
socially responsible.
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Our results show that MSMEs are still in the process of transitioning to
sustainable process management by adopting the tools of Industry 4.0
technologies, which can contribute to the integration of smart production
with the sustainable development paradigm, as proposed by [65].

Despite the capabilities they have, the level of integration of sustainable
practices with 14.0 tools is only 3.1% for large companies. In this context,
it would be wise to develop strategies as guides for the manufacturing
sector to adopt sustainable practices in its four dimensions and integrate
14.0 tools. With the digitalisation of their processes, the adoption of
sustainable practices will be easier and more viable, since their impact can
be measured immediately and accurately.

It should be noted that the adoption of sustainability practices using the
14.0 tool, according to the dimensions considered here, takes greater
account of social criteria and therefore has a higher level of integration
due to the need to pay attention to employees. However, the economic
aspect has the lowest level of adoption, and this is an area of opportunity,
as businesses usually seek economic returns from their processes; they
can apply strategies to automate their processes for benefits in economic
terms and to improve their competitiveness.

This diagnosis enables us to see how industries have integrated and are
integrating I4.0 practices. The results indicate a lack of knowledge of
integration that would enable greater control of practices and help lead
the industry not only towards the new industrial revolution but also
towards a sustainable development model.
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APPENDICES

Toolbox for Measuring the State of Sustainability in Industrial Plants Adopting Industry 4.0 (TB-S4.0)

Appendix 1. Expert validation for the toolbox.

SUSTAINABLE ITEMS EXPERT1 EXPERT 2 EXPERT3 EXPERT4 MEAN CRITERION
DIMENSION
ENVIRONMENTAL 1 4 4 4 4 4 RETEIN
2 4 4 4 4 4 RETEIN
3 4 4 4 4 4 RETEIN
4 4 2 4 4 3.5 ANALYZE
5 4 2 4 4 3.5 ANALYZE
6 3 4 4 4 3.75 RETEIN
7 3 4 4 4 3.75 RETEIN
8 3 4 4 4 3.75 RETEIN
9 3 4 4 4 3.75 RETEIN
10 3 4 3 3 3.25 ANALYZE
11 3 4 3 3 3.25 ANALYZE
12 3 4 3 4 3.5 ANALYZE
13 1 2 2 2 1.75 DELETE
14 1 4 1 1 1.75 DELETE
15 2 3 2 1 2 DELETE
16 2 2 2 3 2.25 DELETE
17 2 2 3 2 2.25 DELETE
18 3 4 3 3 3.25 ANALYZE
ECONOMIC 19 4 4 4 4 4 RETEIN
20 4 2 4 4 3.5 ANALYZE
21 4 4 4 4 4 RETEIN
22 4 4 3 4 3.75 RETEIN
SOCIAL 23 4 4 3 4 3.75 RETEIN
24 3 4 3 3 3.25 ANALYZE
25 4 4 3 3 3.5 ANALYZE
26 3 3 4 4 3.5 ANALYZE
TECHNOLOGIC 27 4 4 4 4 4 RETEIN
28 4 4 4 2 3.5 ANALYZE
29 4 4 4 3 3.75 RETEIN
30 4 4 4 3 3.75 RETEIN
31 3 4 3 3 3.25 ANALYZE
32 3 4 3 3 3.25 ANALYZE
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Appendix 2. Company Information.

1 Type of Industry

a) High Technology

b) Medium-High Technology
¢) Medium-Low Technology
d) Low Technology

2 Industry size

a) Micro industry (1 to 10 employees)

b) Small industry (10 to 50 employees)

¢) Medium industry (50 to 1000 employees)

d) Large industry (more than 1000 employees)

3. Geographic scope

a) Local

b) Regional
c) National
d) Continent
e) World

4 Who is primarily responsible for environmental issues?

a) Senior Management

b) Logistics Department

¢) Environment Department
d) Marketing Department

e) Finance Department

) Sales Department

g) Engineering Department
h) Health and Safety

5 Who is primarily responsible for technological issues?

a) Senior Management

b) Logistics Department

¢) Environment Department
d) Marketing Department

e) Finance Department

) Sales Department

g) Engineering Department
h) Health and Safety
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Appendix 3. Environmental indicators.

ENVIRONMENTAL INDICATORS

Sustainable 14.0 Adoption 14.0 Adoption 14.0 Adoption 14.0 Adoption
Indicator Level 1 Level 2 Level 3 Level 4
I1. Monitoring  No monitoring Manual reporting  Sensor monitoring Sensor monitoring with

power
consumption

12. Develop
electrical
efficiency
practices

I3. Monitoring
natural gas
consumption

I4. Develop
natural gas
efficiency
practices

I5. Monitoring
water

consumption

16. Develop
water
efficiency
practices

I7. Monitoring
of waste
generation

I8. Monitoring
of recoverable
residues

Does not develop
electrical
efficiency
practices

No monitoring

Has no gas
efficiency
practice
development

No monitoring

Does not develop
water efficiency
practices

No monitoring

No monitoring

monitoring

Perform efficient
practices through
manual activities

Manual reporting
monitoring

Perform efficient
practices through
manual activities

Manual reporting
monitoring

Perform efficient
practices through
manual activities

Manual reporting
monitoring

Manual reporting
monitoring

with manual analysis
to plan and control
processes

Perform efficient
semi-automated
procedures

Sensor monitoring
with manual analysis
to plan and control
processes

Perform efficient
semi-automated
procedures

Sensor monitoring
with manual analysis
to plan and control
processes

Perform efficient
semi-automated
procedures

Sensor monitoring
with manual analysis
to plan and control
processes

Sensor monitoring
with manual analysis
to plan and control
processes

automatic analysis in the cloud
for planning and control

Perform efficient practices
automatically thanks to the
planning and control analysis
generated in the cloud

Sensor monitoring with
automatic analysis in the cloud
for planning and control

Perform efficient practices
automatically thanks to the
planning and control analysis
generated in the cloud

Sensor monitoring with
automatic analysis in the cloud
for planning and control

Perform efficient practices
automatically thanks to the
planning and control analysis
generated in the cloud

Sensor monitoring with
automatic analysis in the cloud
for planning and control

Sensor monitoring with
automatic analysis in the cloud
for planning and control
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Appendix 3. Cont.

ENVIRONMENTAL INDICATORS

Sustainable 14.0 Adoption 14.0 Adoption 14.0 Adoption 14.0 Adoption
Indicator Level 1 Level 2 Level 3 Level 4
I9. Reportand  Does not report Manual reporting  Reporting and Sensor-based reporting and

control of
greenhouse
gases
emissions

I110. Identify
the source of
waste
generation

I11. Know if
the process
generates toxic
waste?

I12. Eliminates
the use of toxic
substances in
the products

I13. Base the
use of
transport and
distribution
logistics on
environmental
decisions

I14. Use eco-
labels if
required by
the product

or control

Does not identify

the source of

waste generation

Do not know if
the
process/service
generates toxic
waste

No concern for
the type of
substances used

Does not base its
decisions of
transport and
distribution
logistics on
environmental
considerations

Does not have an

eco-label

and control

Perform manual
reviews

Perform manual
reviews

Performs manual
identification of
toxic substances

Based on data
obtained
manually, make
decisions that
optimize routes
and modes of
transportation

The information
generated by the
eco-labels is
entered into a
manual database

controlling using
sensors with manual
analysis

Identification by
sensors with a manual
report

Identification by
sensors with a manual
report

Design of products
with data storage for
autonomous exchange
of information on
toxic substances

It has software that
provides carbon
footprint data that is
fed into a digital
database to make
decisions that
optimise routes and
modes of transport

Information
generated by
ecolabels is entered
into a digital database

control with automatic cloud-
based analytics

Identify sensors with automatic
cloud-based analysis to plan
and control

Identify sensors with automatic
cloud-based analysis to plan
and control

Design products—with data
storage for autonomous
exchange of information on
toxic substances—through 3D
printing

It has cloud-connected software
that provides automatic
information on the carbon
footprint, which would
facilitate decision-making to
optimize routes and modes of
transportation

The cloud automatically
generates an analysis of the
products using the information
generated by the eco-labels
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Appendix 4. Economic indicators.

ECONOMIC INDICATORS
Sustainable 14.0 Adoption 14.0 Adoption 14.0 Adoption 14.0 Adoption
Indicator Level 1 Level 2 Level 3 Level 4

I15. Conduct
an analysis of
sustainable

practices

I16. Analyze
savings from
sustainable

practices

I17. Perform
return on
investment
control for
each
sustainable
practices
implemented

118. Perform
return on
investment
control for
each
technology
practices
implemented

119. Perform
economic
inputs control
for recovery or
transformation
waste

Does not perform
an analysis of
sustainable

practices

Does not perform
analysis of the
savings produced

Does not perform
investment
control for each
sustainable
practices
implemented

Does not perform
investment
control for each
technology
practices
implemented

Does not perform
economic inputs
control for
recovery or
transformation
waste

Perform manual
analysis on data
from manual
reporting

Perform manual
analysis on data
from manual
reporting

Perform manual
investment
control using data
from manual
reporting

Perform manual
investment
control using data
from manual
reporting

Perform manual
economic inputs
control using data
from manual
reporting

Perform manual
analysis on data
obtained from the
digital database

Perform manual
analysis on data
obtained from the
digital database

Perform manual
investment control
with data obtained
from the digital
database

Perform manual
investment control
with data obtained
from the digital
database

Perform manual
economic inputs
control with data
obtained from the
digital database

The cloud automatically
generates an analysis of
sustainable practices

The cloud automatically
generates an analysis of
sustainable practices

The Cloud Automatically
Generates Investment Control

The Cloud Automatically
Generates Investment Control

The Cloud Automatically
Generates Economic Inputs
Control
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Appendix 5. Social indicators.

SOCIAL INDICATORS
Sustainable 14.0 Adoption 14.0 Adoption 14.0 Adoption 14.0 Adoption
Indicator Level 1 Level 2 Level 3 Level 4

120. Training
staff on
sustainability
issues

121.Communic
ating the
company’s
environmental
behavior to
workers

122. Know the
percentage of
your customers
are interested
in having
sustainable
certifications

123. Coordinate
with the client
the collection
of the product
when it
completes its
life cycle

Does not provide
training to staff on
sustainable issues

Does not
communicate the
company’s
environmental
performance to
workers

Does not have any
knowledge on the
subject in question

Does not
coordinate with
the client the
collection of the
product when it
completes its life
cycle

Provides training
to staff supported
by a paper manual
that deals with
sustainability
issues in the
industry

Communicates the
company’s
environmental
performance to
workers through
manual reports

Analyse customers
interested in
sustainable
certification
through manual
reporting

Maintains
telephone/persona
1 contact with the
client to
coordinate the
collection of the
product when it
completes its life
cycle

Provides training to
staff supported by
manuals generated in
databases that deal
with sustainability
issues in the industry

Communicates the
company’s
environmental
performance to
workers through
reports entered into a
database

Does has a digital
database from which
it manually filters
clients interested in
sustainable

certification

Supported by
messages that are
programmed
according to the
product’s life cycle in
which the client is
informed to go to a
collection center

Provides training to staff on
sustainability issues in the
industry, supported by 14.0
tools

Communicates the company’s
environmental performance
to workers through reports
generated automatically in
the cloud

The cloud automatically
generates a report of

customers interested in
sustainable certification

Supported by RFID
technology that generates
data in the cloud, at the end
of the product’s life cycle, the
client is automatically
informed of the nearest
collection centers
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Appendix 6. Technologic indicators.

TECHNOLOGIC INDICATORS

Sustainable 14.0 Adoption 14.0 Adoption 14.0 Adoption 14.0 Adoption
Indicator Level 1 Level 2 Level 3 Level 4
124. Use energy Manufacturing  Implement energy Perform semi- Automatically implement

efficiency
systems in the
manufacturing
of products

125. Use energy
efficiency
systems in
production
systems

126. Use energy
efficiency
systems in
transportation
systems

127. Designs

modular
products

128. Design

products that are
easy to refurbish

and renew

129. Designs
products that
support
maintenance

products does
not use energy
efficiency
systems

Production
systems do not
use energy
efficiency
systems

Transportation
systems do not
use energy
efficiency
systems

Does not design
modular
products

Does not design
products that
facilitate
rework and
renewal

Does not design
products to
support
maintenance

efficiency practices
through manual
activities in
manufacturing of
products

Implementing energy
efficiency practices
through manual
activities in production
systems

Implement energy
efficiency practices
through manual
activities in
transportation systems

Design products based
on manual
identification of
possible modular parts

Design products based
on manual
identification of
possible parts that
facilitate rework and
renewal

Designs products based
on manual
identification of
possible maintenance-
supporting parts

automated energy
efficient practices in
manufacturing of
products

Perform semi-
automated energy
efficient practices in
production systems

Perform semi-
automated energy
efficient practices in
transport systems

Design products with
data storage for
autonomous
exchange of
information about
possible modular
parts

Design products with
data storage for
autonomous
exchange of
information on
possible parts that
facilitate rework and
renewal

Designs products
with data storage for
autonomous
exchange of
information about
possible
maintenance-
supporting parts

energy efficiency practices
in manufacturing
products with cloud-
generated planning and
control analytics

Automatically implement
energy efficiency practices
in production systems
with cloud-generated
planning and control
analytics

Automatically implement
energy efficiency practices
in transport systems with
cloud-generated planning
and control analytics

Design products—with
data storage for
autonomous exchange of
information on possible
modular parts—using 3D
printing

Design products—with
data storage for
autonomous exchange of
information on possible
parts that facilitate
rework and renewal—
using 3D printing

Designs products—with
data storage for
autonomous exchange of
information on possible
maintenance—supporting
parts—using 3D printing
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