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Abstract: Internet of Things — IoT appeared in the forecast of
engineering three decades ago. Since then, a vast range of
applications has been developed in industrial, urban, and rural
matters, where one of the most relevant issues has been
sustainability. This paper presents a retrospective analysis of the
most relevant trends in sustainability regarding IoT and its
applications, considering evolution trends and tangible results from
the last decade (2011-2020). When the concept of sustainability in
engineering gained importance. The study provides useful insights
into the future development of IoT in human life and industrial
activities as well as research opportunities in terms of sustainability
based on IoT approaches.
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I. INTRODUCTION

Every day more and more objects such as sensors,
actuators, appliances, wireless grids, and automated devices
are connected to the internet [1]. Such objects are commonly
used to measure, diagnose, control, and optimize resource
consumption and in the decision-making process towards cost-
effectiveness. Approaches in engineering cover a wide variety
of applications such as transportation, health care,
surveillance, smart environments, among others [2].

During the last decade, sustainability has become a
capstone topic related to 10T, demonstrating a rapid increase
in research interest since 2012 and reaching a remarkable
number of articles in less than a decade (see Figure 1).
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Fig. 1
Evolu
tion of loT + Sustainability in peer-reviewed articles. Results from the
SCOPUS database.

Sustainable development goals also push the need for
more initiatives focused on rapid mitigation of climate change,
resource depletion, and pollution, and loT is a key
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technological enabler to achieve such objective [3]. Besides,
the pervasive nature of 10T enables the rapid propagation of
sustainability initiatives in the future[4].In terms of IoT and
Sustainability, research efforts are concentrated in monitoring,
managing, and optimizing resources to enhance the quality of
life of people and increase the cost-effectiveness of
companies. Tangible results in issues as quality, production
costs, resource efficiency demonstrate the vast potential of
IoT.

Existing literature reviews regarding IoT are commonly
oriented to one field in particular. For example, IoT applied to
the sustainability of energy systems [5]; farming or
agricultural applications [6]; Social IoT and its services [7];
Internet of medical things [8], [9] and 10T in food safety [10].
Such orientation to particular topics restricts the possibility of
viewing the overall picture in terms of all successful
implementations of [oT.

Therefore, this article seeks to provide an overview of all
IoT applications in the field of sustainable development. Such
applications include the enhancement of services and data-
management in the decision-making of daily activities, saving
material consumption, emissions, time, and money. Also, this
article analyzes future challenges from selected references in
the most important topics or application fields, enabling a
holistic perspective of IoT practitioners and academics for
future developments and approaches.

The rest of the article is organized as follows. Section II
presents the literature review methodology. Section III
corresponds to the results of implementing the review
methodology. Findings and discussion are included in Section
IV. And Future Challenges and Conclusions are described in
Sections V and VI, respectively.

Il. LITERATURE REVIEW METHODOLOGY

The proposed method to analyze the existing literature in
IoT and sustainability issues consists of four main steps: i)
Information gathering from a recognized database, in this
case, SCOPUS. ii) A screening process to discard non-related
works based on reviewing title, abstract, and keywords. iii) A
detailed reviewing of filtered works. And iv) the analysis of
selected works to obtain useful information and data related to
trends and challenges in IoT and sustainability approaches.

Figure 2 shows the graphical description of the
methodology. Sections III and IV show the results, findings
and discussion after performing the methodology.
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Fig. 2 Graphical description of literature review methodology

1. RESULTS

During the implementation of the literature review
process, more than 200 articles were collected and analyzed in
the screening process. The gathering of information just
included journal articles in the English language. The
literature search was performed using “loT” and
“Sustainability” as search keywords. 36 articles were selected
after the screening process and identification of selected
works. Such works corresponded to sustainable engineering
applications with demonstrated results in practice.

Figure 3 summarizes the engineering applications of IoT
found in the literature analysis. The most frequent
implementation of IoT for Sustainability are smart cities with
eleven works, the second most frequent is Circular Economy
present in ten works, and the third is Agriculture with nine
studies. These three categories demonstrate the interesting
issues in which IoT is gaining relevance to improve the
efficiency in the use of resources and reducing emissions or
waste. In general, the main purpose of Smart Cities
applications is to reduce pollutants in the air and improve
energy consumption. In the case of Circular Economy is to
generate valorization opportunities from material flow and
waste, reducing environmental impacts and providing
economic benefits. In terms of Agriculture, efforts are
addressed towards the best use of water and improve the
supply chain management.

A. ldentification of research clusters

Seven main categories were identified from selected
works obtained in the literature search. Table I summarizes a
sample of representative references and a brief description of
each category. Categories were built from the number of
works dedicated to the same topic, which is a preliminary
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measure of the relative research importance. Individual
contributions were not included in Table L.

Categories are comprised of two main topics in order to
consolidate the use of IoT for improving resources in a
specific application field.
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Fig. 3 Applications of 10T in sustainable engineering from the literature
review

B. Key indicators per category

In addition to the information summarized in Table I, an
inventory of key indicators is performed and consolidated in
Table II. Key indicators consist of engineering parameters that
are measured, monitored and optimized through the IoT
application for each category

TABLE I. Seven most relevant clusters regarding 10T and Sustainability

Category Selected Description
References
Smart Cities [5], [11]- Monitoring and optimization of energy
/Energy [14] consumption towards cost-efficiency in
cities and communities. This topic
includes the implementation of sensors
and the use of previous records to
predict consumption requirements.
Smart Cities/  [15]-[19] Optimization of mobility in urban
Mobility environments. Includes efficiency in
times and resources, collaborative
transportation, cycling, among others.
Smart Cities/  [20], [21] Includes measurement and treatment of
Environment data for environmental parameters (e.g.,
pollutants related to the quality of air)
Architecture /  [22]-[26] Studies the monitoring and optimization
Energy of energy consumption in buildings
from the perspective of architecture.
Agriculture / [27]-[31] Reduction of waste from production

Supply chain activities and secondary processes

involved in the whole supply chain of
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Selected
References

Category Description

agricultural products.

Agriculture / [32], [33] Use of IoT for measuring and

Water optimizing  water  irrigation in
agricultural crop processes. It also
includes the development of water
management applications.

Circular [34]-[40] Applications  approaches and case

Economy/ studies focused on circular economy

various strategies such as reuse,
remanufacturing, refurbishment, and

recycling. Most approaches are oriented
to facilitate and promote the recycling of
products.

TABLE II. Key indicators for each category. Measurements

Category Key indicators —

Parameters

Smart Cities /Energy e  Energy consumption
e  Cost savings

Smart Cities / Mobility e Transportation Time

Emissions

Smart Cities / Environment Pollutants in air
Pollutants in water
Emissions
Temperature

Solar radiation

Architecture / Energy

Energy consumption
e  Costs

Agriculture / Supply chain e Waste from crop
e Costs

Agriculture / Water e  Water consumption
e  Humidity
Costs

Circular Economy Recycled material
Life Cycle Cost
Global Warming
CPU Consumption

Emissions, Waste

IV. FINDINGS AND DISCUSSION
A. Main trends

IoT has been gaining more and more relevance as the
internet and communication technology thrive. During the last
decade, the number of connected devices and objects in the
world increased rapidly, enabling the massification of
applications not only in daily activities but also in industrial
environments.

Four main trends can be established from the literature
analysis:

a) Energy: In terms of research is the most studied and
developed field in terms of integration of IoT. This issue
covers not only the industrial sector but also smart cities and
architecture (smart buildings and houses). The use of sensors
and wireless networks has driven the spread of applications,
and the growth of renewable sources has also enabled a
suitable environment for new business models and consumer
behaviour practices.

b) Water: Most improved in the industrial and agricultural
fields. Which involves huge consumptions of water during
processing, handling, and irrigation activities.

The spread of precision agriculture has also promoted the
continuous improvement of irrigation activities. On the other
hand, sensors, automated re-circulation systems, and zero-
water consumption practices have increased the impact on
water consumption as well as in its contamination potential.

¢) Environment: Includes the_measurement of parameters
such as temperature, pollution in the air, pollution in water,
solar radiation, among others. Applications related to this
issue are mostly oriented to decision-making activities for
industrial and daily activities. Smart cities have included loT
applications to record environmental parameters that can be
used to predict weather conditions, adjust energy consumption
rates, and perform outdoor activities.

d) Materials (Circular Economy): This last trend has
gained relevance, especially during the last four years. As a
broad concept, the circular economy promotes the use of
materials in a circular fashion path; through closing the loop
tasks such as recycling, reuse, remanufacturing, and slowing
the loop strategies such as extended life of products,
repairability, improved durability among others. For such
initiatives, I[oT provides digital platforms to enable
collaborative circularity of products and information
management to facilitate interactions user-user and
manufacturer-user.

B. Circular Economy and loT

In terms of sustainability, the circular economy concept is
considered as a new production model that reduces the
extraction of resources and seeks to keep the value of products
and materials the long as possible.

IoT applications are key enablers of Circular Economy,
providing robust platforms for topics such as:

e Reverse supply chains (manufacturers-user-
manufacturers): integrating information about final
disposal alternatives, waste management and potential
business opportunities from repair products and recycling
raw material. [oT enables communication between
consumers and manufacturers to stablish supply chains
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based on material flows once the first useful life of
products is completed.

e Consumer behaviour — user experience (persuasive
design): through [oT applications it is possible to measure
and analyse user experience in terms of perception, the
average useful life and overall performance of products
before purchase a new version for millions of users. In
addition, IoT can be wused to promote persuasive
campaigns to raise awareness of environmental impacts
when products are disposed.

e Cloud manufacturing (collaborative manufacturing):
IoT facilitates the integration of multidisciplinary teams
into the product development process. Manufacture can
be improved to reduce emissions, processing time and
material and energy consumption. Cloud manufacturing
also enables the use of advanced tools (simulations,
virtual prototypes) to predict future impacts in use and
final disposal stages.

e Digital markets — Secondary Markets (Platforms):
customers are aware that secondary markets are a good
alternative to find functional products at a lower price.
This culture promotes the reuse, and users are already
purchasing and offering products in many platforms such
as Amazon, ebay, mercadolibre (LATAM), however, this
kind of initiatives can be extended to components, spare
parts, defective parts among others.

C. Drivers and Barriers in IoT for Circular Economy

Drivers for circular economy from IoT applications vary
from single users to big companies. Regarding single users, it
is possible to mention the growing trend of more
environmentally conscious consumers and service users,
which is essential to adopt more circular behaviours
massively.

In terms of big companies, the use of IoT enables more
confident and rapid information and data management. As a
result of the accelerated evolution of wireless networks,
companies augur more business opportunities from circular
economy such as reverse supply chains, cheaper raw material
acquisition, increase of environmental added value, and as a
marketing differentiator for more environmentally-conscious
consumers. The massification of wireless networks around the
world also implies a bigger coverage area to obtain more
consumer data since interconnectivity is necessary to build
circular ecosystems in cities and industrial complexes.

Barriers against IoT for the circular economy include the
lack of formal legislation initiatives to promote the
massification of IoT applications, which slows the potential
impact in terms of savings and resource optimization in
industrial and daily activities. On the other hand, some

developing countries still do not have full internet network
coverage, especially in rural areas (due to armed conflict,
difficult access roads, corruption, among others).

As a challenging barrier, it is also possible to mention the
absence of formal and hidden curriculum education in high
school and college students regarding the circular economy.
The concept is relatively new (no more than 15 years), and
several countries have not a clear idea about its benefits in
terms of economic, environmental, and social aspects.

V. PERSPECTIVES AND FUTURE CHALLENGES

Perspectives and challenges of IoT and sustainability are
described considering the main sectors of application fields.
Each field is described in detail below:

In the agricultural sector, there are limitations to the
adoption of IoT applications. Most of the extensive farmers
lack formal education, hindering the adoption of IoT for
improving productivity, and enable potential businesses. One
of the most promissory applications in agricultural activities is
the use of fully automated irrigation systems, which are still
under-development due to the absence of integration processes
with Big Data and heterogeneous sensors.

In terms of buildings construction, IoT provides a
considerable variety of improvement opportunities. Including
energy savings for refrigeration, heating, and lighting.
However, in the case of public facilities, users are not
interested or motivated to reduce energy consumption. One of
the most common reasons is the lack of information and
persuasiveness regarding consumer behavior and its
environmental impacts from the perspective of public
organizations. Meanwhile, efforts need to be oriented to
handle, predict, and visualize data for influencing users
towards energy-saving tasks.

One of the most prominent approaches to consider cleaner
production consists of monitoring sustainability indicators
during the manufacturing stage of products, measuring
material flow in the production process, as well as energy
consumption and emissions. This kind of application will
contribute to rapid decision-making to optimize operations and
saving resources and time.

Regarding the Smart cities’ topic, some approaches have
been proposed to facilitate mobility and reduce emissions. The
use of bicycles for mobility is one of the most well-received
initiatives, not only reducing the environmental impact but
also vehicular congestion and promoting physical exercise in
the population. On the other hand, IoT also offers a huge
opportunity to collect information about the mobility of people
into the city, common routes, timing, among others. With this
information, it is possible to predict and program more precise
public and private transportation services; to provide optimum
routes for users and generate jobs for thousands of people.

18" LACCEI International Multi-Conference for Engineering, Education, and Technology: “Engineering, Integration, and Alliances for a Sustainable
Development” “Hemispheric Cooperation for Competitiveness and Prosperity on a Knowledge-Based Economy”, 29-31 July 2020, Buenos Aires, Argentina. 4



Relevant data could include the condition of highways and
streets, traffic restrictions, and available parking lots.

In terms of energy management, [oT has demonstrated
enormous potential. Which is focused not only on measuring
offer and demand of energy for industries and residential
applications but also for predicting future consumptions based
on consumer behavior and environmental conditions. One of
the most challenging issues in this field is the adoption of
machine learning approaches to analyze user behavior on a
massive scale (considering millions of energy-based devices
simultaneously) to capture consumer patterns and optimize
energy consumption in real-time.

In addition to the previously mentioned challenges, some
issues are transversal to all fields:

e Platform creation: it is necessary to design and develop
monitoring systems to include heterogeneous sensors with
different information modeling. Such platforms must be
able to process data from diverse IoT sources (e.g.,
quantitative data about air pollution and qualitative
perceptions about traffic status from vehicles)

e Data visualization: implementation of and
contextualization of captured data. IoT enables the data
recording; however, the visualization of data can be
enhanced through graphical representations to improve
their full comprehension.

e Policies: governments should establish regulations to
promote the generation, processing, and exchange of data
obtained from IoT sources, considering the security and
privacy of people.

Concerning the massive implementation of IoT, it is
necessary to develop diagnostic studies about connectivity and
highly potential economic sectors (e.g. tourism and
agriculture). Specially in developing countries, which can
leverage their economic development through IoT solutions.
Rapid diagnostics combined with effective
policies/legislations can embrance the appropriation and
evolution of IoT as a key tool to fight poverty and inequality
in the world.

VI. CONCLUSIONS

This article studied the main trends and research
opportunities regarding the use of loT for engineering
solutions-oriented to sustainability during the last two
decades. The analysis of the literature showed that loT
approaches had permeated engineering solutions, providing a
robust platform to perform daily and industrial activities
efficiently.

Energy and water consumption, emissions, and material
flow have been studied massively, enabling sustainability

from daily to daily users and industrial actors. As an
interesting finding, the concept of the circular economy is
gaining attention for implementing loT solutions. Supply
chain, resource management, and reduction of emissions and
energy consumption have been considered in the last five
years. Thus, 10T can be cataloged as a key enabler for a
circular economy in both common daily activities and
industrial processes.

Future works regarding loT for sustainability include the
development of robust platforms to optimize data analysis and
the data visualization based on information context to
facilitate interpretation for any user.

Regarding policies, it is urgent to advance in new
regulations to protect sensitive information from users and
ensure correct data use for communities” welfare.
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