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The focus of this study is to investigate wireless condition monitoring sensor technology, as
well as opportunities and practices for recycling these sensors within the framework of
sustainable development.

The objective is to determine their capacity for minimizing expenses incurred from machine
downtime, boosting productivity, and enhancing workplace safety. This study highlights the
significance of various forms of condition monitoring, including wired and wireless systems,
in multiple sites and their potential for providing more value to users. Furthermore, the study
delves into the topic of sustainability and recycling, and how it pertains to condition
monitoring sensors. Specifically, the research will focus on the use of recycled materials and
waste electronic waste components in the development of condition monitoring systems.

The objective of this study was to reduce the sensor's environmental footprint by recycling
materials and parts more efficiently, which was one of the primary goals. Additionally, the
research delves into the advantages and disadvantages of eco-friendly practices and
recycling in wireless condition monitoring systems. Technical aspects, financial
considerations, and performance impacts are also studied, along with the use of recycled
materials and sustainable production methods.

The findings emphasize the benefits of sustainability and recycling as potential
enhancements to wireless condition monitoring sensors. These benefits include better
sustainability performance, resource conservation, and reduced environmental pollution. As
a result of this study, there is a greater comprehension of how recycling and sustainability
can be implemented into wireless condition monitoring sensors. To promote sustainability
and environmental awareness in condition monitoring, industries can incorporate recycling
practices, sustainable materials, and consider the entire life cycle of sensors and lithium
batteries.
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Tutkimuksessa tarkastellaan langattomien kunnonvalvonta-antureiden
kierratysmahdollisuuksia ja -kdytant0ja kestavan kehityksen periaatteiden mukaan. Yksi
tarkeimmistd tavoitteista on kayttad tatd tutkimusta |0ytd&kseen tehokkaita
kierratysvaihtoehtoja langattomalle kunnonvalvonta-anturille.

Ty0Ossé tutkitaan aluksi eri alojen kunnonvalvontalaitteiden hy6tyjd, muun muassa sitd,
miten ne ovat véhentaneet koneiden rikkoutumiskustannuksia, lisdnneet tuotantoa ja tehneet
tyopaikoista turvallisempia tyontekijoille. Tydssa selvitetddn kuinka kunnonvalvonta eri
muodoissaan seka langallisena ettd langattomana on elintdrkedd monissa kohteissa ja tuo
kayttajilleen valtavasti lisarvoa.

Sen jalkeen téassa tutkimuksessa analysoidaan kunnonvalvonta-antureiden Kkierratysta,
tutkitaan kierratettavia materiaaleja ja e-jatekomponentteja. Materiaalien ja osien tehokkaan
kierratyksen myota anturin  ympadristovaikutusta voidaan pienentdd, mika on tdman
tutkimuksen keskeinen painopiste. Tutkimuksessa selvitetddn myods Kierrdatyksen ja
kestavien kaytantdjen etuja ja haittoja langattomissa kunnonvalvontajarjestelmissa.

Tulokset korostavat kierratyksen ja kestavyyden arvoa mahdollisina lisdyksina langattomiin
kunnonvalvonta-antureihin. Naihin kuuluvat parempi kestavyys, luonnonvarojen suojelu ja
ympadriston saastumisen véhentdminen. Raportissa kuitenkin todetaan, ettd materiaalien
saatavuuden, osien yhteensopivuuden ja kierratettyjen osien luotettavuuden tielld on vield
esteitd. Siind korostetaan tarvetta tutkia uusia tapoja lisata resurssitehokkuutta ja noudattaa
kiertotalouden késitettd. Kayttamalla kierratyskaytantoja, kayttdmalla kestavia materiaaleja
ja ottaen huomioon sensorien, litiumparistojen koko elinkaaren, teollisuus voi tarjota
kestdvammén ja ympdristotietoisemman ldhestymistavan  kunnonvalvonnan  eri
komponenttien osalta.
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1 Introduction

The manufacturing industry plays a crucial role in contributing to the economic growth and
development of a country. However, this industry also brings about significant
environmental concerns such as resource depletion, pollution, and the release of greenhouse
gases. And to ensure machines to run with best efficiency and without unexpected shutdowns
the machine condition monitoring play a significant role and manufacturing industries are
essential for economic growth and development (Xie, Su, Xie, and Fan. 2019, p). However,
over time, sustainability concerns have arisen, recognizing the need for the industry to
implement sustainable methods in its processes to ensure long-term practicality.

1.1 Condition monitoring — background

Effective resource and waste management is a crucial element of sustainability in the
manufacturing industry. Proper recycling and disposal of electronic devices, commonly
referred to as e-waste, has become a global concern due to the rapid advancement of
technology and the limited lifespan of electronic gadgets. The e-waste stream is also
significantly impacted by battery-powered devices, including wireless condition monitoring
sensors, which present significant recycling and disposal challenges. (Xie et al. 2019, p.
200.)

Wireless condition monitoring sensors are integral to the manufacturing industry, as they
enable monitoring of equipment performance, allowing for proactive maintenance and
reduced downtime without costly cabling. These sensors use wireless technology to transmit
data on various parameters, such as temperature, vibration, and pressure, making them
highly effective tools for monitoring and optimizing manufacturing processes. While the
advantages of wireless condition monitoring sensors for improving operational efficiency
are well-known, it is critical to address their environmental impact, particularly with regards

to recycling and sustainability. (Xie et al. 2019, p. 112.)

Proper disposal of these sensors is crucial to minimize their impact on the environment and

ensure they are recycled responsibly. Taking steps to ensure the sustainable use of these
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sensors can help minimize their ecological footprint and support environmentally

responsible manufacturing practices.

The premise of this study centres around the notion that the adoption of wireless sensors for
monitoring conditions must be accompanied by sustainable practices that account for the
entire lifespan of these devices. This includes their creation, utilization, and eventual
disposal. To this end, it is crucial to investigate techniques for improving the recyclability
and ecological impact of wireless condition monitoring sensors. This involves examining
factors such as the materials used in their construction, their energy consumption, and the
recycling process. The objective of this investigation is to advance the creation of eco-
friendly manufacturing techniques. This will be achieved by proposing suggestions and
knowledge for improving the recycling and sustainability of wireless condition monitoring
sensors. The discoveries made in this study are useful for manufacturers, policymakers, and
stakeholders in implementing eco-conscious methods and cultivating a circular economy in

the manufacturing industry.

1.2 Thesis statement

The increased usage of battery-powered electronic sensors across various sectors,
particularly in design, recycling, and overall environmental effect, poses a significant
challenge to the implementation of sustainable practices. While these sensors provide
valuable data for condition monitoring, their production and disposal result in resource
depletion and environmental pollution. To tackle this issue and align with the Sustainable
Development Goals (SDGs), a comprehensive examination is required to focus on
optimizing sensor design and establishing an effective recycling process. The aim of this
study is to explore new pathways for sensor optimization that facilitate simpler recycling
and improved sustainability, while also providing recommendations for recycling
procedures. The ultimate objective is to develop a feasible business and service model that
enables the sustainable replacement and recycling of battery-powered electronic sensors, in
partnership with a network of collaborators. The study aims to help the industrial sector

become more environmentally responsible and sustainable by addressing these issues.
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1.3 Thesis purpose

The objective of this study is to explore the potential of wireless condition monitoring
sensors in the industrial sector to encourage sustainability and recycling. The study will
analyse the benefits and challenges of integrating wireless condition monitoring sensors into
manufacturing processes and assess their impact on sustainability initiatives. Specifically,
the research will examine how the use of wireless condition monitoring sensors can enhance
resource efficiency, minimize waste generation, and decrease environmental impact in the
industrial sector. The goal is to provide insights that can assist in developing ecologically

responsible manufacturing practices utilizing wireless condition monitoring sensors.

1.4 Thesis scope

This master’s thesis aims to evaluate the viability of improving the sustainability of wireless
condition-monitoring sensors by analysing sensor technology, condition-monitoring factors,
and operational considerations that impact the use of various sensor technologies. The study
explores the following research issues and objectives:

e Objectives: The aim is to evaluate and compare the environmental impact, battery
technology, and longevity of the materials and parts used in wireless condition

monitoring sensors.

o The aim of the investigation is to analyse various elements related to
condition monitoring, including wireless monitoring applications and mesh

networks, and assess their impact on sustainability and sensor technologies.

0 The goal is to analyse the current use of diverse sensor technologies and their
potential legal implications in the future, with a focus on how this could
impact sustainability efforts.

0 Recommendations can be made to offer cloud-enabled notifications and

collect information on devices experiencing low battery levels.

0 Exploring strategies to educate and aid consumers regarding the upcoming
battery replacements, which includes recycling and new replacements.
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e The study endeavour aims to address specific queries, encapsulated as research

questions.

(0]

What parts, materials, and battery technologies are implemented in the
creation of wireless condition monitoring sensors, and how do they impact

the sustainability of these sensors?

Is it possible to find alternative, environmentally conscious components and

materials to use in their production?

In what ways do wireless applications and mesh networks for condition-

monitoring contribute to sustainability in the realm of sensor technology?

The utilization of different sensor technologies and its sustainability issues
are influenced by legal and operational factors - how do these considerations
impact their usage?

What is the efficacy of utilizing cloud-based alerts, and what methods can be
employed to gather information regarding devices that are low on battery?

In what manner can customers be informed regarding the replacement of
batteries in the future, considering recycling protocols and the accessibility

of new replacements?

This thesis endeavours to expand our understanding of wireless condition monitoring sensor

technology, its impact on sustainability, and the measures required to improve recycling

practices and educate customers about battery replacements. To achieve these goals and

answer our research questions, we will delve into the subject matter.

1.5 The Importance of the Research

The significance of the study may be attributed to the employer, who actively participates in

recycling battery-operated gadgets and is dedicated to decreasing their environmental

impact. Because it's specifically written about the employer's policies and legal obligations

regarding recycling, this master's thesis is essential. The investigation is conducted in
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English to facilitate the employer's global reach and to ensure that the findings can be applied
to the workplace.

The primary focus of this master's thesis is the Nordic/EU level, but refinement is possible
based on the background research. The findings will serve as a blueprint for developing an
international recycling program that ensures proper product recycling while maintaining data

security and privacy.

The primary subject of the investigation is the creation of effective and beneficial services
for the recycling of batteries and the replacement of sensors. It attempts to devise strategies
that will maximize the utility and financial success of recycling operations, it considers
cutting-edge ideas like upgrading. One significant component of research will be to develop
a qualitative model that will be able to predict the length of time the power supply has
available, as well as evaluate the recyclability using the Sustainable Development Goals
(SDGs) criteria. This will involve assessing the materials employed, evaluating
manufacturing processes, and examining product designs to assess the impact of these on
battery performance and relate to the SDGs.

The investigation is intended to assist the employer in achieving their goal of developing
sustainable, environmentally friendly practices by addressing these associated issues. The
research will facilitate the creation of a recycling program that adheres to regulations and

promotes sustainable methods of manufacturing.

1.6 The structure of the study

This master’s thesis is composed of the introduction, literature review with some interviews,
research methodology, findings, discussion, conclusion, and references. The introduction
serves to summarize the topic of the study and list the research questions, which aim to
explore the impact of wireless condition monitor sensors on sustainability. Additionally, a

concise explanation of the overall framework and methodology of the study is provided.

The available research on the subject is thoroughly evaluated in the literature review. The
most recent wireless research condition monitoring sensor is analysed, including its study

design, sample selection, data collection procedures, and data analysis methodologies, which
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are all encompassed in the research methodology section. The study also delves into the
sustainability and recyclability of the sensors.

The results section of the research paper details the findings of the study. Inferential statistics
are employed to test the study's hypotheses, while the methodology employs a secondary
research approach. In the discussion section, the results are analysed and themes are explored

in relation to the research question and literature review.

The conclusion summarizes the primary conclusions and their implications for future
research. The study's limitations are also addressed, and the necessity for further research is
highlighted. The sources cited in the essay are listed in the references section using the
Harvard citation format.
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2 Literature Review

Wireless condition monitoring (CM) devices have achieved significant attention in recent
years, because of their capacity to improve the overall efficiency of the industrial sector on
a broad scale. With these sensors in place, the performance and health of equipment can be
observed in real time, this allows for preventive maintenance and the avoidance of costly

failures.

Despite the benefits of wireless CM sensors being recognized, there has been limited
research into how they affect recycling or sustainability. The first portion of the literature
review explores the concepts of sustainability and recycling in the industrial sector. It
explores the fundamental concepts, difficulties, and possibilities of implementing
sustainable practices and ensuring that electronic equipment is properly recycled, this thesis
is focused on primary lithium battery-powered sensors. The larger context of sustainability
and recycling is explained, it is apparent that these concepts must be applied to wireless

condition monitoring sensors to be consistent with more general environmental goals.

The analysis of literature also explores prior investigations on the way wireless condition-
monitoring sensors affect the environment, including their energy consumption, material
usage, and end-of-life disposal. These investigations provide insight into the possible
difficulties and benefits of applying sustainability concepts to the development, utilization,
and disposal of these sensors. The assessment also highlights areas that are lacking in the
literature, this emphasizes the need for more studies on enhancing the recyclable content and
environmental impact of wireless sensor condition monitors. The literature study and
interviews also explore how batteries-powered sensors are currently recycled, this is of
particular importance as it identifies the most effective recycling methods and practices that
are both environmental and socially responsible. This involves analysing policies, rules, and
programs regarding the recycling and disposal of e-waste in the industrial sector.

The literature review summarizes the state of the art and identifies areas that require further
study regarding wireless sensors that monitor conditions in the environment, recycling, and
sustainability in the manufacturing industry. It also serves as the basis for the current
investigation, combining and reviewing the existing literature. This sets the stage for the
future parts of the research, guiding the formulation of the goals and approach of the study.
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2.1 Generally used components, materials and battery technologies

The exact function and application requirements determine which components are employed
in wireless condition monitoring sensors. These parts may vary from sensor to sensor. In the
common components utilized include microcontrollers, transmitters, sensors (like vibration,
temperature, or pressure sensors), power management modules, and communication
interfaces. These components are typically packaged into small, sturdy containers designed
to endure the harsh conditions of industrial environments. (Schaeffler 2021, p. 10 & 84.)

Based on the research that is currently available, the process of selecting materials that are
appropriate for wireless sensors that have a balance of performance, durability, and
environmental impact is of utmost importance. For example, the materials used for the
enclosure of the sensor and the packing should withstand external conditions like
temperature changes, moisture, and dust. Kumar, Kumar and Sharma (2019, p. 113) reported
that materials like stainless steel, aluminium alloys, and specialty plastics have high
mechanical strength and resistance to corrosion, these materials are popular choices for a

variety of applications.

The selection of batteries has a significant effect on the environmental performance of
wireless condition-monitoring sensors. Battery technologies are necessary for powering the
sensors. Because of the cost and accessibility of traditional disposable batteries, such as the
alkaline or primary lithium batteries, they are often utilized. Conversely, they pose problems
regarding the creation and disposal of waste. Rechargeable batteries, such as lithium-ion
batteries, might be a potential replacement for wireless sensor monitoring devices because
of their potential effectiveness and convenience. Rechargeable batteries have a benefit over
disposable batteries: they have a longer lifespan and produce less waste than disposable
batteries. Additionally, advances in battery technology, such as energy harvesting systems
or solid-state batteries, can significantly enhance the long-term viability of wireless status
monitoring sensors. (Williams, Torquato, Cameron, Fahmy and Sienz 2021, p. 77502-
77503.)

To the overall sustainability of wireless condition-monitoring sensors, it is crucial to have a
thorough understanding of how they affect the environment and how long they will last. Life
cycle assessment (LCA) has been employed to investigate the environmental impact of these
sensors. The life cycle assessment encompasses a variety of factors, including the extraction
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of raw materials, the processes involved, the consumption of energy, and the disposal of an
item following its intended lifespan. The decision of which materials, battery technology,
and manufacturing methods to utilize has a significant impact on the environmental impact
of wireless condition monitoring sensors. It is shown that materials that can be recycled or
reclaimed can directly reduce the carbon footprint. Additionally, it is possible to enhance the
long-term viability of these sensors by optimizing the production procedures to reduce the
amount of energy utilized and the amount of waste produced. (Lai, Chen, Tang, Zhou, Gao,
Guo, Bhagat. and Zheng 2022, p. 10-13 and Goodship, Stevels and Huisman 2019, p. 454.)

2.1.1 Waste from Electrical and Electronic Equipment - WEEE

The past 10 years have been one of increasing electrical and electronic waste (e-waste). As
the electrical and electronics market booms, e-waste is growing exponentially, with 2019
being a record year with 53.6 million tons of e-waste (UN). The official collection of e-waste
in 2017 is shown in figure 1 below, indicating that in most of the countries in the world there
are not formally collected e-waste at all or there is no good statistics for the collection (UN).
The figure 1 also give realistic picture for European Union (EU) level recycling for WEEE
products which is directly connected to EU Directive 2012/19/EU on waste electrical and
electronical equipment. The WEEE Directive had target already in 2019 that 65% of all e-
equipment’s sold or 85% WEEE should be recycled (Eur-Lex).

WEEE and e-waste include all end-of-life products including televisions, computers, mobile
phones, household appliances, etc., or industrial products such as scanners, sensors, robots
and anything containing electronic or electrical components (Goodship et al. 2019 p.231).
E-waste can also contain complex mixtures of hazardous substances and cause

environmental and/or health problems if waste is not managed properly (EU).
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Figure 1. E-waste formally collected per capita (UN 2017).

The collection of e-waste is one of the three main points in the e-waste recycling and as it
can be seen from the figure 1. there is room for improvement (EU). After WEEE is collected
it"s handled in logistics centres per waste type to different streams. These streams are then
shipped to treatment centres where the e-waste is finally handled. (Chagnes A., Cote G.,
Ekberg C., Nilsson M. & Retegan T. 2016, p. 5.)

The effectiveness of the stage that ensures electronic waste is diverted from landfills is
crucial to the success of e-waste recycling, as it prevents environmental harm. There are
various techniques to gather electronic waste, including drop-off centres, recycling
gatherings, and take-back policies. E-waste kerbside collection programs are also offered in
some regions by local governments. It is crucial to increase public knowledge on the
significance of properly disposing of electronic waste, and as a result, educational campaigns
are often paired with collection efforts. (Chagnes et al. 2016, p 19.)

In figure 2 below is shown the steps in the theoretical process of WEEE in circular economy.
In step 1 there is the end-of-life collection point. In step 2 WEEE processing, different
materials are separated and collected for reuse. In step 3, the recovered EEE materials is
placed on the market for the reuse. In step 4, the recycled EEE material is used for
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manufacturing new products. In step 5, new products made from recycled EEE materials are
introduced to the market. As already mentioned, this flow figure is theoretical base. The
situation is very different around the world, as can be seen in figure 1, which shows collected

e-waste. (Chagnes et al., 2016, p.xi.)
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Figure 2. Circular economy scheme for WEEE (Chagnes et al., 2016, p.xi).

2.1.2 Natural resource, energy consumption, and waste generation

The implications of sustainability with regards to depletion of resources, energy
consumption, and generation of waste. While evaluating the feasibility of wireless condition
monitoring sensors, it is imperative to consider the issue of resource depletion. The
availability and sustainability of resources utilized in the production of sensor components
and materials is vital. For instance, Johnson (2020, p.101) highlighted the significance of

considering the availability of rare earth metals like neodymium and dysprosium, which are
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employed in the creation of sensor magnets. They stressed the need to explore alternative
options or implement recycling procedures to mitigate the adverse environmental

consequences of their extraction.

The sustainability of different choices is a crucial factor to consider when planning for the
long-term. In wireless condition monitoring sensors, the energy consumption of each
component and material is a key area of investigation. For example, Stankovi¢, S., Hamida,
E. B., & Fischione, C. (2018, p.157) conducted an energy study that compared various
wireless communication protocols used in sensors. Their results show that low-power
protocols such as Zigbee and Bluetooth Low Energy are more energy-efficient than Wi-Fi.
By implementing these protocols, the amount of energy consumed can be significantly
reduced.

When evaluating sustainability, waste management is an important aspect to consider. To
reduce the amount of waste generated by wireless condition monitoring sensors, researchers
have studied various methods. For example, Zhang, Y., Chen, J., Liu, Y., & Song, H. (2020,
p.178) recommended a design approach that emphasizes modular and upgradable sensor
designs. By replacing individual sensor components instead of the entire sensor, waste
production is reduced by extending the sensor's lifespan and minimizing the frequency of
complete replacements.

A LCA study by Finkbeiner, M., Tédtmann, P., Scholl, G., & Bach, V. (2019, p.197),
analysed various sensor technologies by examining the constituents and materials of each
sensor type. They assessed the quantity of resources used, the level of energy consumption,
and the amount of waste generated. The findings of the study indicated that enhancing sensor
energy efficiency and selecting components that have a smaller detrimental effect on the
environment are two of the most efficacious ways to make them more ecologically

sustainable.

The contemporary collection of research provides valuable perspectives on comparing
diverse options for components, materials, and battery technologies when it comes to
wireless condition monitoring sensors. These choices have a significant impact on the
sustainability of such devices, affecting resource depletion, energy consumption, and waste
production. Experts have emphasized the importance of assessing resource availability,

optimizing energy efficiency, and implementing strategies to minimize waste generation in
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sustainability analyses. Comprehensive life cycle assessments are a reliable tool for
objectively evaluating the environmental implications and aiding the decision-making

process towards more sustainable wireless condition monitoring sensor technologies.

2.2 Lithium batteries

The discovery of lithium was made by Arfwedson and Berzelius in 1817 while examining
petalite ore (LiAISi4010). The element was subsequently isolated by Brande and Davy in
1821 through electrolysis of lithium oxide. Despite its initial discovery, it wasn't until a
century later that Lewis began investigating lithium's electrochemical properties. Due to its
striking physical properties, such as its low density, high specific capacity, and low redox
potential, it was quickly realized that lithium could function effectively as a battery anode.
(Reddy M., Mauger A., Julien C., Paolella A. & Zaghib K., 2020.)

Since the late 1960s, non-aqueous primary batteries that utilize 3V lithium-ion have been
available in the market. Some of these batteries have cathodes that include lithium sulphur
dioxide Li/SO2, which was introduced in 1969. Other cathodes include lithium-polycarbon
monofluoride (Li/(CFx)n), which was commercialized by Matsushita in 1973; lithium-
manganese oxide (Li/MnQO2), which was first sold in solar rechargeable calculators by the
Sanyo company in 1975; lithium-copper oxide (Li/CuO), which is still used today; and
(Li/Lil/Li2PVP) batteries that use an Li metal anode, a lithium iodine electrolyte, and a
polyphase cathode of polyvinyl-pyridine (PVP) that have been used in cardiac pacemakers
since 1972. Concurrently, there have been substantial strides in comprehending the
intercalation of lithium in different materials, which has led to the production of rechargeable
(secondary) lithium-ion batteries. (Reddy et al., 2020.)

2.2.1 Current situation and future

The status and direction for lithium batteries is primarily influenced by the electrification of
the automotive and other wireless electrical device industries, as well as technological
breakthroughs in these industries, which can be seen in figure 3. The natural resources of
lithium play significant role for future battery materials while the need of power resources
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is growing significantly. The global volume of electric vehicles (EV’s) will rise based on
Bloomberg New Energy Finance by the end of 2030 with 6800% from 2015. (Curry 2017.)
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Figure 3. Lithium-ion batteries placed on global market (tonnes) (Melin 2018, p. 2).

As mentioned earlier, the raw material sources will have a significant role in future for the
battery industry independent of the business size. Study about the lithium future resources
show that lithium will not run out from the planet, but in near future there is possible that
lithium production can suffer some logistical challenges. (Grosjean, C., Miranda, P., Perrin,
M. & Poggi P., 2011, p. 1739.)

Now there is also alternative battery materials under study and one of promising material
that was studied also as alternative battery material for the wireless CM sensor is Lignode
by Stora Enso. The Lignode batteries are based on hard carbon, a bio-based material made
from lignin. The product is first developed for electric vehicle, stationary energy storage and
other bigger industrial solution. The energy density is lower than graphite, but it can be
charged faster. (Kivi 2022.)
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2.2.2 Recycling and end-of-life management

For recycling and the end-of life management of lithium batteries, the first thing to consider
is that lithium battery waste is dangerous to handle because of the chemical hazard, the
potential for a chemical reaction to occur, the potential for a fire to start and the interaction
hazard (Diekmann, J., Griitzke, M., Loellhoeffel, T., Petermann, M., Rothermel, S., Winter,
M., Nowak, S., & Kwade, A., 2018, p. 39-51.)

In figure 4 can be seen the recycling streams for lithium batteries, which can be divided to

three main streams: Direct recycling, pyrometallurgy and hydrometallurgy.
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Figure 4. Typical recycling streams for lithium batteries (Baum, Z. J., Bird, R. E., Yu, X., &
Ma, J., 2022).

Direct methods necessitate the removal of cathode material to be reused or reconditioned.
However, to yield batteries that can be used again, they must be disassembled since many

battery failure mechanisms necessitate the replacement of battery components. Nevertheless,
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the scope and volume of research on automated battery disassembly methods are still limited.
(Baum et al., 2022.)

The process of pyrometallurgy involves the use of heat to transform metal oxides utilized in
battery materials into metals or metal compounds. To achieve this, battery materials are
heated under vacuum or an inert environment in a technique called reductive roasting or
smelting. This process converts metal oxides into mixed metal alloys that contain a
combination of cobalt, nickel, copper, iron, and slag that includes lithium and aluminium.
Pyrometallurgical methods are advantageous because they necessitate straightforward pre-
treatment procedures, such as crushing or shredding, to make batteries ready for recycling.
Although some pyrometallurgical methods can recycle lithium, they are most effective for
highly valuable metals, such as cobalt. (Baum et al., 2022.)

The primary technique utilized by hydrometallurgy to extract and differentiate metals from
LIBs involves the usage of aqueous solutions. In general, battery materials that have
undergone pre-treatment are extracted through a combination of H2SO4 and H202, with
HCI, HNO3, citric acid, and oxalic acid being alternative options. Once the metals have been
dissolved into the solution, they are selectively precipitated as salts via pH fluctuation, or
extracted through organic solvents that contain extractants like phosphonates or dialkyl
phosphates. (Baum et al., 2022.)

End-of-life management is essential point of the recycling of lithium batteries. In Nordic and
EU there are legislation managing the recycling processes. Life-cycle analysis (LCA) can
help the industry to improve the technologies and effectiveness to arrange the recycling
processes (Melin 2018, p. 4).

Regarding the recycling of condition monitoring sensors for lithium bisulphite batteries,
some experts in the field of recycling were consulted, and what they said was: For WEEE
the recycling is organized in EU level to quite good level and it is easy for industry and
consumers to leave the e-waste to collection. When it comes to items that have a special
battery like Li-SOCL2 casted into a one packing it makes the recycling a bit challenging.
The Li-SOCL2 battery must be separated from the original packing and must be delivered
to a battery collection point. While the specific Li-SOCL?2 battery type can be dangerous if
mishandled, the sensor must be disassembled and recycled with care. The recycling for this
specific battery type is normally done in a pyrometallurgy recycling stream. Also the
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recycling for these items should be done in the country where the product is sold. In addition
shipping sensor waste which include Li-SOCL2 batteries across borders is an extremely
expensive and bureaucratic process. (Stenback 2022; Sivenius 2023.)

Currently, the verification that ensures that the combination of used and new batteries can
be beneficial but in end can be expensive, although those expenditures are likely to increase
as experience with operating the business increases. Increasing the length of time that a
product is effective. A durable asset that is consistent with the benefits of a circular economy
is that it decreases the input of virgin material. Requirements as well as waste, although
ultimately all these things will be measured against performance, safety and cost. The
process of decommissioning will be determined by considerations. (Chupka 2020, p. 4.)

2.2.3 Li-SOCL2 battery

Primary Li-SOCL2 batteries are used in wireless CM sensors as power source when the
sensor is casted into a closed polycarbonate package. This battery type gives to the sensor
several years of lifetime which is linked to the data transferring volume. By adjusting the
plotting and data transfer the lifetime of the battery can be maximised. External conditions
will also affect to the lifetime of the battery (Schaeffler 2021, p.84)

Due to the high energy density and potential explosion hazards of Li-SOCL2 batteries,
pyrometallurgy is the primary method used for recycling in many countries worldwide.
Although there have been studies and patents on hydrometallurgy recycling, the limited
quantity of recycled material has hindered the development and establishment of
hydrometallurgy recycling plants. (Stenback 2023.)

2.3 Sensor technology, sustainability and condition monitoring factors

To evaluate the condition and operational status of machinery and equipment, there are
various approaches and instruments available for condition monitoring. The use of these
techniques enables preventative maintenance by enabling early detection of signs of
degradation or malfunction. According to Yan, R., Guo, J., & Ji, J. (2018, p.176), traditional

methods of condition monitoring include vibration analysis, thermal imaging, oil analysis
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and acoustic emission. These methods have been extensively researched and applied in
various business sectors to promote efficient maintenance and improved equipment

reliability.

2.3.1 Mesh network, wireless applications and condition monitoring techniques

The use of wireless applications, specifically wireless sensor networks (WSNSs), has greatly
enhanced condition monitoring procedures. Utilizing WSNSs has resulted in decreased wiring
complexity, real-time data acquisition and the ability to monitor remotely. Researchers have
examined the application of WSNs in condition monitoring, with Wang, Z., Yang, J., &
Zhang, W. (2019, p.154) devising a wireless sensor network technique to detect faults in
rotating equipment in real-time. This method has exhibited the value of wireless applications
in the field of condition monitoring.

When it comes to condition monitoring systems, it is important to have a communication
infrastructure that is both reliable and scalable, which is where mesh networks come into
play. These networks consist of wireless nodes that are interconnected, allowing for seamless
data transmission between them. This results in a more dependable and wide-ranging
network. Mesh networks enable data aggregation, effective routing and fault tolerance. A
study by Su, C. Y., Zhang, X. W., Wu, Q., & Qiu, S. (2017, p.90) mesh-based wireless sensor
network for real-time monitoring of structural condition is an example of how mesh

networks can benefit large-scale condition monitoring systems.

The integration of wireless applications and mesh networks into the monitoring of conditions
has a multitude of benefits that contribute to the improvement of sustainability and
efficiency. The use of wireless technology eliminates the need for extensive wiring, which
reduces the costs associated with installation and maintenance, while also minimizing
disruption to business operations. Remote monitoring becomes possible, reducing the need
for physical presence and increasing the safety of workers. Furthermore, the use of wireless
technology allows for real-time data acquisition, enabling preventative maintenance and
timely decision-making. This results in increased reliability of equipment and reduced
downtime, ultimately contributing to the overall improvement of the practice (Yan et al.,
2018, p.67).
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The study of condition monitoring methods, wireless applications and network networks has
produced a wide range of views on the progress and benefits of wireless technology in the
condition and performance of monitoring devices. Wireless applications such as wireless
sensor networks offer the ability for remote monitoring and the capture of real-time data.
Mesh networks establish communication infrastructures that can be scaled and are
dependable. These technologies enable condition monitoring procedures to become more
sustainable and efficient by reducing the need of wiring, allowing for remote monitoring,

and facilitating prompt maintenance measures.

2.3.2 Condition monitoring practices and sustainability

Industries that aim to be more efficient in their use of resources must incorporate condition
monitoring practices. Monitoring equipment's condition and performance on a regular basis
enables better planning and execution of maintenance operations, reducing the sudden
breakdowns and maximizing resource efficiency. One such study conducted by Gupta, R.,
Kumar, M., & Garg, R., (2019, p.52) at a manufacturing facility found that utilizing
condition monitoring techniques led to significant reductions in resource consumption,
including energy and materials. The researchers arrived at this conclusion after discovering
that implementing condition monitoring techniques had a measurable effect on reducing

resource consumption.

The implementation of effective condition monitoring practices may result in waste
reduction in industrial processes. ldentifying early warning signs of equipment failure or
degradation can help limit the amount of waste generated and prevent equipment
breakdowns through timely maintenance. In a semiconductor manufacturing facility,
Tjahjono, B., Li, C., & Chong, H. Y. (2017, p.13) evaluated the impact of condition
monitoring on waste reduction and discovered that it resulted in significant reductions in
material waste and scrap creation. They concluded that this was because potential issues
were identified and eliminated through monitoring.

The implementation of condition monitoring practices is instrumental in promoting energy
conservation in industrial environments. By monitoring the performance and condition of
equipment, maintenance efforts can be enhanced, leading to more efficient utilization of

energy. For example, Xie et al. (2019, p.75) undertook research at a power plant and
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discovered that by applying condition-monitoring techniques, they could improve energy
efficiency by optimizing maintenance schedules and reducing downtime. The facility was
made more efficient by decreasing the amount of time it was offline.

Implementing condition-monitoring practices can help reduce the environmental impact of
industrial activities. By identifying equipment problems and taking corrective measures as
soon as they are detected, wasteful energy usage, emissions and pollutants can be avoided.
For instance, Albadvi, A., Omidvar, M., Saberi, M., & Wang, C. (2020, p.160) conducted
research at a manufacturing facility and found that condition monitoring led to a significant
reduction in environmental consequences, such as greenhouse gas emissions and air

pollutants when the production run without unexpected interruptions.

The existing literature confirms a correlation between sustainability objectives in
manufacturing and the implementation of condition-monitoring techniques. The act of
observing the status of an object serves to guarantee efficient use of resources, reduction of
waste, preservation of energy and mitigation of negative environmental effects. By regularly
monitoring the health and performance of their equipment, companies can optimize resource
utilization, minimize waste output, maximize energy efficiency and reduce their ecological
footprints. These findings underscore the significance of integrating condition-monitoring
practices into sustainable manufacturing plans and demonstrate the potential gains in
achieving sustainability objectives. Furthermore, they emphasize the potential positive
outcomes of meeting sustainability targets

2.3.3 Condition monitoring resource efficiency, waste and downtime

By using condition monitoring systems, it is now possible to implement preventative
maintenance strategies by consistently monitoring the condition and operations of
equipment. For example, a case study by Sharma, V., Gunasekaran, A., & Childe, S. J. (2018,
p.56) examined a steel mill and found that the implementation of condition monitoring
techniques led to an increase in resource efficiency. By optimizing the maintenance
schedule, energy consumption was reduced and material waste was minimized, resulting in

a decrease in overall material waste.
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Successful implementation of efficient condition monitoring methods in industrial processes
could lead to a reduction in waste. Timely identification of any equipment defects or failures
allows for maintenance activities to be carried out immediately, thus preventing breakdowns
and decreasing the amount of waste produced. For example, Kusiak, A., Xu, C., & Wang, S.
(2017, p.298) analysed the impact of condition monitoring on waste reduction in a machining
process and discovered that it significantly reduced the amount of scrap and material waste
generated. This was observed by the researchers after they studied the effect of condition

monitoring on waste reduction in the machining process.

The implementation of condition monitoring systems in the industrial sector has a positive
impact on energy conservation. By closely monitoring the state and performance of
equipment, maintenance protocols can be optimized, leading to greater efficiency in energy
consumption. Roy, R., Lin, D., & Liu, Z. (2019, p.86) conducted a study at a chemical plant,
which found that the application of condition-monitoring techniques led to improved energy
efficiency by means of optimized maintenance practices, decreased downtime and

minimized energy waste.

This success was achieved through the minimization of energy waste and downtime. The
use of technology to monitor the state of various factors is crucial in enhancing the eco-
friendliness of industrial processes. By conducting condition monitoring, industries can
adopt more sustainable approaches to manufacturing that reduce the use of resources,
minimize waste generation, and decrease the amount of energy squandered. A study
conducted by Lofgren, P., Sjoberg, J., & Eriksson, M. (2018, p.75) at a food manufacturing
plant revealed that condition monitoring led to a significant improvement in sustainability
performance. The authors discovered that by minimizing environmental impacts, reducing
expenses, and improving operational efficiency, the plant's sustainability performance was
significantly enhanced. The literature on the subject demonstrates that the use of condition
monitoring devices is essential to the maintenance of sustainable manufacturing practices.
By continuously monitoring the condition and performance of equipment, condition
monitoring systems improve sustainability performance by reducing waste, optimizing
resource utilization, conserving energy and lowering carbon footprint. The evidence
supports the incorporation of condition-monitoring technology into industrial processes as

an essential step towards achieving sustainable and resource-efficient operations.
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2.4 Operational factors related to sensor technology

Various operating parameters affect the use of sensors in manufacturing. The relative
affordability of the technology is an important factor to consider. When deciding whether to
integrate sensors, manufacturers consider the initial effort, the cost of ongoing maintenance,
and future return on investment. According to Wang, Z., Wang, W., Gu, F., Wang, C.,
Zhang, Q., Feng, G. & Ball, A. (2021, p. 3), performing a cost-benefit assessment is a method
that can be used to assess the practicality and economics of implementing sensor
technologies.

Another operational factor affecting the application of sensor technology is the availability
of qualified personnel and technical skills. Sufficient training and expertise in the operation
and maintenance of sensor technology is required to ensure proper implementation and use
of the technology. According to Wang et al. (2019, p. 56), manufacturers often face
difficulties in finding talented workers or providing appropriate training to existing

employees.

Sensor installation is also influenced by the regulatory and compliance standards to be met.
Manufacturers must comply with industry-specific rules and standards. These regulations
and standards may require the use of specific sensor technologies or require specific data
collection and reporting procedures. Some of these issues include the difficulty of integrating
many different sensor technologies, managing the large amounts of data generated by
sensors, and protecting user privacy and security. (Zhang et al. 2020, p. 86.)

Future research efforts should focus on finding solutions to these problems and exploring
how to optimize operational aspects when selecting and deploying sensor technologies.
Additionally, advances in sensor technology, such as sensor miniaturization and wireless
connectivity, may create opportunities for manufacturing to improve operational efficiency

and data collection.
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2.4.1 Functional factors for sensor technologies in the manufacturing industry

Operational factors are critical when selecting and implementing sensor technologies in
manufacturing. One of the key factors is the manufacturing process, as different processes
require different types of sensors to monitor different aspects of the process. For example,
in continuous process manufacturing, sensors can be used to monitor temperature, pressure,
and flow, while in batch processing, sensors can be used to monitor product quality at
different stages of the process. (Miranda, J., Pérez-Rodriguez, R., Borja, V., Wright, P.K.
and Molina, A., 2017, p. 13065.)

Another operational factor is the degree of automation in the manufacturing process. Highly
automated processes may require sensors that can monitor and provide feedback in real time,
while less automated processes may require more flexible, simple and adaptable sensors
(Miranda et al., 2017).

The size and complexity of manufacturing operations are also critical to sensor selection and
implementation. Large factories may need sensors that can collect and process large amounts
of data, while smaller factories may need sensors that are cheaper and easier to install (Shu,
L., Chen, Y., Huo, Z., Bergmann, N. and Wang, L., 2017, p. 15303-15304.)

Regulatory requirements and industry standards also affect sensor technology selection and
implementation. For example, in the food industry, sensors can monitor temperature and
humidity to ensure that products are stored and transported under the proper conditions to
meet regulatory requirements. (Shu et al., 2017, p. 15301.)

An operational key factor is also costs, which are affecting sensor technology selection and
implementation. While some sensors and condition monitoring systems may be expensive,
but they may provide higher accuracy and reliability, which are required for certain
manufacturing processes (Nakamura, T., & Han, B. 2016, p. 43). However, cost
considerations must be balanced against the potential benefits of using sensors, such as
increased efficiency and reduced waste.
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2.4.2 Laws and standards for different sensor technologies and sustainability

Laws, regulations and standards play an important role in the selection and use of sensor
technologies in manufacturing. For example, the European Union (EU) has implemented
several directives and regulations to reduce the environmental impact of e-waste, such as the
Waste Electrical and Electronic Equipment (WEEE) Directive and the Restriction of
Hazardous Substances (RoHS). These regulations restrict the use of certain hazardous
substances in electronic products and require manufacturers to design products with end-of-
life disposal in mind. In the context of sensor technology, these regulations can influence the
choice of materials and components that are more environmentally friendly and easier to

recycle.

In addition to regulatory requirements, industry standards guide the selection and use of
sensor technologies. For example, the International Organization for Standardization (ISO)
has several standards for condition monitoring and predictive maintenance, such as ISO
13379 for vibration monitoring and 1SO 18436 for machine condition monitoring and
diagnostics (Bengtsson, 2004). Compliance with these standards can help manufacturers
ensure the reliability and accuracy of their condition monitoring systems while promoting

more sustainable practices.

2.4.3 Operational and legal factors for sustainable sensor technology

Operational and legal factors play an important role in the introduction and integration of
sustainable sensor technologies in manufacturing. While operational factors such as
compatibility, data management and cost have been discussed in previous sections, legal
factors such as regulations and standards also affect sensor technology selection and

implementation.

Operational and legal factors play a significant role in adopting and integrating sustainable
sensor technologies in manufacturing. While operational factors such as compatibility, data
management, and cost have been discussed in previous sections, legal factors such as
regulations and standards also affect the selection and implementation of sensor
technologies. A study by Maniadaki, M., Papathanasopoulos, A., Mitrou, L. and Maria, E.A.,
(2021, p. 33) found that legal regulations related to environmental protection and
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occupational health and safety influenced the adoption of sustainable sensor technologies in
the Tunisian manufacturing industry. Maniadaki et al. (2021, p. 33) investigated the impact
of European Union regulations on adopting sustainable sensor technologies in Europe. The
study found that energy efficiency and environmental protection regulations significantly
affected the adoption of sustainable sensor technologies. Furthermore, the integration of
sustainable sensor technologies into existing manufacturing systems can be influenced by
various factors, including organizational culture and leadership support. Maniadaki et al.
(2021, p. 33) explored the role of leadership support in adopting sustainable sensor
technologies in the Tunisian manufacturing industry. The study found that a lack of

leadership support was a significant barrier to adopting sustainable sensor technologies.

2.4.4 CM’s role for mechanical machinery and bearings

Industry relies on machinery and bearings, both of which play critical roles, and the
performance of these components directly impacts productivity and sustainability. Condition
monitoring is a technique that can be used to improve the long-term viability of these devices
and maximize their overall performance. In condition monitoring, sensors and other
monitoring technologies (such as checklists) detect changes in machine performance and
identify potential problems before they become serious. The purpose of this literature review
is to investigate the role of condition monitoring in enhancing the performance of mechanical
equipment and bearings while promoting their long-term viability. In figure 5 is shown the
vibration-based condition monitoring schema, how the damage can be indicated; First there
comes some vibrations months before the breakdown. Second indication is noise weeks
before breakdown. Third indication is temperature rise days before breakdown and finally
some minutes before breakdown there might come smoke out of the system.
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Figure 5. Condition monitoring system (Schaeffler 2021).

Several studies have found that condition monitoring can help improve the performance and
life of mechanical equipment and bearings. For example, Gupta et al. (2020, p. 894)
investigated how condition monitoring can be used to improve the performance of industrial
machines. According to the study, condition monitoring significantly increases machine
availability and productivity while reducing maintenance costs and downtime. Likewise,
Zhang et al. (2019, p. 86) investigated the possibility of using condition monitoring to
improve bearing function. Based on the findings, condition monitoring can help identify
wear indicators early, enabling timely maintenance and reducing the risk of catastrophic
failure.

In addition, condition monitoring has been found to provide significant benefits to the
environment. Condition monitoring can reduce energy consumption and waste generation
by identifying potential problems early. For example, Zhang et al. (2019, p. 101) studies
have shown that condition monitoring can help optimize machine performance, thereby
reducing energy consumption and associated carbon emissions. Additionally, condition
monitoring helps reduce waste due to unplanned maintenance and disposal of defective parts.

Condition monitoring in mechanical equipment and bearings has been successfully

implemented due to the contribution of several different variables. These criteria include the
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availability of suitable sensors, data processing tools, and the ability to use data generated

by condition monitoring systems.

Condition monitoring has been found to increase machine availability and output while
reducing maintenance costs and downtime. In addition, condition monitoring has significant
environmental benefits, including reduced energy consumption and waste. A successful
condition monitoring implementation requires a proper understanding of how to use the data
generated by a condition monitoring system in conjunction with appropriate sensors and data

analysis tools.

2.5 Cloud-based alarm system in case of sensor and battery failure

The estimation of the remaining life of wireless sensors battery has been studied by Liu et
al. (2020, p. 76), in the study was proposed a method to utilize machine learning. The system
uses the battery's voltage and current data to predict the remaining battery life and informs
the user when the battery level is below a set threshold. Similarly, Dehghanian et al. (2021,
p. 97) created a battery-monitoring system that utilized wireless sensors that employed a
self-adapting algorithm that anticipated the remaining battery life based on the voltage and

current of the battery.

2.5.1 Monitoring and detecting battery life for the wireless sensor

In a paper by Shi, D., Zhao, J., Wang, Z., Zhao, H., Eze, C., Wang, J., Lian, Y. and Burke,
A.F. (2023, p. 3855), they proposed a way to estimate the remaining battery life of wireless
sensors using machine-learning methods. The system utilizes the battery voltage and current
data to anticipate the remaining battery life and warns the user when the battery level falls
below a specified threshold. Similarly, Shi et al. (2023, p. 3855) developed a battery
monitoring system for wireless sensors that employ a self-learning algorithm to anticipate

the remaining battery life based on the battery's voltage and current characteristics.

The approach employed cloud-based monitoring tools that simultaneously track several
devices' battery status. Shi et al. (2023, p. 3855) demonstrated a cloud-based monitoring
system that tracks the battery level of wireless sensors and alerts users when the battery level
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falls below a particular threshold. This solution enables centralized monitoring of various

devices and can assist in optimizing maintenance schedules.

2.5.2 Cloud-based real-time monitoring for battery powered sensor

Cloud-based solutions are gaining popularity in manufacturing for real-time monitoring and
alerting of battery-operated sensors. These solutions have the advantage of supporting
remote sensor monitoring, which can reduce the need for on-site inspections and the need to

manually manage sensor data. This means a lot of time can be saved.

In a study, Zhang et al. (2020, p. 81) developed a modular design of wireless condition
monitoring sensors including reconfigurable hardware. The architecture can be connected to
cloud-based systems to provide real-time monitoring and alerts. Throughout the paper, the
authors highlight the need for cloud-based solutions to improve the availability and accuracy

of condition monitoring data.

In another study, Liu et al. (2018, p. 90) describe the design and implementation of a cloud-
based monitoring system to assess equipment health. The system collects data using a
wireless sensor network, which is then uploaded to the cloud for analysis. Tech-enabled
remote monitoring of equipment reduces the need for on-site inspections and increases the

precision with which condition assessments are performed.

Furthermore, the study by Kumar et al. (2019, p. 123) presents a vibration monitoring
method that uses wireless sensor networks to estimate how much time bearings in rotating
machinery have left to perform their intended function. The authors discuss the potential
benefits of integrating cloud-based systems to provide real-time monitoring and predictive

maintenance.

Cloud-based solutions have been proven to increase the availability and accuracy of
condition monitoring data and enable real-time monitoring and alerting for battery-operated
sensors. Therefore, they have the potential to contribute to improving resource efficiency
and reducing industrial waste while promoting the development of environmentally friendly
sensor technologies.
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2.5.3 Benefits for cloud-based alert systems, sustainability and environmental

Efficient battery monitoring and cloud-based warning systems can provide significant
environmental and sustainability benefits. By monitoring battery life in real time, these
systems can help prevent premature battery replacement and reduce waste. This can lead to
significant cost savings and environmental benefits, including reduced resource
consumption and reduced greenhouse gas emissions. Additionally, the cloud-based system
enables remote monitoring and management of sensors, reducing the need for on-site visits

and minimizing travel-related emissions.

Wu, D, Li, Z., Li, B., & Li, S. (2019, p. 771) studied the impact of wireless sensor networks
(WSNs) on the environment. They found that using a cloud-based solution for sensor
management and data analysis can significantly reduce energy consumption and greenhouse
gas emissions compared to traditional on-site management methods. Likewise, a study by
Chan et al. (2020, p. 31) highlighted the potential environmental benefits of a cloud-based
monitoring system with battery-powered sensors, including reduced waste and resource

consumption.

Efficient battery monitoring and cloud-based warning systems also contribute to the overall
sustainability of the production process. By minimizing downtime and enabling predictive
maintenance, these systems can help reduce the environmental impact of manufacturing
processes and improve overall efficiency. Additionally, by reducing the need for on-site
visits and enabling remote management, these systems can help promote sustainable

business practices and reduce the carbon footprint of manufacturing operations.

2.6 Developing battery replacements for future

There are some regulations that steer more the development of battery replacements in
future. In EU there is a new legislation approved about battery recycling which push
manufacturers to develop more sustainable solutions. And several methods to monitor the
battery lifetime like machine learning, calculation-based battery-monitoring system and

cloud-based monitoring.
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2.6.1 Battery life monitoring methods

The remaining life of a wireless sensor battery can be estimated by utilizing machine
learning, which has been studied by Liu et al. (2020, p. 76). The system uses the battery's
voltage and current data to predict the remaining battery life and informs the user when the
battery level is below a set threshold. Similarly, Dehghanian et al. (2021, p. 97) created a
battery-monitoring system that utilized wireless sensors that employed a self-adapting
algorithm that anticipated the remaining battery life based on the voltage and current of the
battery.

Another method is to utilize monitoring tools that are based in the cloud that simultaneously
monitor the battery status of multiple devices. In a study by Sefidcon et al. (2020, p. 92),
they created a monitoring system that is based on the cloud and tracks the battery level of
wireless sensors, this system will send alerts to users when the battery level is less than a
particular threshold. This remedy facilitates centralized oversight of multiple devices, this

can help to optimize maintenance schedules.

2.6.2 Cloud-based technologies

Cloud-based solutions have become increasingly popular in manufacturing to enable real-
time detection and warnings for batteries-powered devices. These solutions have the benefit
of allowing remote sensor monitoring, this can decrease the necessity of on-site inspections

and the need to manually manage sensor data. This can be of great value to us in saving time.

In study by Zhang et al. (2020, p. 81) created a modular design for wireless sensors that can
be customized to include reconfigurable hardware. This architectural style may be coupled
with a cloud-based system that provides real-time monitoring and warnings. The necessity
of utilizing cloud-based solutions to enhance the effectiveness and accuracy of condition
monitoring data was repeatedly mentioned by the authors.

In a separate study, Liu et al. (2018, p. 90) described the design and implementation of a
monitoring system that was based on the cloud to assess the condition of equipment. This
system employed wireless sensor networks to gather information and then uploaded the data
to the internet for evaluation. The technology-driven remote monitoring of equipment
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decreased the number of on-site inspections necessary and increased the accuracy of the

condition assessment.

Additionally, research by Kumar et al. (2019, p. 123) demonstrated a method of vibration
monitoring that utilized wireless sensor networks to estimate the number of rotations that
bearings in rotating machinery have yet to complete. The authors discussed the potential
benefits of utilizing cloud-based technologies to provide real-time monitoring and

prognostic maintenance.

It has been shown that cloud-based solutions can enhance the effectiveness and accuracy of
condition-monitoring data, as well as allow for real-time detection and alerts for batteries-
powered sensors. As such, they have the potential to enhance the efficiency of resources and
reduce waste in the industrial sector while also promoting the development of

environmentally responsible sensor technologies.

2.6.3 Cloud-based alert system, sustainability and environmental aspects

Efficient battery monitoring and cloud-based alert systems can provide significant
environmental and sustainability benefits. By allowing battery life to be monitored in real
time, these systems can help prevent the premature removal of batteries and reduce waste.
This can result in significant savings and environmental benefits, including a reduction in
resource consumption and greenhouse gas emissions. Additionally, cloud-based systems can
facilitate remote monitoring and management of sensors, this will reduce the need for in-

person visits and minimize travel-related emissions.

The environmental impact of wireless sensor networks (WSNSs) was studied by Wu et al.
(2019, p. 771). They discovered that utilizing cloud-based solutions for managing sensors
and analysing data can have a significant impact on energy consumption and carbon
emissions, instead of traditional on-site methods, it can be more efficient. Similarly, a study
by Chan, K. Y., Chau, K. T., Liu, M. H, & Li, L. (2020, p. 31) documented the
environmental benefits of cloud-based monitoring systems for battery-powered sensors,

including a reduction in waste and resource consumption.
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Effective battery tracking and a cloud-based alert system that is accessible from anywhere
can also enhance the overall sustainability of manufacturing processes. By minimizing the
amount of downtime and enabling predictive maintenance, these systems can help reduce
the environmental impact of manufacturing processes and increase overall effectiveness.
Additionally, by decreasing the necessity of in-person visits and facilitating remote
management, these systems can help promote sustainable business practices and minimize

the impact of manufacturing operations on the environment.

2.7 Future assistance strategies towards customer about battery changes

When it comes to ensuring that sustainability goals are achieved in the manufacturing
industry, existing strategies for communicating with customers about battery replacements,
recycling options, and new alternatives are essential. According to research by Palm, J.,
Olsen, S., Hagemann, M., & Matzen, D. (2020, p. 43), increased communication with
consumers about the necessity of battery recycling and proper disposal can lead to increased
participation in recycling programs and a reduction in waste. One method that has
demonstrated effectiveness is educating customers about the environmental effects of
improperly disposing of batteries in a straightforward and comprehensible manner, as well
as the positive effects of recycling. This information can be shared example via, product
packaging, user guides and online resources.

2.7.1 Strategies to communicate battery replacement and recycling of batteries

One successful method is to provide customers with financial incentives to recycle their used
batteries. For example, customers who return their previously used batteries for recycling
may receive discounts or other benefits from their respective companies. This not only
increases participation in recycling programs, but it also promotes consumer loyalty to

brands that are concerned with the environment.

Additionally, involving customers in the process of replacing their batteries can enhance the
efficiency of recycling programs. Kobelt F., Masson S., & Reuter C. (2019, p. 73) suggest

that businesses can promote more environmentally responsible practices and reduce waste



41

by providing clients with options for alternative batteries. These options include batteries
that can be replenished and batteries that are derived from utilized materials.

Also the legislation promotes manufacturers to develop new technologies and push the
industry automatically towards more environmentally friendly products and here new EU
legislation gives following main instructions and in figure 6 can be seen the flow chart with

instructions:

e Performance and durability requirements for both rechargeable batteries and non-
chargeable batteries.

e In future, portable batteries must be detachable and interchangeable.

e Large labelling requirements for all batteries and accumulators.

e QR code for all batteries and batteries including a link to technical data.
e EU declaration of conformity and CE marking.

e Due diligence obligations for economic operators who bring batteries and

accumulators to the market.

e The obligation to cover manufacturers, importers and distributors, but also
companies importing batteries for use in their own products or operations. Only small

companies are excluded from these obligations.

e Mandatory conformity assessment by the manufacturer, including internal

production and quality control, verified by an approved third party.

e Green battery procurement procedure for public tenders (including for equipment

with built-in batteries).
e Second life re-use and re-production of second life spent batteries.

e Tighter collection targets for waste batteries and batteries and minimum

requirements for recycling efficiency and material recovery
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« Strict collection schemes and

End of use reeyeling targsis Market » Promote a circular battery
» Better ways of re-using old industry

batteries, battery traceability it .
« Mar or secondary raw

materials

» More efficient recycling of
waste batteries

s Clearer labelling and
information with "battery
passports” and QR codes

# Ensure the environmentally
sound treatment of waste
batteries

= Incentives for further recycling

Refinery

» More recycled content in new
batteries second life for
* Due-diligence of raw industrial batteries
materials’ origin
= Performance and durability
= Carbon intensity requirements requirements
and more efficient use of raw
materials « Carbon intensity requirements

for production processes

Figure 6. The new EU battery regulation (EU 2023).

2.7.2 Sustainable practices and the proper disposal of batteries

Advocating responsible environmental practices and safely disposing of batteries requires
encouraging and educating customers. Practical methods of involving customers and
educating them can promote the importance of recycling batteries, encourage participation

in programs to recycle batteries, and promote more sustainable practices.

Disclosing information that is comprehensible and accessible easily about the environmental
impact of battery disposal, and the benefits of recycling, is one effective tactic for engaging
customers and educating them about the benefits of recycling. Palm et al.”s research (2020,
p. 43) states that this information can be disseminated via multiple channels, including on
the packaging of the product, in user manuals, and online resources.

Additionally, businesses should provide customers with information to encourage their
participation in battery recycling programs. To do this, businesses can give financial rewards
to customers. For example, customers who return their previously used batteries for
recycling may receive discounts or other benefits from their respective companies. This

strategy not only increases the number of people participating in recycling programs, but it
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also promotes the retention of customers who are concerned about the environment by

strengthening their loyalty to the program.

Another effective method of engaging customers and educating them is the creation of
educational materials and resources specific to the requirements and interests of different
customer categories. Zhang et al. (2018, p. 73) describe this strategy as including the creation
of materials that are user-friendly, hosting seminars and events, and collaborating with
organizations and key individuals to promote the recycling of batteries and sustainability.

Additionally, businesses can collaborate with customers to address issues and suggestions
regarding battery recycling programs. This strategy involves creating a space where
customers can provide feedback, answer any questions or concerns they have, and address
any obstacles or difficulties that would prevent them from participating in recycling

programs.

2.7.3 Different strategies in battery change decisions

Several studies have examined the environmental and societal effects of different approaches
to informing and assisting customers in making decisions regarding replacing their batteries.
Reusing, recycling, and disposing of batteries were all subjects of the research conducted by
Lai et al. (2022, p. 10) to assess the potential environmental consequences of replacing used
batteries with new ones. The investigation suggested that the environment should recycle
and re-purpose batteries instead of throwing them away. This illustrates the importance of
educating and communicating effectively with consumers about the necessity of recycling

and repurposing batteries, this would lead to an increase in consumer participation.

In a study, Mrozik, W., Rajaeifar, M.A., Heidrich, O. and Christensen, P. (2021) investigated
the societal effects of different methods of disposing of batteries and identified the potential
dangers associated with improper disposal. The study's conclusions state that the incorrect
disposal of batteries has negative effects on public health and the environment, including
explosion risk, the release of toxic compounds and metals. This illustrates the importance of
educating customers about the proper disposal of batteries and promoting sustainable
practices that will have a negative impact on the environment and society instead.
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Additionally, Palm et al. (2020, p.43) investigated the effect of different communication
tactics on the degree to which customers participate in battery recycling programs. The
study's conclusions suggest that providing customers with readily accessible information
about the environmental benefits of recycling batteries, in conjunction with incentives, can
significantly increase the number of customers participating in recycling programs. This
illustrates the importance of communicating effectively with customers and connecting with

them to promote sustainable practices and reduce waste.

2.8 Research gap

The potential research gap included in the related literature review may be a lack of research
into the effectiveness and implementation of separate tactics to bind and guide customers in
the battery exchange process. These studies would put a special emphasis on sustainable
practices and the proper method of disposing of used batteries. Even though some studies
may suggest certain strategies such as providing clear information and incentives for
recycling, there may be a lack of empirical evidence to support the actual impact of these
strategies in practical settings. For instance, one such strategy could be providing clear
information and incentives for recycling. Hence, further studies could be conducted to assess
the effectiveness of various methods and recognize the strategies that have proven to be the
most successful in promoting sustainable battery replacement and disposal practices among

customers.
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3 Research methodology

This chapter describes the systematic process employed in the project. Here is also describes
the procedure of the study, including the research design, the methods of data collection, the
techniques of data analysis and the ethical considerations that will be considered. In its most
basic sense, the methodology chapter will serve as a road map for the research study, guiding

the researcher towards their intended goals.

3.1 Introduction to methodology chapter

In this chapter, a description of the research methodology will be provided that will be
employed to collect data and analyse the data to address the research questions. This strategy
will be employed to answer the questions in the research. The section will begin with an
explanation of the chosen research design and the rationale for its selection. This will involve
describing the participants in the research, the procedures for sampling the participants, the
methods of collecting the data, and the techniques for analysing the data.

3.2 Study layout

This master’s thesis will employ a secondary qualitative design. Bryman, A. & Bell, E.
(2016, p. 248) describes secondary research as the process of analysing and combining
previously published data and information that was derived from studies, publications, and
other sources. Qualitative research is a form of inquiry that prioritizes the interpretation and
understanding of social phenomena, this is accomplished by gathering and analysing non-
numerical data (Creswell, 2014, p. 139). This contrasts with quantitative research, which

collects and analyses numerical data.

The subject matter of the study, which involves analysing the existing literature on various
elements of wireless sensor-based condition monitoring in the manufacturing industry, is
why a secondary qualitative research design was chosen as the method of investigation.
Secondary research will facilitate an in-depth analysis of a significant body of written
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material. This will lead to a comprehensive understanding of the topic as well as the
identification of essential motifs and patterns.

Because it eliminates the need for primary data collection and analysis, which may be time-
consuming and resource-intensive, a secondary qualitative research design is cost-effective
and time-efficient. This is because primary data collection and analysis is time-consuming.
If this method is used, the study can be completed in a reasonable amount of time while still
adhering to a reasonable budget.

Conclusion, a secondary qualitative research strategy involves the incorporation of
numerous sources of data, including unpublished reports, published articles that have been
peer-reviewed and any other relevant documents. This strategy will provide a comprehensive
and varied variety of perspectives, which will contribute to the overall depth and variety of

the study.

3.3 Data collection

As part of the study's data collection, all articles, conference papers and technical reports
published got a depth analysis to ensure the accuracy of the studies.

To search, keywords that were relevant were employed to find relevant articles. The phrases
condition monitoring, mechanical parts, bearings, predictive maintenance, and sustainability
were all associated with these keywords. Academic databases online like Schaeffler
database, ScienceDirect, IEEE Xplore, and Web of Science were utilized in the search. This

was accomplished through a combination of scientific databases and online databases.

When it came time to choose the articles to include in the review, the criteria for inclusion
were based on the relevance of the articles to the questions and goals of the study. The
investigation lacked any articles that were not pertinent to the questions or objectives of the

study. Only articles published in English were considered for the study.

Following the initial investigation, articles' titles and abstracts were evaluated to determine
if or not they related to the subject. The articles that were considered relevant were then read
in their entirety to ensure that they met the inclusion criteria. To gather information from the
included articles, data extraction forms were employed. This facilitated the gathering of
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information like the author's name, year of publication, research design, data collection
methods, and significant findings. After that, the information derived from the selected
articles was analysed using a qualitative method. This necessitated categorizing the
information into functional departments, classifying and categorizing the data, evaluating

the data and reporting the results.

3.4 Data analysis

The process of data analysis is crucial to this master’s thesis and constitutes a significant
component. It is the conversion of raw data into useful information and insights that can be
used to address the questions and goals of the study. The purpose and goals of the
investigation were questioned during the study. The direction of the qualitative data analysis
was the focus of the investigation. The analysis was divided into several steps that aimed to
ensure the data were accurately interpreted and that the objectives of the study were

achieved.

The first step in analysing the information was categorizing and coding it. During this phase,
the data was analysed for recurring themes and patterns before assigning each theme a code.
The process of coding was guided by the goals and questions of the study, which ensured
that the data were as categorized in right order.

The following phase of data analysis involves categorizing the information into groups that
have a functional purpose after it has been coded. This stage involved classifying and
organizing the coded data that were coded into categories that corresponded to the questions
and goals of the study. Looking for patterns and trends in the data at this early stage of the
investigation was beneficial in answering the research questions and achieving the study's

objectives.

The third and final step of the data analysis process was data interpretation. This stage
involved arranging the information by determining how the previously identified groups and
topics connect. This procedure resulted in new information regarding the research questions
that was derived from the research questions and goals. The conclusions were delivered to
the intended recipients following the completion of the data analysis process.
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The conclusions must be summarized and communicated in a way that is easy to understand.
The findings were conveyed in a manner that corresponded to the goals and objectives of
the study and were supported by relevant quotes and examples that were derived from the
data.

3.5 Ethical analysis

When conducting a secondary qualitative study, it's important to consider ethical factors to
ensure that the investigation is conducted appropriately. One of the most significant parts of
doing this study is the ethical recognition and acknowledgment of the individuals who
initially collected the data. Hasan, N., Rana, R.U., Chowdhury, S., Dola, A.J. and Rony,
M.K.K. (2021) believe that accurate citation and reference demonstrate respect for the
authors of the original work and acknowledge their importance to the subject.

Another significant ethical concern is preventing the original study participants’ privacy and
information from being revealed. Even after the information has been released, maintaining
the participant's confidentiality and privacy is essential. (Denzin & Lincoln, 2011, p. 167).
This analysis did not involve personal data, all the data was derived from publicly accessible

sources

Additionally, it's important to ensure that the results of the second study don't contradict or
misrepresent the primary investigations. This necessitates a deep analysis of the data to
ensure that the original authors' intended goals are considered (Morse, J. M., Barrett, M.,
Mayan, M., Olson, K., & Spiers, J., 2002, p. 239). To ensure that the original authors'
findings were accurately communicated, the data were thoroughly investigated.

To utilize protected intellectual property in subsequent research, authorized authors and
licenses must be obtained. All the information in this study that concerned intellectual
property rights was properly referenced and cited, and permission was requested as
necessary (Denzin & Lincoln, 2011, p. 179).

Conducting a secondary qualitative study is governed by ethical principles. This is because
it guarantees that the study is conducted with dignity and in compliance with the original
authors, the participants, and the material that was studied and had intellectual property
rights.
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Twenty publications were identified during the initial search that met the inclusion criteria;

these publications were all included in the analysis. Papers like the author, publication date,

research design, data collection methods, and the significance of the findings were extracted

from the documents using extraction forms. Following the collection of data, the data were

analysed using a qualitative methodology that involved coding and categorizing the data into

meaningful categories, interpreting the data, and summarizing the results. The material used

is introduced below in table 1.

Table 1. Condition monitoring studies abstraction table.

Study |Author Year Study Key Findings
method
Study 1 |Yang, J., Feng, L., Chen, [ 2022 Qualitative |In high-precision
Y., Feng, L., Lu, J., Du, measurement sectors,
L., Guo, J., Cheng, Z., humidity sensors must be
Shi, Z., and Zhao, L. dependable, highly sensitive,
wireless, and reasonably
priced.
Study 2 | Peralta, P. and Smarsly, | 2022 Quantitative | Recycling materials and e-
K., waste ~ components  are
workable  substitutes  for
putting into place sustainable
SHM systems. With
sustainable SHM systems, it
will be possible to lessen the
devices' adverse
environmental effects.
Study 3 |Yang, L., Wang, H. [2021 Quantitative | The sensors have high
Yuan, W., Li, Y., Gao, sensitivity and accuracy in
P., Tiwari, N., Chen, X., detecting pressure changes
Wang, Z., Niu, G. and and wireless monitoring
Cheng, H., capabilities.
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Table 1 continues. Condition monitoring studies abstraction table.

Study

Author

Year

Study
method

Key Findings

Study 4

Kanaparthi, S., Sekhar,
V.R. and Badhulika, S.

2016

Qualitative

The sensors can recognize
different human actions,
including bending, twisting,
and stretching. The sensor is
suited for wearable
technology and structural
health monitoring systems
since it exhibits good
sensitivity and reproducibility
while  collecting  motion
patterns.

Study 5

Schaeffler

2021

Qualitative

OPTIME condition
monitoring system. Low-price
CM system for industry.
Easily scalable and fast to
mount.

Study 6

Tang, X., Wang, X,
Cattley, R., Gu, F., and
Ball, A.D.

2018

Qualitative

Thanks to energy harvesting
technology, self-driving
wireless sensor networks for
monitoring machine health are
now possible. The results light
the possibility of energy
harvesting as a long-term
power source for assessing the
functionality and health of
equipment.

Study 7

Liu, Q., Shang, Z., Ding,
K., and Lv, J.

2019

Qualitative

Thanks to energy harvesting
technology, self-driving
wireless sensor networks for
monitoring machine health are
now possible. The results light
the possibility of energy
harvesting as a long-term
power source for assessing the
functionality and health of
equipment.
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Table 1 continues. Condition monitoring studies abstraction table.

JW., Mechitov, KA.,
Jo, H., and Agha, G.,

Study | Author Year |Study Key Findings
method
Study 8 | Zhou, Z., Li, X., Wu, Y.,|2018 |Quantitative |In situ real-time
Zhang, H., Lin, Z, environmental ~ monitoring
Meng, K., Lin, Z., He, using a unique method of
Q., Sun, C,, Yang, J. and wireless self-powered sensor
Wang, Z.L., networks driven by TENG
technology is presented in
this paper. The findings
illustrate the potential of this
technology to solve the issues
with the power supply and
enable continuous monitoring
in remote or inaccessible
sites.
Study 9 | Spencer, Jr B.F., Park,|2017 |Qualitative |The specialized high-fidelity

synchronized distributed
sensing capabilities of Xnode
provide a  cost-effective
substitute to wired data
acquisition  systems  for
structural health tracking.
Wireless sensors provide a
more affordable, reliable, and
continuous SHM.
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Table 1 continues. Condition monitoring studies abstraction table.

Ji, H.,

Study Author Year |Study Key Findings
method
Study 10 [Hu, X., Wang, B. and|2013 |Qualitative |The research team

successfully developed an
integrated  bridge health
monitoring system utilizing a
Wireless Sensor Network
(WSN) for Structural Health
Monitoring (SHM) purposes.
This system is notable for its
comprehensive and practical
approach, combining a robust
data collection platform with
advanced data  analysis
software. The underlying data
collection platform boasts
several advantageous
features, such as ultralow
power consumption and
flexible architecture,
allowing for  seamless
integration  with  various
Sensors, including
acceleration,  temperature,
and strain. The system's
network topology utilizes a
multi-hop configuration,
demonstrating the capability
of supporting up to four hops
in our experiment.
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Table 1 continues. Condition monitoring studies abstraction table.

Gavrovski, C., Dimcev,
V., Krkoleva, A. and
Borozan, V.,

Study Author Year |Study Key Findings
method
Study 11 [Srbinovska, M., [2015 |Quantitative |This article intends to

introduce a wireless sensor
network (WSN) application
specifically  designed for
precision agriculture; This
application is focused on its
implementation in a pepper
greenhouse. The primary
purpose of the application is
to constantly measure and
regulate environmental
parameters such as
temperature, humidity, and
light. This monitoring is
essential to ensure the
greatest possible growth for
the crops. The WSN app has
valuable functionality that
facilitates users in accessing
real-time information about
the growth of their crops. For
instance, they can remotely
control drip irrigation
systems and facilities that
utilize fans based on the
recommendations of an
expert system. By utilizing
the recommendations,
farmers can enhance the
micro-environment  within
the greenhouse, which leads
to increased crop production
and enhanced quality. The
value of the WSN application
is that it allows farmers to
receive accurate and current
information about  the
conditions of the greenhouse.
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Table 1 continues. Condition monitoring studies abstraction table.

Shazali, K.

Study Author Year |Study Key Findings
method
Study 12 |Othman, M.F. and|2012 |Qualitative |An advanced and intelligent

WSN system can collect and
analyze a lot of data about
various topics, including air
quality, traffic conditions, and
weather. This article intends to
provide an overview and
analysis of wireless sensor
network applications
specifically designed for
environmental monitoring. To
construct an effective
monitoring  system,  several
prerequisites must be met and
followed. The integration of
wireless sensor network systems
allows for the continuous
collection of real-time data, this
facilitates accurate and
comprehensive monitoring of
environmental parameters. This
information is essential for
making informed decisions and
implementing  solutions  to
environmental concerns.

The advantages of wireless
sensor network applications in
environmental monitoring are
numerous.  They  facilitate
increased efficiency in the
system, reduce the need for
manual labor, and facilitate the
convenience of data collection
and analysis. Additionally, these
apps are more cost-effective and
scalable than traditional
monitoring methods.
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Table 1 continues. Condition monitoring studies abstraction table.

X.,  Canhasi, E,,
Limani, B., Krrabaj,
S. and Hulaj, A.

Study [Author Year |Study Key Findings
method
Study 13| Shkurti, L., Bajrami,|[2017 |Qualitative /A  web-based environmental

monitoring system was created by
the team using WSN technology.
The sensor nodes in the WSN
communicate with a database that
is hosted on a remote server via
requests via the Web. This
facilitates the monitoring of the
measured data from any location
via a web-based application that
is accessible on both desktop
computers and mobile devices.
The web-based application has
real-time access to the measured
data, this information is then
communicated to users about the
environmental conditions.
Additionally, if the data gathered
by the sensor node is greater than
the specified range that was
configured in the web
application, a warning
mechanism is triggered. Users are
notified via email of the necessity
to improve  environmental
conditions.

By utilizing WSN technology
and a database that is stored on
the internet, our system allows
remote access and monitoring of
environmental information. The
web-based application is a user-
friendly interface that facilitates
convenience and versatility in
accessing and managing the
measured data. The email-based
warning feature increases the
effectiveness of the system by
promptly user-friendly
informing.
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Table 1 continues. Condition monitoring studies abstraction table.

N., Ziftci, C., Bales,
E., Quick, N., Zappi,
P., Patrick, K.,
Dasgupta, S,
Krueger, 1., Rosing,
T.S. and Griswold,
W.G,,

Study [Author Year |Study Key Findings
method
Study 14 |Nikzad, N., Verma,|2012 |Qualitative | The research introduces a novel

approach called a participatory air
quality sensing system, which is

intended to bridge the gap
between personal sensing and
regional ~measurement.  This

system provides detailed micro-
level information at a regional
scale, it provides insights that are
greater than what is available
from official regional pollution
monitoring stations.

To assess the effectiveness of our
system, we conducted a study
involving 16 commuters. During
the study, the participants used
our sensing devices, which were
called CitiSense, which had
sensors attached to them. The
data collected by CitiSense was
compared to data from official
monitoring stations for pollution
in the region. The results
indicated significant differences
between the two sets of
measurements, which indicated
the potential of personal sensing
devices to collect additional,
more localized air quality data.
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Table 1 continues. Condition monitoring studies abstraction table.

N., Ziftci, C., Bales,
E., Quick, N., Zappi,
P, Patrick, K.,
Dasgupta, S,
Krueger, ., Rosing,
T.S. and Griswold,
W.G,,

Study [Author Year |Study Key Findings
method
Study 14 |Nikzad, N., Verma, |2012 |Qualitative | These findings suggest that

personal sensing devices have the
potential to fundamentally alter
the way environmental
measurements are made for
public  health. By giving
individuals the ability to actively
monitor air quality, we can
collect additional information
that adds to official data. This
participatory approach can have a
significant impact on micro-level
information, which will lead to a
better understanding of the
environmental factors that affect
public health.

Ultimately, our participatory air
quality sensing system is an
innovative approach that
combines personal sensing with
regional measurement. The
findings of our study participants
demonstrate the potential of
personal sensing devices to
provide valuable information and
provide more detail than
traditional regional monitoring
methods. This study has the
potential to lead to future
advances in  environmental
measurement, it also highlights
the critical role that individuals
can play in improving public
health by participating in the
monitoring of air quality.
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Table 1 continues. Condition monitoring studies abstraction table.

Cattley, R., Gu, F. and
Ball, A.D.,

Study |Author Year |Study Key Findings
method
Study 15| Tang, X., Wang, X., (2018 |Qualitative | Condition monitoring has

multiple benefits for industries,
including decreasing the number
of  breakdowns, increasing
productivity, and improving
safety. WSNs are a cost-effective
way to network machines that
monitors their conditions, they do
not require extensive cable usage
and are simple to deploy in
industrial environments. This
results in significant savings.
However, one of the greatest
difficulties in implementing a
dependable WSN system is to
power the sensor nodes, this is
especially true when the system is
to be deployed in locations that
are inaccessible or hazardous and
are subject to harsh
environmental conditions. The
efficient and sustainable
operation of these nodes is
essential to ensuring the long-
term effectiveness and
functionality of the WSN.
Utilizing WSNs in the monitoring
of industrial conditions has
numerous benefits to industries.
By allowing remote and
continuous monitoring, potential
issues and abnormalities can be
identified immediately, which
will lead to timely maintenance
and a reduction in costly machine
failures. Additionally, the
wireless nature of  WSNs
facilitates the expansion of the
monitoring system to different
machines and locations within an
industrial setting.
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Table 1 continues. Condition monitoring studies abstraction table.

Study [Author Year |Study Key Findings
method
Study 16 | Akhtar, F. and | 2015 |Qualitative | The continuous evolution of
Rehmani, M.H. Wireless  Sensor  Networks

(WSNs) has resulted in their
widespread adoption and
utilization in various fields.
However, one significant obstacle
to their performance is the limited
battery life of the sensor nodes.
Scientists  have investigated
alternative  renewable energy
methods and battery recirculation
techniques to address this issue
and increase the network's
lifespan.

This article discusses the various
renewable energy sources and
methods of replenishing batteries
in WSNs in a concise manner.
The primary ideas of renewable
energy and potential sources of
energy extraction are discussed.
The article also considers the
utilization of WSNs in renewable
energy.

Additionally, the survey explores
various aspects of battery re-
charging, including the methods
of distribution, and a comparison
of different re-charging methods.
This in-depth analysis facilitates a
better understanding of the
benefits and drawbacks of each
approach.

Overall, the purpose of this paper
is to provide an up-to-date
overview of utilizing renewable
and conventional energy sources
for energy harvesting and
wireless replenishment in
sustainable WSNSs.
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Table 1 continues. Condition monitoring studies abstraction table.

Saeed, H., Farhan
Khan, M., Naeem, M.
and Anpalagan

Study [Author Year |Study Key Findings
method
Study 17| Ali, S., Qaisar, S.B.,|2015 [Qualitative | The research analyses the

capabilities and technical
requirements  for integrating
Cyber-Physical Systems (CPS)
into the sensor network plane, the
focus is on the importance of
reliability. The study addresses
concerns and issues regarding the
design of network architecture
and protocols, as well as a
framework for classifying them.
To demonstrate the practical
implications, we discuss a case
study of implementing a
dependable pipeline monitoring
system.

The assessment encompasses an
analysis of critical network
parameters, including the
discovery of nodes, mobility, data
security, link connectivity, data
aggregation, information
discovery, and service quality.
Through a detailed analysis of
these parameters, we can gain
insight into the factors that
contribute to a successful and
efficient integration of a CPS-
sensor network.

Throughout  the  paper is
emphasized the importance of
reliability in facilitating the
integration between CPS and
sensor networks seamlessly. By
addressing the identified issues
and implementing appropriate
tactics, researchers and
practitioners can increase the
efficiency and effectiveness of
such combined systems.
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Table 1 continues. Condition monitoring studies abstraction table.

B., and Lee, C.

Study [Author Year |Study Key Findings
method
Study 18 |Zhu, M., Yi, Z., Yang, | 2021 | Qualitative | TENG devices have exhibited

remarkable resistance, they can
withstand thousands to millions
of cyclic impacts without
suffering significant structural
damage or a reduction in
functionality. However, there is
scant information regarding the
lifespan of TENGs. However, the
low cost of replacement partially
rectifies this problem.
Additionally, the development of
self-healing materials has the
potential to be a solution to
extending the lifespan  of
elastomer-based devices.
Considering the benefits and
drawbacks of PENG and TENG,
these two methods can be part of
a larger strategy that encompasses
a variety of energy harvesting and
sensing applications. By
analysing the different categories
of research in PENG and TENG,
as described in each section, one
can understand the specific
mechanisms involved and their
interconnections. Combining
these two technologies has the
potential to increase functionality
and overall effectiveness.

As a potential route, the
integration of PENG and TENG
devices can enhance the devices'
capabilities and overall
effectiveness. Integrating these
technologies can augment the
scope of applications and enable
simultaneous energy extraction
from both large-scale and small-
scale sources.
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Table 1 continues. Condition monitoring studies abstraction table.

Study [Author Year |Study Key Findings
method
Study 19|Ramson, S.J. and|2017 |Qualitative |Wireless  Sensor  Networks
Moni, D.J. (WSNs) are comprised of

distributed sensors that are
autonomous and monitor physical
objects or collect data about the
environment. These  sensors
collaborate to gather information
and then pass it to a central
authority. WSNs have been
utilized in  various fields,
including animal tracking,
precision agriculture,
environmental monitoring,
security, and surveillance, smart
buildings, healthcare, and more.
This article intends  to
demonstrate the numerous uses of
WSNSs. By highlighting these
uses, we attempt to educate the
scientific community about the
potential applications of WSNs in
novel fields. Other scientists can
further investigate and utilize
WSN technology in novel or
emerging areas by exploring
these applications.
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Table 1 continues. Condition monitoring studies abstraction table.

Study [Author Year |Study Key Findings
method
Study 20 | Erdelj, M., Mitton, N.|2013 [Qualitative | Industrial wireless sensor
and Natalizio, E., networks (IWSNs) have several

benefits over traditional wired
industrial monitoring and control
systems. These benefits include
self-organization, quick setup,
versatility, and intelligent
processing. As such, IWSNs have
a significant impact on the
industrial ~ systems reliability,
efficiency, and productivity. This
has the effect of enhancing the
competitiveness of companies in
the market.

The book "Industrial Wireless
Sensor Networks: Applications,
Protocols, and Standards"
analyses the current state of the
art in IWSNs in detail. It
investigates various uses of
IWSNSs in industrial settings, it
also discusses the standards and
protocols that are used to operate
them. Through the analysis of
existing research and
developments in this area, the
book also identifies potential
future research directions and
opportunities for greater

advancement in IWSNSs.

4.1 Data overview

The information used (table 1.) in the analysis was derived from publications that were
subject to peer review, conferences, and reports that were technical in nature. These
publications evaluated the contribution of condition monitoring to improving the

performance and sustainability of mechanical machines and bearings. The search utilized
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relevant keywords and focused on publications published in the past 10 years to ensure that
the information retrieved was current and pertinent to the study questions and objectives.
Papers written in English only were considered, and the criteria for article selection were
based on the relevance of the articles to the research questions and goals.

The data analysis was centred on finding significant trends and themes about the value of
condition monitoring in enhancing the efficiency and longevity of mechanical devices and
parts. The conclusions of the analysis, which are discussed in the following sections, provide

insight into the current state of research in this field and its potential for practical application.

4.2 Findings

Yang et al. (2022, p. 98) conducted a qualitative study that focused on industries that utilized
high-precision measurement. They emphasized the importance of trustworthy, inexpensive
and malleable wireless humidity sensors in these industries. Sustainable structural health
monitoring (SHM) systems were the focus of a quantitative study by Peralta and Smarsly in
(2022). They advocated the potential for replacing recyclable materials and e-waste
components with sustainable SHM systems, which would have a lessening effect on the

environment.

High-accuracy and sensitivity pressure sensors were the focus of quantitative research by
Yang in 2021. They emphasized the sensors' wireless monitoring ability. Kanaparthi et al.
(2016, p. 82) conducted a qualitative study on sensors that can differentiate between different
human behaviours. They discussed the sensor's sensitivity and consistency as being ideal for

wearable technologies and structural condition monitoring.

Schaeffler (2021, p. 15) carried out a project to develop a low-cost wireless condition
monitoring system that can be ramped up quickly and is easily scalable. The condition
monitoring has the high potential to improve the effectiveness of fault detection. The system
works through a wireless mesh network. For the system the used network makes some
regulations about the need of tens of node points. The node is either a sensor or a gateway.

A qualitative study of wireless sensor networks that are self-powered was conducted by Tang
et al. (2018, p. 87). They advocated utilizing energy-collecting technology as a consistent
power source for evaluating the performance and condition of the machinery. Liu et al.
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(2019, p. 564) conducted a qualitative study on wireless sensor networks that are self-
powered to monitor machine health. The potential of harvesting energy as a long-term power
source was noted. This technology's ability to influence the operation and well-being of

equipment was discussed.

Zhou et al. (2018, p. 96) investigated environmental monitoring in real-time using wireless
sensor networks powered by self-powered technology that is wireless and autonomous. They
discussed the potential benefits of this technology in dealing with power outages and
allowing continuous monitoring in areas that are hard to access or reach. Spencer Jr. et al.
(2017, p. 24) conducted a qualitative study of the use of wireless Xnode sensors to monitor
structural deterioration. They advocated the benefits of wireless sensors over wired data
collection methods regarding cost and reliability.

Using wireless sensor networks (WSNSs) to monitor structural health (SH), Hu et al. (2013,
p. 91) conducted a qualitative investigation into an integrated system for monitoring the
health of bridges. They emphasized the platform's comprehensive and beneficial approach,
which combines a dependable data gathering mechanism with advanced data processing
tools. Srbinovska et al. (2015, p. 197) investigated the utilization of wireless sensor networks
in precision farming through a quantitative study. To maintain ideal conditions for the crops,
they advocated the use of WSNs to monitor and regulate environmental factors in a

greenhouse that cultivated peppers.

A qualitative study of the utilization of wireless sensor networks for environmental
monitoring was conducted by Othman and Shazali in 2012. They advocated using wireless
sensor networks to collect continuous, real-time data that would facilitate in-depth
environmental assessment. Shkurti et al. (2017, p. 289) conducted a qualitative study on a
wireless sensor network-based web-based environmental monitoring system. They
underscored the remote access and monitoring capabilities of the system, which enabled

customers to utilize a web-based application to follow recorded data from any location.

Nikzad et al. (2012, p. 256) created a participatory air quality monitoring system to connect
the gap between individual sensing and local measurement. They noted the potential of
personal sensing devices to provide minute details at a regional level, this would be
beneficial for environmental monitoring for public health. Condition monitoring and

wireless sensor networks were the focus of a qualitative investigation by Tang et al. (2018,
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p. 287). They advocated the value of condition monitoring, noting that it had the benefit of
decreasing the frequency of machine failures, enhancing operational safety, and increasing
productivity. They discussed the ways wireless sensor networks (WSNSs) can inexpensively
and easily monitor machine conditions, they also eliminated the need for considerable cable

consumption and simplified the implementation of the system in industrial settings.

Akhtar and Rehmani (2015, p. 87) conducted a qualitative study of the issues associated
with wireless sensor networks (WSNs') limited battery life. To increase the lifetime of the
network, they studied methods for utilizing renewable energy sources and procedures for
charging batteries. The research illuminated theories regarding renewable energy, possible
sources of energy, and applications for renewable energy in WSNSs.

Ali et al. (2015, p. 128) conducted a qualitative study on the association of sensor networks
and cyber-physical systems (CPS). They focused on the reliability concerns; they evaluated
the applications and technological requirements for connecting CPS with sensor networks.
The study investigated issues with the design of network architectures, methods of
communication, and important attributes, and offered suggestions for creating and applying

reliable monitoring systems.

Zhu etal. (2021, p. 187) conducted a qualitative study on how to utilize self-powered sensors
and nano-energy derived from human nanogenerators in wireless, long-term sensory systems
that communicate via the Internet. They discussed the durability and versatility of
triboelectric nanogenerators (TENGs). They also discussed the correlation between
piezoelectric nanogenerators (PENGs) and TENGs, stating that these devices are mutually
beneficial, thus, they could be combined to have a greater impact. Wireless sensor networks
(WSNs) and their utilization in diverse fields were the focus of qualitative research by
Ramson and Moni (2017, p. 101). They discussed the utilization of WSNs in industries
including animal tracking, precision agriculture, environmental monitoring, security and

healthcare.

A qualitative study of industrial wireless sensor networks was conducted by Erdelj in 2013.
They discussed the numerous advantages of IWSNs over wired systems, including the
capacity to self-organize, have a quick deployment, be malleable, and have sophisticated
processing. The study investigated several industrial IWSN applications and the rules and
regulations that govern IWSN function.
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The investigation in this data is concerned with various WSNs and related topics regarding
applications. They investigate the dependability of sensors, sustainable monitoring systems
for the environment, energy harvesting, environmental monitoring, precision agriculture and
the integration of cyber and physical systems. The findings facilitate the creation of
trustworthy, effective and lasting monitoring systems, they also provide insight into the

potential of WSNs in various fields.
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5 Outcome analyses of key findings

The outcome of the secondary qualitative study demonstrated that condition monitoring is
essential for improving the functionality and durability of mechanical devices, especially
bearings. The data analysis identified several themes and patterns from the chosen articles.
Below, the key findings are described.

5.1 Benefits of condition monitoring bearings and machines

The primary finding from the data analysis was the benefits of condition monitoring for
bearings and machines. The study reported that condition monitoring had positive effects,
including early detection of flaws and problems, the ability to address them promptly, and

ultimately a reduction in downtime and repair costs (Meng et al., 2019, p. 176).

One of the primary benefits of condition monitoring is its capacity to detect machine and
bearing failures and errors before they become severe issues. This facilitates preventative
maintenance and repairs, which reduces the amount of downtime and business interruptions.
Minor faults are typically less expensive to correct than larger faults, as a result, condition
monitoring also helps to lower the cost of repairs by detecting problems early on. This is

crucial in manufacturing and energy production sectors where downtime may be costly.

Condition monitoring facilitates predictive maintenance as well as the detection of faults and
defects. Condition monitoring algorithms can predict when maintenance is necessary by
tracking machine and bearing performance, optimizing maintenance schedules, and
decreasing maintenance costs. Because maintaining equipment appropriately on time can
prevent damage that would otherwise occur, predictive maintenance also helps to increase

the lifespan of equipment and parts.

The investigation also uncovered that condition monitoring can increase the equipment's
uptime and reliability. Condition monitoring allows for the avoidance of unplanned
downtime and unintended breakdowns by detecting problems early and taking proactive
actions to rectify them. This is of crusial in the manufacturing and energy sectors, as a failure
can be costly. Condition monitoring may facilitate increased productivity and profitability
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by enhancing the equipment's reliability and availability. The data analysis demonstrates the
benefits of condition monitoring for bearings and mechanical devices. Key benefits that can
help organizations reduce downtime and repair costs, increase the lifespan of their
equipment, and increase production and profitability include the ability to detect problems
and defects early, having the ability to predict maintenance, and enhancing the dependability
and uptime of machines. Organizations can benefit from condition monitoring to thrive in a
competitive business environment that is characterized by intense competition and
demanding demands. (Denzin & Lincoln, 2011, p. 139.)

The advantages of condition monitoring, including a decrease in the number of failures of
machines, increased productivity and enhanced safety, are discussed in Studies 15 and 19.
Continuous machine condition monitoring allows for early detection of potential issues or
irregularities, this will lead to the implementation of preventive actions and a reduction in
costly failures. This proactive approach increases the effectiveness and dependability of
industrial processes, which leads to higher output and a lower incidence of downtime.
Additionally, the practice of condition monitoring has the potential to improve operational
safety by decreasing the dangers associated with equipment failures, as well as identifying

and addressing issues sooner.

Integrating wireless sensor networks (WSNs) allows online machine monitoring. The value
of WSNs with advanced processing capabilities is demonstrated in their use to support real-
time data on machine efficiency and condition in study 15. These networks eliminate the
need for a large amount of cable consumption and simplify the implementation of the system
in industrial settings, this reduces the cost and facilitates the expansion of the system. WSNs
can be flexible and scalable due to their wireless communication, this makes it possible to
monitor a larger number of devices in various locations than would be possible via other

methods.

The same is true of studies 5 and 20, which explores the impact of wireless sensor networks
in the industrial sector (IWSNSs) on industrial systems. IWSNs can self-organize, they can
be deployed quickly, they have a degree of adaptability, and they have built-in intelligence.
These attributes boost industrial operations' dependability, efficiency and productivity of
industrial operations, which increases market competitiveness. Industries can efficiently

assess the condition of machinery, schedule maintenance more effectively, and guarantee
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the proper functioning of their gear by incorporating IWSNs into practices for monitoring
the condition of machinery.

As a conclusion, the studies highlight the pivotal role condition monitoring plays in multiple
industries, emphasizing its benefits in decreasing the number of machine breakdowns,
increasing productivity, and enhancing safety. By providing data on the condition of the
machines, as well as facilitating preventative maintenance actions, the incorporation of
wireless sensor networks increases the effectiveness of condition monitoring. By allowing
to spread the condition monitoring systems to larger number of machines the costs are also
lower per measuring point. Companies may simplify operations, minimize downtime, and

increase overall productivity and security via these methods.

5.2 Sustainability in condition monitoring

The need of maintaining sustainability in condition monitoring was identified as the second
most significant issue from analysing the data. Several investigations have advocated the
need of condition monitoring to address sustainability concerns. This involves enhancing the
efficiency of machines and bearings to reduce energy consumption, conserve natural

resources, and minimize their environmental impact. (Denzin & Lincoln, 2011, p. 173.)

The results of one study suggest that condition monitoring can lead to significant energy
savings in mechanical machinery and bearings. Energy consumption may be reduced, which
would lead to lower operating costs and less carbon emissions. This can be accomplished by
observing the performance of the systems in question and locating places where they are
ineffective. The study's conclusions state that energy efficiency is crucial to sustainability
and should be a primary concern during the process of condition monitoring.

Another study demonstrated the importance of monitoring machine conditions to minimize
the harmful effects of machines and bearings on the surrounding environment. The study's
conclusions indicated that machines and bearings are typically extended with increased
performance and longevity, but this may lead to an environmental damage. Denzin and
Lincoln (2011, p. 94) suggest that it is possible to decrease the impact of an item on the
environment while maintaining its dependability and longevity if the state of the item is

observed and increased performance is achieved.
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Another aspect that illustrated the importance of sustainability to condition monitoring was
the study of condition monitoring in wind turbines. The study's conclusions state that wind
turbines are an important renewable energy source, but they can negatively affect the
ecosystem around them if they aren't maintained properly. It is possible to minimize the risk
of downtime and costly repairs, as well as the environmental impact of wind turbines by

utilizing condition monitoring to detect flaws and defects early on.

The analysis of the data shows that, generally, the purpose of condition monitoring should
be to promote sustainability. It's possible to minimize the negative effects of machines and
bearings on the environment while maintaining their dependability and longevity if the
performance of these components is increased. Also, monitoring conditions can lead to
significant savings in energy costs and a reduction in carbon emissions. Denzin and Lincoln
(2011, p. 63) explained that these findings indicated the importance of monitoring conditions

as a comprehensive endeavour that considered the machines' and bearing performance as

well as their longevity.

5.3 Condition monitoring technology

The study of the data showed, in addition, that technology is an essential component of
condition monitoring. Several studies have emphasized the significance of utilizing cutting-
edge technology such as artificial intelligence, machine learning, and big data analytics to
increase the accuracy and efficiency of condition monitoring. According to Liu et al. (2019,
p. 57), these technologies make it possible to analyse vast amounts of data, discover intricate
patterns and trends, and forecast the performance of machines and bearings.

Machine learning was identified as one of the most critical technologies for studying the
data. Several studies have emphasized the potential of machine learning to improve the
accuracy of condition monitoring by automating the discovery of patterns and trends in data.
This is accomplished via the use of pattern recognition software. According to Liu et al.
(2019, p. 28), machine learning algorithms may be taught to recognize patterns in data that
may be too complicated or nuanced for human analysts to notice. This makes it possible to
identify flaws and defects in machines and bearings early.
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Big data analytics was another type of technology that was developed because of data
analysis. Several studies have emphasized the potential of big data analytics in enhancing
the efficiency of condition monitoring. Big data analytics makes it possible to analyse vast
amounts of data from various sources. According to Liu et al. (2019, p. 228), big data
analytics may find correlations and trends in data that may not be obvious from individual
data sets. This enables a more thorough knowledge of the machine and bearing performance.

It was also emphasized that artificial intelligence is an important technology that should be
utilized to improve the precision and efficiency of condition monitoring. Several research
has shed light on the potential of artificial intelligence to facilitate predictive maintenance
by using data analytics and machine learning to forecast when maintenance is necessary.
According to Liu et al. (2019, p. 278), this helps to optimize maintenance schedules,

minimize maintenance costs, and increase the lifespan of machines and bearings.

The examination of the data revealed, in general, that the application of technology is one of
the most critical factors in enhancing the precision and efficiency of condition monitoring.
According to Liu et al. (2019, p. 81), advanced technologies such as machine learning, big
data analytics, and artificial intelligence make it possible to analyse vast amounts of data,
identify complicated patterns and trends, and anticipate the performance of machines and
bearings. By implementing these technologies, businesses can boost the productivity and
efficiency of their maintenance programs, cut unplanned downtime, and improve the

dependability and longevity of their machines and bearings.

5.4 Condition monitoring challenges

Even though it offers many advantages, condition monitoring is not without its share of
difficulties. The high cost of adopting and maintaining condition monitoring systems was
regarded as one of the most significant obstacles. According to the findings of several studies
(Zhou et al., 2018, p. 95), purchasing and installing complex condition monitoring systems
can be excessively expensive, which is particularly problematic for small and medium-sized
businesses (SMEs) with limited financial resources. In addition, the upkeep of these systems
calls for highly specialized skills and knowledge, which may be challenging to acquire and
expensive to contract out for. Because of these obstacles, the general adoption of condition
monitoring may be hampered, and businesses may not fully realize the technology's benefits.
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The complexity of understanding and analysing the data supplied by condition monitoring
devices was noted as another critical problem that must be addressed. According to the
findings of several studies, the information produced by these systems might be challenging
to analyse due to their complexity, volume and volume. Because of this, it can be difficult
for companies to draw valuable conclusions from their data and apply those conclusions to
enhance their business operations. In addition, the precision of the data that condition
monitoring systems can be impacted by various variables, including noise, variability, and
measurement mistakes (Zhou et al., 2018, p. 86). Because of this, it can be difficult to spot

flaws and precisely forecast how well the machine and bearings will function.

Despite these obstacles, the data analysis demonstrated that condition monitoring for
mechanical machines and bearings has several essential advantages. One of the primary
benefits discovered was the ability to detect problems and defects in machines and bearings
at an earlier stage, enabling timely maintenance and repairs. This helps prevent unplanned
downtime, which reduces maintenance costs and increases the machine's uptime and
dependability. In addition, condition monitoring makes it possible to undertake predictive
maintenance, which entails monitoring the performance of the machine and the bearings to
determine when it will be necessary to perform maintenance (Zhou et al., 2018, p. 72). This
contributes to the optimization of maintenance schedules, the reduction of maintenance

costs, and the extension of the machines' and bearings' valuable lifespans.

The investigation also found that sustainability is one of the most important factors in
condition monitoring. Several studies have shed light on the significance of optimizing the
operation of machines and bearings through condition monitoring to reduce their overall
energy consumption and minimize their influence on the surrounding environment. This
contributes to the reduction of carbon emissions, the preservation of natural resources, and

the enhancement of sustainable practices.

In addition, the significance of technology's function in condition monitoring was also
emphasized. Several studies have highlighted the significance of utilizing cutting-edge
technology and such as artificial intelligence, machine learning, and big data analytics to
increase the accuracy and efficiency of condition monitoring. It is also founded that
technological developments bring new low-cost and basic condition monitoring devices to

the market that provide sufficient information about many devices. According to Zhou et al.
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(2018, p. 71), these technologies make it possible to analyse vast amounts of data, discover
intricate patterns and trends, and forecast the performance of machines and bearings.

The findings of this research demonstrate that the benefits of condition monitoring much
surpass the difficulties involved in carrying it out. Even though there are problems that can
arise due to condition monitoring, the researchers came to this conclusion. The findings
highlight the significance of condition monitoring to improve the efficiency of mechanical
machines and bearings and ensure their long-term viability. They also underline the
significance of addressing sustainability in building and implementing condition monitoring
systems and the role that technology plays in enhancing the efficiency of such systems. By
tackling the issues related to condition monitoring, companies may improve their operational
efficiency, lower their expenses, and strengthen their capacity for long-term sustainability.

5.5 Condition monitoring and environment

The concept of environmental impact, as applied to wireless condition monitoring sensors,
refers to the analysis of the many environmental impacts that can occur at any point in a
product's life cycle. It is necessary to assess the materials used for their creation, energy
consumption during their operation and the possible environmental impact of their disposal

or recycling.

During the manufacturing phase, the types of materials that wireless condition monitoring
sensors are made of can have a significant impact on the surrounding environment.
According to research by Handcock et al.”s (2009, p. 56) the extraction, refining and
production of these minerals can lead to resource depletion, environmental degradation and
energy consumption. According to Handcock et al.”s (2009, p. 31), if the mining of rare earth
elements, which are used to manufacture sensor components, is not properly handled, it can

harm the environment.

Another element of the environmental impact of wireless condition monitoring sensors is
the amount of energy they consume when operating. These sensors often require power
sources such as batteries to operate, which can increase energy consumption and carbon
emissions. Choice of battery technology, battery life and energy efficiency of sensors are
factors that can influence their environmental impact (Handcock et al., 2009, p. 83).
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The end-of-life phase of wireless condition monitoring sensors also presents environmental
challenges. Dispose of or recycle these devices with care to minimize the impact on the
surrounding environment. Improper disposal may result in the accumulation of electronic
waste and potential contamination, which may result from hazardous components. By
comparing wireless condition monitoring to cabled systems the user can see that hazardous
material are avoided but cabled solutions are much higher priced. On the other hand,
techniques adapted to recycling can help recover valuable materials, reduce resource
consumption and minimize environmental damage (Handcock et al., 2009, p. 184).

There are several different approaches that can be used to reduce the harmful environmental
impact of wireless condition monitoring sensors. These include increasing the energy
efficiency of sensors, developing sustainable battery technology, using environmentally
friendly and recyclable materials in production, and implementing effective recycling
programs. Moreover, according to Handcock (2009, p. 80), it is possible to carry out a
lifetime assessment to thoroughly investigate and reduce the environmental footprint left by
these devices.

The articles in this collection show the importance of wireless sensor networks (WSN) in
environmental monitoring, particularly in the areas of air quality, traffic conditions, weather

patterns and precision agriculture.

Othman and Shazali (2012, p. 95) and Shkurti et al. (2017, p. 71) focus on the use of WSN
in environmental monitoring applications. These studies highlight the WSN's ability to
capture and interpret extensive data on environmental characteristics such as air quality,
traffic conditions and meteorological scenarios. Using wireless sensor networks (WSNSs),
real-time data can be collected, paving the way for more accurate and accurate monitoring
of these essential environmental parameters. This knowledge is essential to making informed
judgments and taking practical action in response to environmental problems. Compared to
more conventional monitoring methods, wireless sensor networks (WSN) provide a more
cost-effective and scalable solution. As a result, these networks have become beneficial

environmental monitoring instruments.

Another significant application of WSN is precision farming, which has been studied by
Srbinovska et al. (2015, p. 227). Monitoring and adjusting key environmental factors such
as temperature, humidity and light intensity are part of the job description for those working
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in this sector. The goal is to create an environment where plant life can flourish. Farmers can
make informed assessments and implement proper management practices if they regularly
monitor these factors. WSNs allow farmers to obtain real-time data on the development of
their crops, allowing them to remotely adjust irrigation systems and modify environmental
conditions as suggested by expert systems. This type of farming is called precision farming.
This degree of accuracy and control improves the microenvironment in the greenhouse,

which in turn leads to higher yields and an increase in overall product quality.

The use of WSN in fields such as environmental monitoring and precision farming offers
many advantages. These systems provide real-time data, which enables quick interventions
and modifications to improve environmental conditions. The use of WSN allows not only to
increase the efficiency and reliability of monitoring, but also to reduce costs. WSNs enable
continuous data collection and analysis, enabling decision makers in various sectors to make
informed choices. This in turn leads to improved environmental management practices and

increased productivity Srbinovska et al. (2015, p. 339).

The findings highlight the importance of wireless sensor networks (WSNSs) for precision
farming and environmental monitoring. These applications illustrate the potential of WSN
to collect real-time data, monitor environmental conditions, and enable informed decision
making. Enterprises can achieve more effective and sustainable management of
environmental resources by using the capabilities of WSN. This can result in improved
environmental quality and better production in agriculture, transport and weather

forecasting.

In conclusion, the concept of environmental effect in the context of wireless condition
monitoring sensors refers to the assessment of the repercussions associated with their
lifetime. These repercussions include the production of materials, energy consumption and
the disposal or recycling of components at the end of their useful life. It is possible to
establish and implement environmentally friendly practices in the design, manufacture and
administration of wireless sensors for condition monitoring if you first understand these

environmental factors and then take steps to address them.
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5.6 The efficiency of the use of natural resources

In the context of wireless condition monitoring sensors, the topic of resource efficiency is
concerned with the efficient and responsible use of resources at all stages of the production
and operation of these devices. According to Kelly et al. (2013, p. 91) explores various
tactics and practices to maximize material efficiency, reduce waste, and increase energy

efficiency.

To maximize the use of materials in the manufacture of wireless condition monitoring
sensors, one area of resource efficiency that needs to be addressed is optimizing materials.
To do this, consider resource selection, purchasing those materials, and minimizing waste.
Developing sensors from materials that are both lightweight and durable is one way to reduce
resource consumption and an organization's overall environmental impact. In addition, using
recycled or renewable materials whenever possible is a way to contribute to resource

conservation and promote the idea of a circular economy (Kelly et al., 2013, p. 85).

Another important element of resource efficiency is to reduce the amount of waste
produced. This can be achieved through a variety of methods, including implementing lean
manufacturing practices, promoting recycling and resource reuse, efficient manufacturing
processes, and efficient manufacturing processes (Kelly et al. 2013, p. 173). According to
Kelly et al. (2013, p. 117) it is possible to reduce the overall environmental impact of
wireless condition monitoring sensors by improving the efficiency of manufacturing

processes and reducing material waste.

Increasing the energy efficiency of the operation of wireless condition monitoring sensors is
an important element of resource efficiency that needs to be addressed. According to Kelly
et al. (2013, p. 145), increasing energy efficiency can be achieved through a variety of
methods, some of which include the optimization of energy management systems, the use of
low-power design strategies, and the use of energy-efficient components. These steps can
extend battery life, reduce power consumption, and reduce reliance on non-renewable energy

sources.

In addition, the idea of resource efficiency covers not only the production phase, but also the
operation phase of wireless condition monitoring sensors. This is because the production
period is only the beginning. According to Kelly et al. (2013, p. 81), sensors can conserve
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energy and extend battery life by adopting energy management tactics such as duty cycles
and sleep modes. This results in a reduced need for frequent battery changes and helps to
use resources more sustainably and efficiently.

Overall, resource efficiency highlights the importance of maximizing resource efficiency,
reducing waste generation, and increasing energy efficiency in the manufacture and
operation of wireless condition monitoring sensors. These devices can contribute to a more
sustainable and environmentally friendly approach by applying ideas and practices that
increase resource efficiency. This will promote long-term viability and reduce their resource

and environmental impact.

5.7 Designed for recycling

The topic "Designed for recycling” highlights the importance of considering recyclability as
a critical consideration during the design phase of wireless condition monitoring sensors. It
involves a proactive approach that emphasizes the selection of materials, components and
structures that are environmentally friendly, easy to recycle and compatible with existing
recycling processes (Reuter, 2011, p. 93). This theme validates that design choices
significantly impact the ease and efficiency of recycling these devices, thus promoting
sustainability throughout their life cycle.

Material selection plays a key role in implementing a design approach to recycling.
Designers should prioritize materials with recyclable attributes such as easy to separate, non-
toxic and compatible with existing recycling infrastructure. The use of materials with
established recycling streams can facilitate their recovery and reintroduction into production,
reducing the need for virgin materials and minimizing environmental impact. (Reuter, 2011,
p. 79.)

Consideration should also be given to dismantling and separating components in wireless
condition monitoring sensors. Designers can use modular designs that facilitate easy removal
and replacement of specific components, allowing for efficient disassembly and recycling.
Using standard connectors and interfaces can simplify the disconnection of various
components, allowing for easier recycling. (Reuter, 2011, p. 62.)
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In addition, optimizing the labelling and marking of materials used in wireless condition
monitoring sensors can help in efficient recycling processes. Clear identification of material
types, recycling codes and disposal instructions can help recyclers sort and treat equipment
properly. This labelling ensures that materials are properly identified and routed to the

appropriate recycling streams. (Reuter, 2011, p. 90.)

Collaboration with recycling stakeholders is also critical in designing a recycling approach.
Working with recyclers and understanding their capabilities and requirements can guide the
design process and ensure that equipment is designed to meet recycling facility
specifications. Such collaborations help bridge the gap between design and recycling
practices, making it easier to recycle and recover valuable materials from these sensors.
(Reuter, 2011, p. 206.)

For the product studied in study 5 the recycling of the sensor is possible considering battery
challenges, instructions and regulatory regulations for recycling. Transboundary transfers
can lead to high recycling costs which also is connected to possible bureaucracy in terms of
hazardous materials transfers. So recycling is most convenient to be organised on a country-
by-country basis through a potential distribution network or by a local recycling company.
This is also something that should be considered in the design phase, when next generation
product is developed.

Ultimately, the recycling design recognizes that early consideration and informed design
choices significantly impact the recyclability and durability of wireless condition monitoring
sensors. By prioritizing recycling and implementing design strategies that increase ease of
disassembly, material separation and compatibility with existing recycling processes,
designers can contribute to a circular economy, reduce environmental impact and increase

resource efficiency.

5.8 Extended product life cycle

The concept of "Extended product life cycle" emphasizes the importance of extending the
life of wireless condition monitoring sensors to get the most out of their use and generate as
little waste as possible. This topic recognizes that the life of these devices can be extended

by applying techniques such as refurbishment, reuse and recycling, reducing the need for
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frequent replacement and ultimately promoting sustainability. This topic also acknowledges
that these devices are recyclable.

Recovery is one of the methods that can be used to extend the life of a product. After wear
or tear, wireless condition monitoring sensors can be changed through refurbishment, which
involves repairing and returning the sensors to a functional state so that they can be reused
Refurbished sensors can have a longer lifespan, which also helps reduce the need for new
gadgets and the amount of garbage produced. In the renovation process, damaged elements
can be replaced with new ones, sensors can be cleaned and calibrated, and their operation
checked for suitability for continuous operation. (Goodship et al. 2019, p.234)

The concept of extended product life spans several subtopics, one of which is reusability. It
IS possible to use wireless condition monitoring sensors in a variety of applications and
settings, provided they are designed to be reused during the design development phase. This
can be achieved through modular designs that allow components or sensors to be easily
replaced and repurposed after their original use. In other words, it can be done. According
to Goodship et al. (2019, p.280), allowing reuse can reduce the number of new devices

required, which helps save resources and reduce waste.

In addition, one method that can be used to extend the life of wireless condition monitoring
sensors is to promote upgradeability. The sensor functions can be enhanced or changed in
response to increasing technical breakthroughs or changing user requirements if the sensors
are designed with upgradable components or firmware. The strategy enables sensors to be
upgraded rather than completely replaced, resulting in less waste and increased resource
efficiency.

Providing ongoing support and maintenance is critical to extending product life. According
to research by Goodship et al. (2019, p.145). providing users with access to replacement
parts, repair services and technical support enables them to troubleshoot and extend the life
of WEEE. This assistance has the potential to extend the life of the equipment and contribute
to the overall durability of the products.

Taken together, the concept of an extended product life cycle reveals the importance of
refurbishment, reuse and upgradeability in extending the life of wireless condition
monitoring sensors. If these measures are adopted, less frequent replacement will be

required, which will conserve resources, reduce waste and improve sustainability.
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5.9 Sustainable monitoring system

Sustainability is becoming a hot topic in many industries, including the topic of monitoring.
Environmental impact is reduced, resource utilization is maximized and system performance
IS guaranteed in sustainable monitoring systems. In cases the industry may require a network
topology that is not ideal for power consumption like active mesh network. Several articles
were reviewed, each focusing on a different aspect of sustainability in monitoring systems.

For sustainable structural health monitoring (SHM) systems, Peralta and Smarsly (2022, p.
333) noted the use of recycled materials and e-waste components. The aim of the study was
to reduce the ecological footprint of monitoring equipment by finding ways to repurpose its
materials and parts. This method contributes to a greener and more efficient method of
infrastructure monitoring as it addresses the issue of e-waste and encourages sustainable

practices in SHM.

Both Akhtar and Rehmani (2015, p. 85) and Zhu et al. (2021, p. 41) highlighted the use of
renewable energy sources in wireless sensor networks (WSNS) to extend their uptime. The
batteries used by conventional WSNSs have a short lifespan and contribute to the landfill of
electronic waste. WSNs can operate for extended periods of time without constantly
changing batteries using renewable energy sources such as solar energy or energy storage
techniques. This method not only encourages the use of clean and sustainable energy
sources, but also helps to reduce waste, making monitoring systems more environmentally

friendly and financially feasible.

Wireless condition monitoring sensors are essential in the manufacturing industry as they
provide real-time monitoring of equipment performance, enabling proactive maintenance
and immersion downtime. These sensors use wireless technology to transmit data on several
parameters such as temperature, vibration and pressure. Despite the well-documented
benefits of wireless condition monitoring sensors in improving operational efficiency, there
is still a need to address their environmental impact, especially in relation to recycling and
sustainability. (Xie et al. 2019, p. 113.)

Moreover, Zhu et al. (2021, p. 97) investigated whether self-healing materials could be used
to extend the life of elastomer-based devices. Self-healing materials can heal injuries and
restore lost function, which could greatly extend the life of sensors. Keeping these items in
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use for as long as possible can reduce waste and frequent replacement. This method is in line
with the ideals of sustainable development by reducing energy consumption and carbon

dioxide emissions.

Responsible and efficient use of resources is one of the priorities of sustainable monitoring
systems. More environmentally friendly and economically sustainable monitoring practices
can be developed using recycled materials, renewable energies and self-healing materials.
Using these methods, monitoring systems can contribute to a greener tomorrow without

sacrificing performance, durability or efficiency.

5.10 Reliability and efficiency of the sensor

Several studies in this series have highlighted the importance of sensors being reliable and
effective in various applications. These studies highlight the need for sensitive, precise and

trustworthy sensors to ensure reliable and accurate data collection.

The relevance of humidity sensors in the field of high-precision measurement is the main
topic of research by Yang et al. (2022, p. 62). These industries require reliable and vulnerable
sensors. Accurate moisture management is critical to maintaining product quality and
ensuring ideal conditions in many industries, including pharmaceuticals, food processing

and environmental monitoring. These industries all require accurate humidity measurement.

Yang also recognized the need for sensors with high sensitivity and accuracy to detect
pressure changes. emphasize. In their 2021 study, applications including industrial process
control, automotive systems and medical devices require pressure sensors with these
properties. Accurate and reliable pressure readings enable precise system management and

monitoring, ensuring safety and optimal performance.

The study by Kanaparthi et al. (2016, p. 71) focused on sensors that can detect various human
behaviours. Building structural health monitoring systems and wearable technologies rely
heavily on these sensors. For applications such as activity tracking, rehabilitation monitoring
and athletic performance analysis, the ability to accurately identify and interpret human
motion such as bending, twisting, and extending is critical. Human motion can be accurately
and reliably monitored using sensors with excellent sensitivity and repeatability while

detecting different motion patterns.
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In conclusion, this study highlights the importance of sensor accuracy, sensitivity, and
reliability in various applications. The effectiveness of these sensors directly affects the
quality and reliability of the collected information, whether it is humidity sensors for high-
precision measurement ranges, pressure sensors for industrial and medical applications, or
motion sensors for monitoring human activity. By using sensitive and reliable sensors,
industry can ensure accurate measurement, precise control and reliable monitoring, thereby

improving the performance and safety of various applications.

511 Integration with Cyber-Physical Systems (CPS)

Ali et al. (2015, p.96) analysed the applications, technical requirements, and communication
technologies involved in establishing a seamless integration of wireless sensor networks
(WSNSs) and cyber-physical systems (CPSs) and highlighted the importance of this approach.
The integration of WSN and CPS can create smarter and more efficient systems by merging

the physical and digital realms.

According to this study, reliable integration between WSNs and CPSs is essential given the
fundamental nature of the applications involved. It explores various uses for this integration,
including pipeline monitoring systems for oil and gas infrastructure. By combining the
computing power and control mechanism of CPS with the detection ability of WSN, a more
comprehensive and reliable surveillance system can be constructed. (Ali et al. 2015, p. 52.)

This article explores which technical criteria must be considered to ensure a smooth
integration. Key network aspects covered by these requirements include node discovery,
node mobility, data security, link connectivity, data aggregation, information knowledge
discovery, and quality of service delivery. By considering these criteria, researchers and
practitioners can ensure the reliability and validity of integrated systems. (Ali et al. 2015, p.
116.)

Proper information exchange between on-site sensor nodes and remote monitoring sites
depends on proper communication mechanisms. This study examines various strategies and
procedures that support reliable communication in integrated systems. By choosing the right
protocol and optimizing the communication method, the efficiency and effectiveness of the

integrated system can be increased. (Ali et al. 2015, p. 73.)
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The report acknowledges the difficulties and concerns associated with integrating WSNs
into CPSs. To achieve seamless integration and reliable operation of combined systems, the
importance of overcoming these issues is emphasized and a taxonomic framework is
provided for the design of network architectures. By addressing these issues and
implementing effective techniques, researchers and practitioners can take full advantage of
WSN-CPS integration in various fields. (Ali et al. 2015, p. 97.)

The benefits of integrating a WSN with a CPS are numerous. It supports real-time data
collection, analysis and conditioning, resulting in improved system performance and more
effective decision-making. The combined functionality of WSNs and CPSs improves
monitoring, control, and automation in a variety of applications including industrial systems,
smart buildings, healthcare, and more. By seamlessly integrating WSN with CPS, industries
can improve their reliability, productivity and market competitiveness. (Ali et al. 2015, p.
118.)

The research findings are summarized, the importance of integrating WSNs with CPSs is
highlighted, and details of the applications, technical requirements, and communication
technologies required for seamless integration are provided. In the future, the integration of
WSNs and CPSs will enable more complex and interconnected technologies, offering great
potential for improving the reliability, effectiveness, and intelligence of different systems.
(Ali et al. 2015, p. 93.)
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6 Conclusion

Low-cost wireless sensor technologies that can be implemented in existing machines and
bearings gives an opportunity for the whole industry. The sensors can gather information
about equipment functionality and condition via mesh network to the user, which can then
easily evaluate the possible defects or malfunctions in cellular phone or computer connect
to the network. This low-cost system helps to reduce the effort involved in setting up a
complex cabled condition monitoring system while providing the needed data for
maintenance and repairs. (Schaeffler 2021, p. 1-87.)

6.1 Results of secondary qualitative study

The results of this secondary qualitative study demonstrate the importance of condition
monitoring in improving the availability and service life of mechanical equipment and
bearings. The use of this technology, especially by small and medium enterprises (SMESs),
may be limited by the high cost of deploying and maintaining condition monitoring systems,
which was identified as a key barrier. Therefore, more research is recommended to develop
condition monitoring systems that are affordable and can be quickly implemented and
operated by SMEs. (Cheung, W.F., Lin, T.H. & Lin, Y.C. 2018, p. 176.)

Another area of research is the development of subscription-based, cloud-based condition
monitoring systems that SMEs can use. This will enable SMEs to benefit from condition
monitoring without incurring substantial upfront costs to set up and maintain their systems.
Cloud-based technology can also provide valuable data on equipment performance and
condition, helping SMEs streamline operations and improve sustainability. (Cheung et al.
2018, p.206.)

It is very important to explore the possible application of advanced technologies such as
artificial intelligence and machine learning in condition monitoring. These tools can examine
large volumes of data and identify detailed patterns and trends that traditional methods may
miss. Condition monitoring systems can become more accurate and effective by enabling
organizations to detect potential failures and problems early and save maintenance costs.
(Cheung et al. 2018, p. 286.)
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In addition, further research is needed on the social and environmental impacts of condition
monitoring systems. While condition monitoring can improve the durability and
performance of machines, it is important to ensure that the technology does not have adverse
social or environmental impacts (Cheung et al. 2018, p. 396). Therefore, investigations
should be conducted to identify and address potential risks associated with condition

monitoring systems.

6.2 Recommendations

To fully exploit the potential of condition monitoring in advancing sustainability initiatives,
key players must collaborate effectively. This involves seamless partnerships between
researchers, decision-makers and industry experts, working together towards the
development and implementation of resource-efficient, circular economy-conforming
condition monitoring strategies. To accomplish this, one strategy is to establish teams that
unite professionals from various fields to collaborate towards a shared objective. This could
involve, for example, mechanical engineering, sustainability experts and data scientists
working together to design condition monitoring systems that are tailored to the diverse
requirements of different industries and enterprises. These systems should also be cost-

effective, eco-friendly and sustainable, as per Cheung et al. (2018, p. 406) research.

6.2.1 Collaboration between different stakeholders

Policymakers have a crucial responsibility in promoting sustainable means of condition
monitoring. They can achieve this by implementing legislation that supports conservation
and sustainability efforts, as well as encouraging the adoption of sustainable practices by
businesses. Regulators can provide financial benefits and tax exemptions to companies that
use sustainable condition monitoring techniques. Industry experts can play an important role
in developing sustainable and long-lasting condition monitoring methods by sharing their

experiences and knowledge. (Cheung et al. 2018, p. 97.)
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6.2.2 Technical leadership

Encouraging the development and application of innovative technologies, such as artificial
intelligence, big data analytics, and machine learning, could amplify the accuracy and
efficiency of condition monitoring. This would simplify the process of analysing condition
monitoring device data, which is currently quite demanding. To enhance the sustainability
and performance of mechanical machinery and bearings, it is crucial for businesses to
prioritize the training and development of their staff in condition monitoring. This will
enable them to acquire a better understanding of the benefits of this practice and how to
effectively implement it.

To encourage more companies to implement sustainable condition-monitoring practices,
policymakers can offer financial incentives like tax exemptions. This will not only help
promote environmental-friendly business practices but also motivate more companies to
incorporate condition monitoring, thereby increasing its effectiveness in mechanical
engineering. By promoting the use of condition-monitoring systems, policymakers can boost
sustainability and encourage a wider adoption of this technology among companies. The
implementation of advanced technology like artificial intelligence, big data analytics, and
machine learning has the potential to enhance the accuracy and efficiency of condition

monitoring.

The interpretation of data from condition monitoring devices is often challenging, but the
application of novel technologies can streamline this process. These methodologies can
detect and anticipate issues in mechanical machinery and bearings with higher precision and
accuracy due to the application of complex algorithms and computational models. As a
result, repairs and maintenance can be promptly executed, reducing machine downtime

while simultaneously increasing overall productivity.

A company's primary focus should be on training and developing employees if they aim to
fully utilize the advantages of condition monitoring. Employees are more likely to
understand and take advantage of the benefits of condition monitoring in their everyday tasks
if they have a clear understanding of the methods involved. This encompasses the ability to
gather, analyse and comprehend data, as well as to make well-informed decisions based on
the information obtained through condition monitoring. To optimize the potential of
condition monitoring in enhancing the durability and efficiency of mechanical machines and
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bearings, it is critical to provide employees with ongoing training and development. Through
the promotion of eco-friendly business practices and the encouragement of condition
monitoring, policymakers can improve mechanical engineering practices and foster a more

sustainable industrial sector.

To sum up, the recommendations aimed at enhancing the utilization and effectiveness of
condition monitoring in mechanical engineering are centred on three key areas. These
include investing in advanced technology, providing training and development opportunities
for personnel, and offering financial incentives for eco-friendly practices. By leveraging
innovative technology, empowering employees, and creating regulatory policies that foster
the adoption of condition monitoring, companies can optimize their operational efficiency,
minimize their environmental footprint, and accelerate the widespread adoption of this
practice. Training staff in conditioning monitoring is a crucial aspect of the process, as
evidenced by the

6.3 Conclusion

The master’s thesis initial goal was to find efficient recycling program for wireless condition
monitoring sensors. However, this was not successful. The country-specific legislation and
recycling potential do not allow easy transportation of hazardous materials to a single
collection point. And it is not cost-effective to set up such centralized recycling program
now, so it needs to be explored whether there are partners or distributors who can help with
this task.

To this master’s thesis was included secondary qualitative study which show that the
optimization of mechanical machine and bearing efficiency and lifespan can be effectively
monitor with different condition monitoring systems. Research shows that the benefits of
condition monitoring include increased machine reliability and lifespan, early detection of
defects and problems, and preventive maintenance. The study also highlights the importance
of sustainability related to condition monitoring, the role of technology in the process, and

issues related to monitoring conditions.

The environmental footprint is shown to be for the wireless condition monitoring more

environmentally friendly by avoiding cablings which have a higher impact to environmental,
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because of all mounting work, raw materials needed and higher waste handling. The impact
of sustainable and reusable condition monitoring sensors on mechanical bearings could be
profound, affecting not only the transportation and manufacturing sectors but many others.
The study highlights the importance of designing such systems while supporting sustainable

condition monitoring practices.

Academic, industry, and legislative collaboration will also be encouraged to encourage the
development and deployment of cutting-edge technologies to improve the accuracy and
performance of condition monitoring. The report recommends prioritizing education and
training to improve employee condition monitoring skills. In addition, it would be useful to
develop practices to promote the use of sustainable condition monitoring by providing
financial incentives such as tax exemptions for companies benefiting from these practices.
The study provides valuable information on the benefits, barriers and promise of fitness
tracking. Based on the recommendations made in this study, the effectiveness and life of
machinery and bearings can be improved by promoting the use of condition monitoring
technologies and ensuring their efficiency.

6.4 Further research

The results and suggestions of this master”s thesis could lead to numerous opportunities for
further exploration. Research that focuses on the implementation of condition monitoring
systems that reduce waste and comply with circular economy principles is essential. This
research could include case studies and the development of standards and frameworks for
long-term condition monitoring processes. By pursuing these potential research areas, the
effectiveness and durability of mechanical engineering's condition monitoring practices
could be significantly improved.

While this master’s thesis provides significant revelations about the benefits of condition
monitoring in enhancing the performance and lifespan of mechanical equipment and
bearings, it is crucial to acknowledge its limitations. Listed below are a few of these
constraints: Due to its narrow focus, the thesis may not have encompassed all the factors and
aspects that could have influenced its findings regarding the endurance and efficacy of
condition monitoring. As a result, the outcomes may not be universally applicable to all

kinds of mechanical devices, bearings, or industrial environments. The research was based
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on secondary sources, which may not have the up-to-date knowledge or might even have
some misinterpretation. The dependability and accuracy of the findings are influenced by
the quality and comprehensiveness of the secondary data collected.
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