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This 15 credit Master Thesis is part of the 60 credit Master’s in Mechanical
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Technologies, Lightweight Design, Development of Product and Manufacturing
Technology, and Process and Production Improvement) taken in this degree
programme have been extremely beneficial in deepening our theoretical and

pragmatic mechanical engineering knowledge —for this, we are eternally grateful.

We would like to thank our professor, programme director, and thesis supervisor
Aron Chibba for his guidance and knowledge throughout the development of our
thesis. We enjoyed being able to learn from Aron throughout many class lectures
and individual meetings, and we look forward to further developing our knowledge

and skills as engineers, be itin academia or in industry.

Thankyou,

Kevin Osterberg and Akshay Sajeev



ii. Abstract

This thesis is a systematic literature review on the integration of sustainable
design/manufacturing and policy methods of electromechanical systems with
performance indicators. Additionally, the history, current state of the art, and

future of electromechanical systems are examined in a similar manner.

The research and analysis that comprises this paper was performed as a means of
contributing useful and productive theory (and pragmatism) to the field of
sustainable engineering so that advancements can be made to combat climate
change (that results from electromechanical engineering practices) without

compromising on essential material properties or functions of various systems.

Itis through a combination of material selection, total lifecycle thinking, sector-
based system design/manufacturing, and thoughtful yet realistic international

regulations that this goal can hopefully be achieved.



ili. Abbreviations

AM Additive Manufacturing

CAD Computer-Aided Design

EMSs Electromechanical Systems

FEA Finite Element Analysis

GHGs Greenhouse Gases

LCA Life Cycle Assessment

LCC Life Cycle Costing

M&S Modeling and Simulation

PRISMA | Preferred Reporting Items for Systematic Reviews and
Meta Analyses

SLR Systematic Literature Review
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1.Introduction

1.1 Background

Electromechanical systems (EMSs) can be broadly defined as devices or machines
that involve both electrical and mechanical processes (Abu-Khader, 2008). Simply
put, in electromechanical systems, electrical energy produces mechanical
motion, orvice versa. Electrical components (detectors, actuators, capacitors,
etc.) interact with mechanical parts (gears, belts, bearings, etc.) to form an
apparatus that can interact with the environment, sentient beings, or other
inanimate objects for a variety of purposes. The range of these type of products are
nearly infinite; this includes household items (microwaves, dishwashers,
refrigerators and dryers), protection-based devices (circuit breakers and lightning
arresters), public transportation systems (trains, trams, monorails, etc.), and other
miscellaneous structures (hydraulic presses and motors). Despite how universal
and convenient such amenities are, electromechanical systems are culprits for air
pollution, water and soil pollution, waste accumulation, and greenhouse gas
emission (Dmytro, 2020). Environmentally sustainable design (product design that
produces the least amount of environmental pollution), therefore, is crucial to
combat the plethora of negative effects (droughts, wildfires, food and water
insecurity, loss of biodiversity, habitat destruction, storm intensification, etc.) that
are a likely result of environmental contamination and climate change. However
desirable itis to create engineering products sustainably, it is equally necessary to
ensure that performance indicators (mechanical/electrical/thermal/chemical
material properties, specific system functions) are maintained for product
effectiveness, reliability, and safety. Therefore, this paper will function as a
systematic literature review in which there is an equal emphasis on how to (in the
form of engineering design and policy implementation) integrate environmental

sustainability into various electromechanical systems, while maintaining markers



of performance. It is also worth noting that pollution (leading to environmental
degradation) can come in many forms (air, water, soil, thermal, plastic, etc.); in this
article, issues such as climate change from pollution will mostly be discussed
from the perspective of greenhouse gas emissions (carbon dioxide, methane,
nitrous oxide, water vapor, and fluorinated gases) and toxic metal accumulation

(lead, mercury, cadmium, and nickel) (Ritchie 2020, Verma 2020).

DIGITAL CONTROL
CONTROL ELECTRONICS
SYSTEMS

MECHATRONICS ELECTRONIC

SYSTEMS

MECHANICAL ELECTRO-
CAD MECHANICS

MECHANICAL
SYSTEMS

Figure 1. Mechatronics/robotics illustration showing the integration of
electromechanics in the broader field of interdisciplinary engineering. Source:

American Society of Mechanical Engineers



1.2 Aim of the Study

This paper will address the history, current state of the art, and future, of
sustainable (and necessarily functionable) electromechanical system design and
implementation in two main industries: everyday (small-scale and residential)
household apparatuses, and large-scale/industrial settings. By focusing on these
two fields, both small- and large-scale ideas can be considered, and there can be a
well-rounded/all-inclusive analysis of the various technology and legislature that

affects this design and implementation process.

1.2.1 Problem Definition
In this paper, the answers to the following research questions will be found:

Q1. How can sustainable electromechanical systems be introduced into large-

scale industries?

Q2. How can everyday household electromechanical systems evolve to become

more sustainable?

Q8. What are the most effective optimization techniques for reducing

environmental impactin electromechanical systems?

Q4. What role do regulatory frameworks play in sustainable electromechanical

design?

By answering these questions, itis a wish to be able to find a new path forward
regarding the design and integration of eco-friendly electromechanical systems,
and a hope that this “green” pathway will be accepted in various engineering

industries throughout the world.



1.3 Limitations

This project functions as literature review paper. Given this, the solutions to the
aforementioned research questions will be found in or based on previous (yet still
recently conducted) findings. Additionally, there were difficulties in finding a
company to sponsor the research of this paper, as both authors had little to no
connections with nearby companies. Therefore, all supervision and guidance will
be provided from faculty of Halmstad University, and all research/testing will be

conducted at various labs and computer rooms throughout Halmstad University.

1.4 Individual Responsibilities and Efforts During the
Project

For this research paper (and the various presentations of it), both authors have
assumed equal responsibility for all sections. Therefore, as far as practicable and
possible, the workload (including time spent researching) for the creation,
development and finalization of this thesis was split evenly as well. Both authors
have checked each other’s work and discussed disagreements when they

occurred so that a sensible and consistent consensus could be reached.

1.5 Study Environment

This research paper was researched and written at various quiet and well-lit
libraries and/or computer labs throughout Halmstad University. Outside of normal
university hours, the authors would work on their personal computers in their living

spaces.



2.Methodology

2.1 Alternative Methods

To comprehensively address the research questions, several methodologies could
be considered, while each one have their pros and cons. The selection of an
appropriate research approach is critical to addressing the research questions
effectively. There are different ways to examine and explain a study and its findings
based on using numbers as a measure, a descriptive style, or a mixture of both
(Taherdoost, 2022). This section explores the various methodologies that could be

adopted.

I.  Analytical Method
Analytical method is the systematic approach used to examine, interpret,
and draw conclusions from data or theoretical material. According to Delen,
Analytics is a variety of methods, technologies, and associated tools for
creating new knowledge/insight to solve complex problems and make better
and faster decisions. Analytics is a multifaceted and multidisciplinary
approach to addressing complex situations (Delen, D 2020). It involves
breaking down complex information into smaller components to understand
patterns, relationships, and underlying meanings. Various techniques such
as mathematical modelling, finite element analysis, life cycle assessments,
and simulations can be used to evaluate the performance and
environmental impact of electromechanical systems.
The limitations of this method are that the accuracy of analytical models
depends on the availability and reliability of input data, which may not

always be accessible. It is also computationally intensive. Advanced



simulations (FEA, energy modeling, etc.) require high-performance

computing resources, which may not be readily available.

Experimental Method

Experimental methodology is a systematic approach used to test
hypotheses by manipulating variables and observing outcomes under
controlled conditions. According to Taherdoost (2022), The main steps for
experimental methods include: 1) Identifying the participants and variables
2) Identifying the materials and instruments 3) lllustrating the design of the
research using figures and appropriate notions.

Itis commonly used in scientific, engineering, psychological, and medical
research. Lab experiments (controlled environment) and field experiments
(real-world setting) of electromechanical systems could be conducted to
assess the performance and environmental impacts of these systems under
different conditions. Prototype testing can also be used to evaluate
electromechanical systems in a controlled environment.

Limitations include: setting up experiments that require specialized
equipment, achieving adequate laboratory space, and securing funding for
materials and sensors. It is also a very time intensive process, as setting up
and testing prototypes and collecting data over different conditions can be

lengthy, delaying project timelines.

Design and Development Method

The “research and development” processes were separate, though related,
dependent, and sequential (Richey.R, 2007). Desigh and Development
(D&D) methods are generally used in research based on engineering,
computer science, product design, architecture, and applied sciences to

create and evaluate new systems, prototypes, or solutions. This approach



V.

emphasizes iterative design, prototyping, testing, and refinement to solve
practical problems. It involves designing or improving electromechanical
systems using sustainable principles and advanced technologies.

Itis difficult to validate without prototyping. A design may seem optimalin
theory but fail when tested in unpredictable and continuously changing real-
world conditions.

Design and development method is usually proved to be very time intensive
process, and computationally intensive.

It requires high-performance computing resources, which may not be

readily available.

Empirical Method
Empirical methodology involves collecting and analyzing observable data to
answer research questions. It relies on true evidence rather than purely

theoretical reasoning. Empirical study can be further classified into two

types.

a. Quantitative Method
Quantitative research is the method of employing numerical values
derived from observations to explain and describe the phenomena that
the observations can reflect on them. This method employs both
empirical statements, as descriptive statements about the meaning of
the cases in real words not about the ought of the cases, and methods
(Taherdoost, 2022). It Involves numerical data collection and statistical
analysis to address the research questions, in this case to measure
system efficiency and sustainability of electromechanical systems. It

includes collecting data from surveys and large-scale data collection,



experiments, secondary data analysis and questionnaires.

Requires extensive datasets, which may not always be publicly available
or reliable.

Survey results may not be fully representative of industry-wide or

consumer trends as there may be sampling bias.

. Qualitative Method

In general, these methods aim to address societies’ scientific and
practicalissues and involve naturalistic and interpretative approaches to
different subject matters (Taherdoost, 2022). It involves hon-numerical
data and thematic analysis to address the research questions. Explores
regulatory frameworks, industry perspectives, and sustainability trends
through non-numerical analysis. Data is collected through expert
interviews such as insights from engineers, policymakers, and
sustainability experts, case studies and focus groups, as well as
secondary data analysis.

Limitations are that the results usually depend on the perspectives of
interviewed experts, which may introduce biases and conducting

interviews. Analyzing policy documents requires significant effort.

Mixed Method

Mixed-method methods simply employ a combination of both qualitative
and quantitative approaches based on the purpose of the study and the
nature of the research question aiming to provide a better understanding
of the subject (Taherdoost, 2022). It integrates both numerical and
textual data. Mixed methods can provides a more comprehensive
understanding of research problems. It compensates for the limitations

of standalone qualitative or quantitative methods.



The limitation of this method is that it requires more time and resources,

and complex data handling can be challenging.

2.2 Chosen Method

This section aims at discussing the chosen methodology for this research. Given
the limitations of the above discussed methods, Systematic Literature Review
(SLR) process, structured with the Preferred Reporting Iltems for Systematic
Reviews and Meta-Analyses (PRISMA) framework is adopted. This helps to ensure
transparency, and reproducibility in the selection, screening, and synthesis of
studies (Page et al, 2020). Page describes PRISMA as a methodological guideline
that provides a structured way to report systematic reviews and meta-analyses. It
includes a 27-item checklist and flowchart that help ensure clarity, transparency,
and reproducibility of the review process, and is applicable across disciplines —
including engineering and sustainability. The methodology describes how data
from the available resources are collected, analyzed and presented. PRISMA was
developed to improve the quality of how systematic reviews are reported, making it
easier for readers to assess their validity and usefulness. The 27 items checklistin
the PRISMA statement are divided into main sections categorized as 1) title, 2)
abstract, 3) introduction, 4) methods, 5) results and 6) discussions and 7) other
information such as if any funding involved, etc. This checklist ensures that all
critical aspects of the review process are documented. PRISMA also includes a
standardized flow diagram to show many records were identified through
databases, screened, excluded and included in the final study. Use of PRISMA

2020 has the potential to benefit many stakeholders. Complete reporting allows



readers to assess the appropriateness of the methods, and therefore the

trustworthiness of the findings (Page et al,2020).

Using PRISMA methodology to address the four research questions mentioned in

the previous section, it is important to clearly define the scope and key focus areas

of each research question. Below, the table shows the scope and key focus area

each research question corresponds to. This helps to identify studies or reviews

throughout various databases by identifying the key focus areas.

Research Scope & Key Focus Areas
Question
Q1: Large-scale industries (powerplant, steel, cement, transport) &
Industrial sustainable electromechanical solutions (energy-efficient motors,
Adoption waste heat recovery)
Q2: Sustainable home appliances (HVAC, washing machines, refrigerators,
Household lighting) and energy-saving technologies
Systems
Q3: Material selection (lightweight alloys, bioplastics), system design (smart
Optimization loT integration), energy efficiency (low-power electronics)
Techniques
Q4: Impact of ESPR, Ecodesign Directive, ISO 14006
Regulatory
Frameworks

Table 1. Scope and key focus areas of corresponding research question.

A structured and reproducible search strategy is used to identify related studies

and research papers relevant to sustainable development of electromechanical




systems in large-scale polluting industries (those that contribute high percentages
of total greenhouse gas/heavy metal emissions or that exceed industry standard
thresholds) , advancements in household electromechanical systems, effective
optimization techniques in reducing environmental impact and impact of
regulatory frameworks to reduce emissions. Atool for acquiring research datais
the Halmstad University database. This database features many collections of
medical, psychological, engineering, and multi-disciplinarian papers, all organized
into sub-databases. The sub-databases that were used most frequently are
ScienceDirect, arXiv, IEEE Xplore, and Scopus. The Google Scholar and Web of
Science databases were also utilized. An extensive search was conducted in these
databases for each of these questions with search strings “heavy industry”,

» » » &

“pollution reduction”, "carbon emissions”, “electromechanical systems”,

» <« €«

“sustainable technology”, “ energy efficiency”, “renewable energy”,

» & » ¢

“performance”, “home appliances”, “green technology”, “low-power design”, loT

» <«

smart appliances”, “material selection”, “lightweight alloys”, “system design”,
“energy efficiency”, “optimization methods”, “ Ecodesign directive”, “ ESPR”, “ISO
14006”, “sustainability standards”. Given below is a schematic representation

build using PRISMA framework.



Identification

Screening

Included

Identification of new studies via databases and registers

Records identified from:
Databases (n = 340)
websites (n=2)

Records removed before screening:
Duplicate records (n = 32)

—— Records marked as ineligible by automation

tools (n = 144)
Records removed for other reasons (n= 70)

Records screened
(n=294)

Records excluded
(n=27)

l

Reports sought for retrieval
(n= 67)

Reports not retrieved
Non English (n = 4)

Reports assessed for eligibility
(n=63)

Reports excluded:
Published before 2010 (n =12)

No empirical data (n = 4)

New studies included in review
(n = 46)

Reports of new included studies
(n=0)

Figure 2. Prisma flow diagram depicting number of studies identified, screened and

included. (Source: Haddaway, N. R., Page, M. J., 2022 PRISMA2020: An R package

and Shiny app for producing PRISMA 2020-compliant flow diagrams)

Identification: The above-mentioned key words were used for identification of

records throughout various databases. These terms were either searched

individually or by combining them with Boolean operations such as “OR”, “AND”.




Boolean operations are used in the database searches as it helps to combine and
expand keywords to get more relevant search results. All relevant studies across
the databases were identified and collected. Around 342 records were identified
including websites and articles and from there any duplicates which found were
removed immediately before screening. Few were removed due to other reasons,
most likely due to their non-relevance to the topic as depicted in the Prisma flow

diagram.

Screening: The selected articles were then reviewed for relevance. Studies
published within the last 10-15 years were considered relevant to ensure up-to-
date research. Non-English publications, unless translated, and studies without
quantifiable environmental or performance impacts were excluded. The studies
selected are mainly focused on sustainable electromechanical systems and
related processes and activities that are linked to environmental sustainability,
specifically in areas such as emissions, green practices, energy consumption, etc.
The articles related to sustainable electromechanical systems were considered
relevant while documents that did not exhaustively cover the topics or related
areas were excluded from the review. Non-English papers where translations were
not available, and studies not related to electromechanical systems or

sustainability were excluded.

Inclusion and data extraction: From here, a two-stage screening process were
conducted. Articles were browsed by scanning the headlines and selected to
potentially be reviewed in this paper provided that the abstract and conclusion of
an article were insightful and offered unique perspectives on this vast topic by
manually by two independent reviewers, any disagreements were resolved through
discussion or third-party arbitration. Al-assisted literature review tools were also
adopted for collaborative screening. Of potential articles to be reviewed, a few

were selected upon a full reading of the article, with relevancy to the topic and



research questions being the primary determinant of article selection. Inclusion
criteria were that articles had to contain experimental data, simulation results, or
policy implications related to electromechanical systems. Articles were excluded
if they lacked empirical results, focused only on software/control without
environmental implications, or were opinion/editorial pieces. Studies which were
irrelevant based on these criteria were not included. Each papers selected was
based on relevance to one or more research questions. A data extraction
framework was used to systematically collect key information such as study
details (author, year, journal/conference), research methodologies used, areas
explored, key findings (energy performance, emissions, durability, lifecycle

metrics) and conclusions.

3.Theory

3.1 History of Electromechanical Engineering

Throughout the nearly 200,000 years of human existence (Gross, 2014), pragmatic
electromechanical engineering has only been practiced for around 200 years. In
1822, Michael Faraday (an English chemist and physicist concerned with
developments in electromagnetism) invented the first electric motor (Royal
Institution, 2022). Faraday understood that if a current is passed through a wire, a
magnetic field will be formed around it. He then conducted an experiment in which
he partially submerged one end of a wire in a glass of mercury and attached the
other end of the wire to a battery. A stationary magnet was then placed in between
the two ends of the wire, in contact with the end of the wire submerged in mercury.
From here, Faraday observed that the magnetic field surrounding the wire
interacted with the magnetic field surrounding the magnet, causing the wire to

rotate. This seemingly inconsequential discovery is considered the earliest



example of electromechanics “in action” as electrical energy was converted into
mechanical energy (motion) through electromagnetism principles. As time
progressed, electromechanical devices naturally became more sophisticated.
Years later, Samuel Morse and others would create the electric telegraph, allowing
long distance communication through the transmission of electrical signals across
lengthy wires (Wenzlhuemer, 2007). Alexander Graham Bell would later enhance
this invention by allowing voice to be relayed across said electrical wires by
converting sound (from the speaker) into electrical wires, then replicating the
sound to the receiver (Soloman, 1978). This is just one example of the butterfly
effect within electromechanical engineering — one relatively simple invention
spawning more efficient, precise, and reliable products as time and technology
progresses. Countless more examples (sewing machine, radio, robotic automation
arms, medical devices, drones, etc.) can be observed throughout the relatively
new field of electromechanical engineering. However, the negative effects on the
environment due to industrialization and fossil-fuel burning were not realized until
many years later. The earliest discovery of the detrimental effects of carbon dioxide
(notincluding other greenhouse gasses (GHGs) like methane and nitrous oxide) on
the earth’s surface temperature was in 1896; A Swedish scientist Svante Arrhenius
calculated the degree to which atmospheric carbon dioxide would raise the
temperature of the earth’s surface through the greenhouse effect (Science History
Institute, 2024). This process of fossil-fuel burning at an extensive scale, Arrhenius
thought, would lead to a phenomenon known today as global warming (Arrhenius,
1896). Unfortunately, this discovery (itself occurring 74 years after Faraday
invented the first electromechanical system) was not widely accepted for another
~90 years, the absolute earliest time being the formation of the Intergovernmental
Panel on Climate Change (IPCC) in 1988, in which a global consensus was reached
on the idea that human activities were directly linked with deteriorating climate

health (Weart, 2008).



3.2 Current State of the Art

Electromechanical systems today are, many times, designed to be less
environmentally catastrophic given their increased energy efficiency, and
therefore, lower long-term greenhouse gas emissions (Esteves et al, 2013).
Additional considerations, like designing EMSs to have longer life cycles and be
more properly disposed of at the end of their life, are additional performance
maintaining and environmentally preserving (respectively) measures of modern-
day EMSs (Devoldere, et al, 2012). However, there are still a wide range of ways in

which current EMSs are detrimental to the health of the environment.

3.2.1 Materials

Material selection is an ever-growing concern for product development in many
industries, and in the various engineering industries, it is paramount for the
function, performance, and sustainability of almost all creations. Within designing
and developing an electromechanical system, material selection is one of the first
and most important steps in potentially mitigating environmental harm that is
caused by engineering manufacturing (Bendig, Stegemann and Gisa, 2023). Many
electromechanical systems use materials like rare earth metals and plastics for
numerous purposes. Rare earth metals are desired for their magnetic, conductive
and thermal properties, and are used as permanent magnets and batteries in
electric motors, fiber optics, smartphones, and electric vehicles (Horner, 2024).
Examples of such metals include lanthanum, neodymium, terbium, europium, and
samarium. Plastics have useful properties in electromechanical systems as well.
For one, plastics are great electrical insulators, making them extremely useful as

material for circuit boards and wiring insulation (Olenik, 2025). Plastics are also



lightweight and have a high degree strength, which is especially useful in electronic
devices and control panels that are subjected to stress or impact (British Plastics
Federation, 2025). Additionally, plastics are great at resisting heat and corrosion,
making them ideal candidates for usage in electrical components (switches, wires,
etc.) (Jia et al, 2022). It can be very difficult to find replacements for rare earth
metals and plastics that not only are much more eco-friendly (contribute less toxic
metal and radioactive pollution, reduce carbon emissions, are biodegradable or at
leastrecyclable, etc.), but that maintain the previously mentioned characteristics
and properties that are needed in many electromechanical systems. Using
traditional metals instead of plastics isn’t necessarily the solution as metals lack
the high strength-to-weight ratio of plastics, and they are not nearly as able to
resist corrosion as plastics either (Klockner, Reemtsma and Wagner, 2021).
Glasses and ceramics have notable hardness and heat-resistant properties, yet
they are lacking in regard to ductility and impact resistance (Sharma, 2024). In
terms of magnets, rare earth metals, despite being more environmentally
hazardous, possess far greater magnetic strength and energy efficiency than that

of regular magnets (Cui et al, 2018).

3.2.2 Modeling, Manufacturing, and Maintenance

After material selection, this phase (modeling, manufacturing, and maintenance)
encompasses the remainder of the design and development process of
electromechanical systems. Modeling and simulation (M&S) allows engineers,
architects, computer scientists and various other scientific professionals to test
ideas and questions about a system, before having to actually create and evaluate
a system in the physical (real) world. Regarding M&S, life cycle assessment (LCA) is
a tool that is continuously used for the improvement of sustainable performance
throughout the life cycle of many engineering systems (Hannouf and Assefa, 2018).
LCA measures the negative environmental effects (water and land usage, airborne

emissions, material waste, energy consumption, etc.) of product creation by



analyzing a multitude of factors (raw material gathering, manufacturing and
assembly processes, transportation, product use, maintenance, recycling, etc.)
involved in the product’s life cycle (U.S. General Services Administration, 2024).
This life cycle assessment tool is especially helpful (and performed) in the early
design phase, in which modeling and simulation will lay the foundation for eventual
product prototyping/development. LCA application allows for designs that reduce
costs and environmental pollution/emissions (by optimizing designs for minimal
material waste and maximum energy efficiency) while maintaining markers of
performance (decreased weight and improved lifetime and mechanical properties
with alternative materials) (Hernandez et al, 2017). Life cycle assessment can be
found as a standalone software (GaBi, SimaPro and OpenLCA), or a built-in/coded
feature in many M&S or computer-aided design programs (SolidWorks, Ansys
Granta, MATLAB and Simulink). Although system improvements (energy efficiency
and lightweight components) have been paired together with environmental
sustainability characteristics (less fossil fuel consumption due to decreased
energy requirements, less material waste and accumulation in the environment,
etc.) through sophisticated M&S and CAD software, creating accurate and up-to-
date models that sufficiently analyze the multitude of electromechanical
components and complexities in a larger apparatus continues to be a challenge

(Muroyama et al, 2011).

Regarding manufacturing, many advancements have been made in the practical
application of “ecomechatronics”. Ecomechatronics is a developing intersectional
engineering field which focuses on the development of mechatronic systems
(those that combine electromechanics with controls and programming) in ways
that improve machine performance and simultaneously reduce environmental
harm (Onu, Pradhan and Mbohwa, 2023). For one, as previously mentioned,
sustainable manufacturing usually utilizes materials with high durability (such as

nanomaterials) that simultaneously maximize energy output while minimizing



energy waste. Nanomaterials (materials that measure between 1 and 100 nm), for
example, are being explored for their ability to mesh sustainability with
performance benefits (lightweight build and energy efficiency) in the field of
electric vehicles (Adegbite et al, 2023). Electromechanical manufacturing in
general has been trending towards the inclusion of non-toxic and biodegradable
materials that increase wear and corrosion resistance, combining sustainability
efforts with a sharp focus on performance markers like reliability/longevity (Sorour,
2024). Additionally, EMSs of the modern era have evolved to reduce unwanted
noise and vibration, both of which can negatively affect system performance,
longevity and operator safety (Pasupuleti, 2020). Vibrations (physical motion of
mechanical components) oftentimes generate noise (sound produced during
machine/system usage), and usually a mitigation of vibration decreases noise
production due to the cause-effect relationship between the two phenomena. This
minimization process can be done through passive (isolating, damping and
absorbing noise/vibrations without any external control systems) or active (using
external control systems to observe and eliminate noise/vibrations) control
methods, both performing specific functions (Miljkovié, 2009). Passive control
methods could be as simple as constructing a physical barrier to isolate noisy
robotic equipment or using dampers to convert vibrational energy into heat,
reducing vibrations and noise while simultaneously increasing the stability and
accuracy of the machine in question (Modi, 2023). The passive control methods,
although low-maintenance and cost-effective, are not adaptive to changing
environments or complex systems. Active control methods, however, are great for
high-performance industries (aerospace, robotics, etc.), despite their higher cost
and external power requirements. Active control methods use feedback loops in
which sensors identify noise/vibration, controllers use algorithms to find an inverse
signal which can cancel out the initial signal of the unwanted stimuli, and

actuators which apply the inverse signal, minimizing or entirely eliminating the



noise/vibration (Modi, 2023). This real-time remedial action can be seen in various
electromechanical technology, such as in nhoise-canceling headphones, surgical
robots, CNC machines and aircraft cabins. Current electromechanical systems
also seek to control heat generation through a practice known as thermal
management. Thermal management is the process by which heat generation is
controlled through the regulation of the temperature of electromechanical
systems. In EMSs, heat can be generated both mechanically (through friction) and
electrically (from resistance in circuits). The removal of this generated heat can
improve system reliability as operating temperatures are lowered (leading to
decreased instances of material fatigue) and thermal-based failures are minimized
(bearing failures, joint cracking, etc.) (Narumanchi, 2016). Additionally, thermal
management can enhance energy efficiency through the lengthening of battery
(specifically lithium-ion batteries) lifespan as heat (and the energy from heat) is
eliminated via various thermoelectric cooling systems, causing less damage from
corrosion and fatigue. (Togun et al, 2024). Finally, these component lifespan and
energy efficiency increases lead to lower energy consumption and a reduction in
additional manufacturing (needed to repair or replace failing electromechanical
machinery), both of which lower fossil-fuel consumption and thus positively

benefit sustainability practices within electromechanical engineering.

3.2.3 Policy and legislation

The design and development of electromechanical systems are increasingly
influenced by a robust framework of regulatory policies and technical standards.
Within the European Union (EU), these frameworks aim not only to ensure safety
and performance but also to guide systems toward greater environmental
sustainability. The regulation of electromechanical systems within the European
Union (EU) is governed by an integrated set of policies and standards which are

aimed at improving energy efficiency, environmental performance, and material



circularity. These policies and standards have evolved substantially ever since they
were introduced, moving from a narrow focus on operational energy savings to a
broader framework that includes durability, reparability, and recyclability of
products. The improvement of energy efficiency of products is a key pillar of
climate and energy strategy in the European Union (EU). The first EU product
policies were adopted in the late 1970s. After years of weak implementation,
considerable progress in terms of scale and ambition has been achieved in the last
decade. In 2020, product mandatory measures covered 50% of the EU total final
energy consumption, leading to 46 million tonnes of oil equivalent (Mtoe) energy

savings (Gonzales Torres et al, 2023).

The European Commission published the second Circular Economy Action Plan
(CEAP) in spring 2020. Under this comes the Sustainable Products Policy
Legislative Initiative. As part of this initiative, the Commission proposed a
regulation establishing a framework for Ecodesign Requirements for Sustainable
Products (ESPR) and repealing the Ecodesign Directive from July 2024 (European
Commission,2024). Itis the cornerstone of the Commission’s approach to achieve
more environmentally sustainable and circular products. The Ecodesign Directive
in Europe (European Union, 2009) can been considered one of the first policy
examples applying life cycle thinking while addressing product

performance. Ecodesign literature discusses strategies, methods, and tools for
developing sustainable—also referred to as “green”—products, in order to balance
economic and environmental benefits (Baumann et al., 2002). At the same time,
the Energy Labelling Regulation (EU 2017/1369) functions to inform consumers and
encourage market transformation toward higher-efficiency technologies. It uses a
standardized A-G grading system and has had measurable impacts on consumer

choices and manufacturer product strategies (Gonzalez-Torres et al., 2023)

Additional policy instruments include the Restriction of Hazardous Substances

(RoHS) Directive (2011/65/EU), which limits the use of specific toxic substances in



electrical and electronic equipment, and the REACH Regulation (EC No
1907/2006), which governs the safe use of chemicals in the EU. Both directives
have direct implications for material selection and product safety in

electromechanical system design.
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3.3 Future of Electromechanical Systems

Ever since the integration of mechanical and electrical systems, often referred to
as electromechanics, there has been a significant evolution in engineering and
technological design. This convergence has led to the creation of more complex,
efficient, and adaptive systems that have transformed industries and catalyzed
innovation (Ohalete et al, 2024). Electromechanical systems are integral to modern
technological developments and to numerous industries including transportation,

energy, manufacturing, and consumer electronics. However, EMSs also represent



a considerable source of environmental pollution, both directly through energy
consumption and indirectly through material extraction, component fabrication,
and end-of-life disposal. As sustainability becomes a defining priority for global
engineering, the environmental implications of EMSs are drawing increasing
scrutiny from researchers, regulators, and industry stakeholders. A major
environmental concern arises from the use of non-renewable resources such as
rare earth metals and petroleum-derived plastics. The extraction and processing of
these materials are energy-intensive and ecologically damaging (Horner, 2024). A
major part of the environmental degradation comes from the mining and
processing of rare earth elements, which are commonly used in high-efficiency
electric motors. These processes are energy-intensive and often resultin
significant chemical waste and habitat destruction (Binnemans, 2013). In addition,
EMSs are frequently designed with limited modularity or recyclability, leading to
excessive e-waste at the end of their operational life. Additionally, the production
of electric motors and actuators, the core components of EMSs, often contributes
to greenhouse gas emissions and hazardous waste, especially when these
systems are designed without regard for modularity or material recovery (Stozhok,

2024)

Over the last three decades, ecodesign methods and tools have been intensively
developed, such as Life Cycle Assessment (LCA) or Life Cycle Costing (LCC), but
their voluntary adoption by industry remained a challenge (Pigosso et al., 2015).
Recent studies advocate a shift toward environmentally sustainable EMS design.
Innovations in nano-engineered materials, like graphene and carbon nanotubes,
not only reduce component weight but also enhance energy efficiency and thermal
management. These characteristics are critical for the next generation of EMSs

used in electric vehicles, robotics, and industrial automation (Stozhok, 2024).

At the design level, digital twins and additive manufacturing (AM) are proving

effective in minimizing pollution across the product lifecycle. Digital twins allow for



real-time system optimization, reducing inefficiencies and unplanned downtime
that often result in excessive energy use or premature system failure (Tao et al.,
2018). AM enables localized, material-efficient production, which reduces
transportation emissions and manufacturing waste (Ngo et al., 2018). These tools
also support more modular and serviceable EMSs, enabling parts replacement

over full-system disposal.

As global environmental concerns continue to intensify, the role of
electromechanical systems (EMSs) is expected to undergo significant
transformation. Future EMSs will likely be characterized by a deeper integration of
sustainability principles, supported by advancements in materials science,
digitalization, and circular economy models. Sustainability has become a
cornerstone in the design of modern electromechanical systems. The integration
of these systems has facilitated the implementation of circular economy
principles, where waste is minimized, and resources are reused and recycled
(Ohalete et al, 2024). As additionally noted, the future of EMSs must be defined by
interdisciplinary convergence, integrating materials science, mechanical design,
electronics, and software systems into a coherent sustainability strategy. In doing
so, engineers and policymakers can address not only the technical performance of

EMSs but also their long-term ecological viability (Ohalete et al, 2024).

In conclusion, while EMSs continue to drive innovation, their future will
increasingly be assessed through the lens of environmental stewardship. The
pursuit of low-impact EMSs will require coordinated action across sectors,
encompassing material innovation, digital integration, regulatory alighment, and
supply chain transformation, to align engineering development with global climate

and sustainability goals.



4.Results

4.1 Presentation of experimental results

Regarding large-scale industrial settings, there are a few pragmatic options for
achieving a combination of sustainability and requisite performance within
electromechanical systems. For one, specific heat pump water heaters have been
found to reduce the consumption of energy by 26% when installed into industrial
heating systems, albeit with an increase in noise level during operation (Atasoy,
Cetin & Bayer, 2022). Furthermore, advanced control mechanisms (such as model-
predictive or time-based controls) have been shown to minimize energy
consumption in HVAC (heating, ventilation, and air conditioning) settings by
between 20% and 37% (Vogt et al, 2022). Aside from minimizing energy
consumption, significant reductions in carbon dioxide (greenhouse gas) emissions
can be seen in industrial electric motors which use variable speed drives - a type of
device that regulates the speed and force of motors while in operation - while
manufacturing quality and machine life span are simultaneously improved
(O’Brien, 2022). Additionally, with the introduction of air filtration systems in ore
smelting/metal processing factories, particulate matter contaminated with heavy
metals was reduced by ~75% (while also reducing energy consumption by ~50%

and nitrous oxide (greenhouse gas) by 20%) (European Commission, 2025).

In terms of small-scale electromechanical systems, such as those found in
household appliances, improvements in energy efficiency, durability, and
recyclability have yielded promising environmental benefits. One of the most
impactful strategies lies in enhancing energy performance during the use phase,
which constitutes most of the environmental impact over an appliance’s lifecycle
(Cravioto, Yasunaga, & Yamasue, 2017). Another core focus is durability and

reliability. A cross-category study was conducted across eighteen household



appliance types and found that consumers heavily prioritize reliability when
selecting products (Gnanapragasam et al, 2018). Electromechanical systems built
with improved component testing protocols and safety-focused design not only
last longer but also reduce the frequency of product recalls, which is both
environmentally and economically damaging (Marucheck et al, 2011). For
instance, the 2007 GE dishwasher recall, resulting in $200 million in costs and
substantial environmental waste, highlights the critical role of design standards

and regulatory oversight (SASB, 2015).

According to the use of nano-enhanced materials, such as graphene and carbon
nanotubes has helped in improving motor efficiency and thermal stability (Stozhok,
2024). For instance, it was reported that significant reductions in motor weight and
improved heat dissipation through the integration of carbon-based nanomaterials
in next-generation electric powertrains used in electric vehicles. These
enhancements contribute directly to increased energy efficiency and extended

system lifespan.

Another area of development is the integration of Distributed Energy Resources
(DERs) in residential settings. Devices such as rooftop solar PV panels, micro wind
turbines, and home battery storage systems are being increasingly used to
decentralize energy supply (Fiorini & Aiello, 2019). DER adoption has been shown
to reduce reliance on centralized grid infrastructure, lower transmission losses,
and provide direct energy to EMSs like HVAC systems and washing machines.
Studies show that such systems can cut carbon emissions significantly in homes

powered by a hybrid of grid and renewable sources (Yoro et al., 2021).

Policy frameworks like the Ecodesign for Sustainable Products Regulation (ESPR)
are further accelerating innovation by enforcing criteria that prioritize product
durability, reparability, recyclability, and material efficiency (European

Commission, 2024; Roland et al., 2020). According to data analyzed under this



framework, appliances designed in compliance with lifecycle-based criteria
exhibited longer operational lifespan, reduced resource consumption, and easier
disassembly for reuse or recycling. Circular economy principles (recyclability,

modaularity) enhance sustainability without sacrificing quality.

4.2 Presentation of results based on models and simulations

For large-scale systems, digital twin simulations have been introduced to predict
necessary adaptations in coolant pumps and air flow chambers for energy
efficiency and the optimization of operation processes (Soori, Arezoo and Dastres,
2023). These digital replicas enable real-time tracking and predictive modeling,
optimizing energy efficiency and identifying operational bottlenecks.
Complementing these findings, Muroyama et al. (2011) highlight how simulations
in sustainable manufacturing can be used to assess the energy and material
footprints of various configurations before implementation. Their work
underscores that a significant reduction in resource use and emissions is
achievable through early-stage M&S integration, especially when combined with

smart scheduling and predictive maintenance algorithms.

Life Cycle Assessment (LCA) modeling has been widely applied to EMSs to quantify
their total environmental burden—from raw material extraction through
production, use, and disposal. LCA tools, such as SimaPro, GaBi, and OpenLCA,
are often embedded within CAD software like SolidWorks and Ansys Granta.
According to Hannouf and Assefa (2018), LCA helps engineers prioritize low-
impact design choices and measure trade-offs between energy efficiency and
material use. For example, Hernandez et al. (2017) evaluated the life cycle impact
of traction motors used in electric vehicles and found that reducing motor mass
through material optimization directly correlates to lower emissions during both

the manufacturing and use phases. These models show that when lightweight,



durable, and recyclable materials are prioritized, EMSs become more efficient

without compromising functionality.

As systems become more complex, integrated simulation environments also allow
for the modeling of thermal behavior, which is essential for thermal management
in power electronics and electric machines. It has been shown that battery thermal
management systems simulated with advanced modeling platforms can
significantly enhance energy efficiency and reduce degradation over time (Togun et
al,2024). Simulations are also increasingly used to ensure that EMSs meet the
criteria established by environmental legislation such as the Ecodesign Directive,
ESPR, and REACH. Additionally, EMS prototypes modeled under EU regulatory
constraints were more likely to pass durability and recyclability benchmarks with
modeled products showing higher compliance success in durability simulations

(Gonzalez-Torres et al, 2023).

4.3 Analysis of the Results

Concerning large-scale electromechanical systems, industrial heat pumps (which
are engineered/optimized for energy use reduction or energy efficiency) are
supported by the scientific literature of the thermodynamic properties
of/advancements in heat pump energy expenditure (Arpagaus et al, 2018).
Advanced control mechanisms (model predictive control, fuzzy logic control,
adaptive control, etc.) have continuously been analyzed for their energy-reductive
techniques, with the ultimate consensus being that model predictive control (and
other control algorithms) can be used to optimize energy savings through building
efficiency automation (Killian and Kozek, 2016). In terms of emission reduction
(and machine/system lifespan improvement), variable speed drives usage in
motors have been positively associated with significant reductions in

environmental emissions while a reduction in mechanical stress leads to greater



manufacturing quality and component/system lifespan (Almeida, Ferreira, & Both,

2005).

On the household scale, LCA modeling confirms that energy usage during the
operational phase dominates total environmental impact, validating the focus on
improving use-phase efficiency (Cravioto et al., 2017). Consumer behavior also
plays a crucialrole, with reliability and durability being top purchase criteria

(Gnanapragasam et al., 2018), emphasizing the importance of design for longevity.

Model-based results further emphasize the effectiveness of digital twins, LCA
tools, and simulations for designing low-impact, high-performance EMSs. These
techniques provide pre-deployment validation, reduce resource consumption, and
increase compliance with policies such as the ESPR (Hernandez et al., 2017;

Hannouf & Assefa, 2018; Soori et al., 2023).

Together, the findings support the central premise that sustainability and
functionality are not mutually exclusive, but rather can be synergized through

thoughtful design, appropriate regulatory alignment and predictive modeling.

4.4 Discussion

This paper has confirmed that sustainability can be integrated into EMS design
without compromising on system performance, both in large- and small-scale
contexts. The overall results suggests thatitis not only possible, but increasingly
necessary to integrate sustainability principles into EMS design without sacrificing

performance or reliability.

The importance of regulatory framework has emerged strongly in promoting
sustainable designs. EU directives like ESPR and RoHS not only mandate
sustainable practices but encourage innovation by encouraging manufactures by

providing design inputs to redesign with environmental goals in mind such as



modularity, durability, and recyclability (European Commission, 2024). Thus,

regulatory frameworks clearly shape industry compliance and product innovation.

From a household perspective, user-centered design plays a critical role. Studies
show that durability and ease of maintenance are valued more by consumers
(Gnanapragasam et al., 2018). This suggests that manufacturers should prioritize
longer product lifespans, modular construction, and repairability, as these
characteristics align with both consumer expectations and sustainability

objectives.

Moreover, modeling and simulation tools (e.g., LCA, CAD, digital twins) are

indispensable for balancing design trade-offs, visualizing long-term impacts, and
ensuring regulatory compliance before systems are built (Hernandez et al., 2017;
Togun et al., 2024). These tools offer a means to proactively assess and enhance

EMSs across their entire lifecycle.

In conclusion, the findings support a multi-pronged strategy for developing
sustainable EMSs, one that integrates material innovation, behavioral insights,
lifecycle modeling and policy compliance. This research not only outlines the
technological pathways for sustainability in EMSs but also highlights the

importance of aligning engineering efforts with global environmental goals.

The following section will now try to answer each research questions (RQs) based

on facts and observation-based results:

RQ1: How can large-scale industrial electromechanical systems be optimized for

sustainability without compromising performance?

. Energy efficient motors and drives



. Real-time monitoring systems

o Eco-design concepts (material and life cycle optimization) and tools (Life

Cycle Assessment)

o Heat waste minimization and reusage

RQ2: How can everyday household electromechanical systems evolve to become

more environmentally friendly and sustainable?

o Most energy is used by appliances during their use phase - causing most of
their overall lifecycle impact - making it the most effective stage to target for

improving energy efficiency

. ESPR-compliant appliances offer longer lifespan and are easier to repair

and recycle

. Consumer preference research shows that users value durability and
repairability, encouraging manufactures to make more reliable and sustainable

products

RQS3: What optimization techniques are most effective in reducing the

environmental impact of electromechanical systems?

o Model predictive control (and other advanced control techniques)
o Digital twin simulations
. Life Cycle Assessment (LCA)

. Renewable energy integration



RQ4: What roles do regulatory frameworks and industry standards play in shaping

sustainable and functional electromechanical system design?

. ESPR mandates product durability, modularity, and recyclability,

influencing EMS design early in the development process

. RoHS and REACH limit hazardous substances, guiding safe material
selection
. Regulations provide structure and enforce sustainable practices. They drive

innovation in design and material use

5.1 Conclusion

This work has explored how electromechanical systems (EMS) can be optimized to
reduce environmental impacts while maintaining/improving the functional
performance. By conducting a systematic literature review grounded in PRISMA
methodology, the paper examined empirical research, modeling techniques, and

policy frameworks relevant to EMS sustainability.

The results confirm that sustainability and functionality can be achieved together,
if systems are designed using data-driven methods, new materials, and lifecycle-
based thinking. Digital tools such as Life Cycle Assessment (LCA), digital twins,
and thermal simulations are increasingly used to predict and optimize system
behavior early in the design process allowing better control over energy use,
emissions, and resource efficiency. Additionally, regulations such as ESPR, RoHS,
and REACH are proven to play a key role in shaping environmentally responsible

product development.



5.1.1 Recommendations for Future Activities

Based on the results and insights from this study the following future research and
development activities are recommended for researchers seeking to advance

sustainable and functionable electromechanical system (EMS) design:

e Conduct case studies in manufacturing environments to validate the real-
world impact of digital twins on energy efficiency, fault prediction, and
lifecycle extension of EMSs.

e Develop and test modular EMS designs that enable component-level
replacement, reducing the environmental impact of disposal and full-
system replacement.

e Investigate alternative materials to rare earth magnets and plastics,
focusing on recyclability, thermal conductivity and mechanical strength.

e Implement optimized EMSs in real-world industrial and residential settings

to monitor actual savings in energy, emissions, and maintenance.



6. Critical Review

Ethics

All research for this thesis was conducted ethically. No humans, animals, or other
sentient beings were tested or experimented upon, and the motivation behind the
creation of this thesis was to reduce environmental harm while maintaining the
benefits of safe, reliable and useful electromechanical systems, which is in no way

unethical orimmoral.
Society

As life becomes more integrated with technology, human beings have the benefit
of convenience: various methods of transportation, heating/air conditioning,
television and the internet, etc. From this perspective, more machinery (and
concepts of machinery) being engineered is beneficial in the facilitation of
convenience, which frees up more time for people to spend on things that are

meaningful to them (instead of laboring unnecessarily).
The Environment

If thought of as a global entity, the environment must be treated with care and
respect (much like any organism or piece of equipment) to ensure longevity. As this
thesis directly addresses ways in which the environment can benefit from specific

engineering design/political legislation, there is no conflict here.
Operational Health and Safety

Both authors have professional work experience in which OSHA standards were
continuously followed. Additionally, all work practices were approved by this

thesis’ supervisor before any formal work began.
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