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The mechanical engineering industry is responsible for a significant part of the economy and industrial development. Also, this category includes industries such as automobiles, machine tools, aerospace engineering, heavy machinery and metal fabricators. The industries in this list use large amounts of energy during production, transportation, heating and processing. However, the energy consumption in these industries continues to be largely driven by sources such as fossil fuels that produce large amounts of CO2 emissions (Alikishiyev, 2022). The ageing industry has been evolving in terms of higher rates for the last few decades, and all around the world. It has created environmental pollution and climate change as a vital global problem. The global temperature has gone up by about 1.1°C from the pre-industrial era level, according to the United Nations (Adak et al. 2023). The primary cause behind it is the high emission of carbon from the industry.
The mechanical engineering industries have a higher level of carbon emissions due to the high usage of energy throughout the production process. Heat and electricity are used extensively in processes such as the production of steel, welding, casting and machining. Crippa et al. (2022) remarked that the International Energy Agency revealed that all manufacturing industries were releasing about 9.2 billion metric tons of CO₂ yearly across the globe. Therefore, to mitigate this problem, industries have adopted sustainable production processes. Sustainable manufacturing involves manufacturing goods using less harmful materials, energy conservation and minimal wastage. Technologies being used by firms involve the use of sensors, renewable energy sources and automated systems of manufacturing, which all would help develop energy-efficient machinery.
The real-life cases serve as an example of how the use of sustainable manufacturing can reduce emissions. In the Toyota manufacturing plants, energy-efficient equipment and renewable energy systems have been implemented in order to lower carbon emission levels (Singh et al. 2024). Similar actions are taken at Siemens, where they work towards improving industrial waste management and energy efficiency via smart manufacturing techniques (Godase, 2025). In addition, there are strict environmental regulations introduced in many countries that force companies to reduce their carbon footprint. This includes EU member countries that are setting carbon-reduction targets for themselves. Failure to meet these environmental standards may lead to penalties and increased operational costs.
Therefore, sustainable manufacturing becomes an absolute necessity in the case of mechanical engineering sectors. It becomes a critical element for firms in order to achieve environmental sustainability, increase efficiency, reduce energy costs, and conform to environmental regulations prevailing around the globe. Today, green technology and cleaner production are becoming essential factors towards attaining industrial sustainability.
[bookmark: _Toc230711335]Rationale
Carbon dioxide emissions occur the fastest in mechanical engineering industries that consume considerable amounts of fossil fuel-based energy, energy-intensive manufacturing processes and large-scale manufacturing units. Activities such as metal processing, cutting, welding, casting and transport involve a high level of energy utilisation, causing a significant increase in environmental pollution as well as greenhouse gases. Over-consumption of non-renewable energy resources at production units is another major problem facing the organisation (CHEN, 2024). Some production facilities may use electricity, heating or power generated from oil, coal or gas sources. According to statistics published by IRENA, almost a third of global CO2 emissions can be attributed to industrial manufacturing (Sattich, 2023). This is because, together with traditional manufacturing processes, the use of energy will cause more carbon emissions in the future.
The production of industrial wastes is now yet another problem to consider. For instance, when we talk about the mechanical engineering industry, waste metals, hazardous gases, water, and excess heat are generated throughout the manufacturing process. Mission: 2012 tries to limit the negative impacts of poor waste management practices, and minimise wastage utilisation (Rastogi et al. 2025). Additionally, traditional machines require more energy compared to sustainable machines. High cost of investment, absence of technology knowledge and unwillingness to embrace technology could hinder some organisations from being sustainable organisations. Meanwhile, small and medium-sized enterprises have found it very challenging to adopt new low-carbon technologies due to financial constraints.
However, there have been mounting pressures on industrial activities due to climate change in the form of rising temperatures as well as environmental regulations that require reduced levels of emissions. World initiatives to fulfil the objectives laid out by the climate agreement are putting mounting pressure on governments and environmental agencies to come up with environmentally friendly industrial operations. However, some industrial manufacturing processes cannot attain effective manufacturing in the environment. Therefore, there is a need to identify and implement sustainable manufacturing solutions in order to minimise the amount of carbon emissions by mechanical engineering industries.

[bookmark: _Toc230711336]Aims & Objective 
Amis
This study intends to discover methods of sustainable manufacturing that can minimise the emission of carbon into the atmosphere in the mechanical engineering sector.
Objective
· To investigate the main causes of carbon emission in mechanical engineering industries.
· To determine sustainable manufacturing processes that help in minimising carbon emissions.
· To investigate how sustainable manufacturing processes benefit mechanical engineering industries.
· To analyse the difficulties that mechanical engineering industries face in implementing sustainable manufacturing processes.
· To make recommendations on how manufacturing industries can become more sustainable.
[bookmark: _Toc230711337]Research Question
· What are the leading factors causing carbon emissions in the mechanical engineering industries?
· What are some of the sustainable manufacturing processes that reduce carbon emissions in mechanical engineering industries?
· How do sustainable manufacturing processes contribute to the benefits of mechanical engineering industries?
· What challenges does the implementation of sustainable manufacturing processes face in mechanical engineering industries?
· What recommendations can be given to make mechanical engineering industries more sustainable?

[bookmark: _Toc230711338]Significance of the Research
The significance of this study lies in the fact that it highlights the need for sustainable manufacturing in the mechanical engineering industry in order to minimise the emission of carbon dioxide and pollution of the environment. It will aid the industries in understanding how the use of energy, renewable energy, recycling, and manufacturing processes improves environmental performance. Moreover, the study will help the organisations in minimising the cost of operations while meeting the required environmental standards prescribed by the government.
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[bookmark: _Toc230711340]Energy-Efficient Manufacturing Technologies

The possibility of applying low-energy consumption manufacturing technologies that can help minimise carbon footprint becomes essential for the mechanical engineering industry. According to Raoufi et al. (2024), the traditional manufacturing processes based on electric and fossil fuel consumption result in significant energy losses in machining, welding, casting, and assembly. Energy-efficient machinery may positively impact energy efficiency and contribute to a cleaner environment through the substitution of inefficient machinery. In addition, as cited by Patterson et al. (2022), according to the International Energy Agency, businesses that employ energy-intensive technologies save about 20–30% of energy consumed in their operations. Companies monitor and control energy efficiency with the use of such technologies as CNC machines, automated production lines, and sensors. Those technologies optimize machine work and improve production efficiency.

On the other hand, existing literature gives the rationale for why predictive maintenance reduces carbon emissions through preventing machine breakdowns and energy wastage. As cited by Fasuludeen Kunju et al. (2022), the factories with Industry 4.0 technology are able to obtain instant information about the manufacturing process and improve operational efficiency. Indeed, there have been successful implementations of digital manufacturing systems by Siemens for increasing energy efficiency and minimising wastage in the industry. Dubey et al. (2024) noted that energy efficiency in the manufacturing process leads to benefits for environmental sustainability and increases productivity while cutting the operating costs in the process. Therefore, from the perspective of mechanical engineering industries, it can be viewed that the application of advanced manufacturing systems is a According to Kumar (2023), emissions reductions in manufacturing industries are essential in generation that minimizes CO₂ emission.
[bookmark: _Toc230711341]Renewable Energy and Green Manufacturing
ensuring that renewable energy becomes one of the key choices. The use of solar, wind, and hydro power will assist in reducing dependence on fossil fuels in mechanical engineering industries, according to numerous researchers. There are a lot of emissions generated during the combustion of coal and oil that are commonly used in the traditional process of generating electricity, thus causing the greenhouse effect and global warming. In addition, Kim et al. (2024) highlight that firms adopting renewable energy systems generate fewer carbon emissions as well as perform better environmentally speaking. Renewable energy, such as solar power, wind energy and biomass, is increasingly adopted by manufacturing plants in order to enhance sustainable manufacturing processes. Gan (2023) also remarked that the United Nations emphasises that in order to achieve climate change targets, there should be less industrial pollution and more renewable energy adoption.
Real-life examples could be cited from particular organisations like Toyota that have made their plants run using renewable energy sources. According to Li et al. (2023), sustainable manufacturing is defined as manufacturing that takes into account sustainable product design and sustainable material use and reduces the creation of waste in the process. Renewable energy was further explained in terms of its benefits as regards industrial image and industrial environmental compliance. However, as per the view of Wenten et al. (2024) renewable energy is one of the most effective means of sustainable manufacturing for reducing carbon emissions in the mechanical engineering industry despite all obstacles.
[bookmark: _Toc230711342]Recycling and Waste Management Practices
According to Wu (2022), Recycling and waste management are two essential methods of sustainable manufacturing technologies in the mechanical engineering industries. Huge quantities of metal wastes, water wastage, greenhouse gases and solid wastes are generated through the manufacturing process. Due to the absence of proper disposal measures, they release carbon into the atmosphere and also pollute the environment. In addition, Dey (2025) highlights that the use of recycled products such as steel, aluminium, and plastics helps save lots of energy in the manufacturing process, according to research. It takes lesser amounts of energy to recycle metals and other substances compared to processing fresh raw materials. Primary production of aluminium consumes approximately 95% more energy than secondary production of aluminium (Pedneault et al. 2023).
Moreover, there are considerable studies in the literature regarding lean manufacturing and circular economic strategies. As cited by Monem (2024), Lean Manufacturing is concerned with eliminating wastage and increasing efficiency in the process, without indulging in wasteful construction. Thus, according to circular economy approaches, a re-use, recycle, and recovery strategy is recommended, not wastage. Dziwiński (2024) noted that recycling initiatives have been put forward by BMW as part of its sustainable manufacturing operations to minimise wastage and emissions. The proper management of waste leads to efficient resource utilisation and reduced operational costs, claim authors. To conclude, literature proves that effective waste reduction campaigns go a long way towards environmental sustainability. Economic and environmental benefits may be derived from mechanical engineering industries through effective waste management techniques.
[bookmark: _Toc230711343]Theoretical Framework
Sustainable Manufacturing Theory and Triple Bottom Line (TBL) Approach are the theories that will be applied in this paper. According to Sustainable Manufacturing Theory, industries should minimise environmental impact without affecting productivity or economic growth. The theory emphasises the effective use of resources, minimal waste of materials, and energy efficiency, among others (Bataleblu et al. 2024). 
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Figure 1: Sustainable elements of the manufacturing processes
(Source: Bataleblu et al. 2024)
However, when the idea of TBL was introduced, it aimed at taking care of all the three dimensions of sustainability namely environmental, social, and economic aspects (Andersson et al. 2022). It is relevant to the area of mechanical engineering because the company will make profit while not leaving carbon footprints in the environment. Green Manufacturing and Circular Economy Theories will be used to provide a guideline in the development of approaches in this paper. These theories act as a source of motivation for firms involved in the manufacturing industry to incorporate green energy and materials. Efficient use of materials with an aim of minimizing waste is the essence of a circular economy (Draghici, 2022).
These theories are significant in this aspect since they provide knowledge about sustainable manufacturing operations and their impact on carbon emission in the mechanical manufacturing industries. This framework has the ability to incorporate relationships that exist between sustainability activities such as renewable energy and its impact on environmental performance. Therefore, it appears that the theoretical framework has successfully provided the definition of sustainability within the existing production systems.
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Figure 2: Conceptual Framework
(Source: self-developed)
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Several studies have been made on sustainable manufacturing techniques. However, there is a research gap in the area of mechanical engineering. According to Dziwiński (2024), various approaches to sustainable manufacturing can be used to reduce carbon emissions; yet, this author failed to consider the joint effects of energy efficiency, renewable energy, and recycling. Furthermore, most of these studies have been undertaken in the developed world. Little has been done in terms of developing nations. Dey (2025) was concerned with sustainability, yet did not address the ways in which sustainable manufacturing can reduce carbon emissions. Therefore, the current study aims to provide a broader approach towards sustainable manufacturing techniques, which will enable the researcher to explore its effectiveness in minimising carbon emissions from the manufacturing process of mechanical engineering industries.
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In the ongoing research, qualitative research methods involving primary and secondary data will be used to research sustainable manufacturing approaches that will help in reducing carbon emissions in the mechanical engineering industry. The research will adopt an interpretivist research philosophy since its core objective is to gain insights regarding views, experiences, and perceptions concerning sustainable manufacturing (Pervin, 2022).
Qualitative research design will be used in the study since it is going to provide an extensive insight regarding sustainability practices and industrial problems that will help to develop the issue under discussion. Qualitative research design helps in exploring sustainable practices adopted by industries in reducing carbon emissions. Data collection will involve interviewing key stakeholders working in the mechanical engineering industries, including engineers, production managers, and sustainability officers in such industries. The interviews will focus on various themes, including energy conservation, renewable use, reduction of carbon emissions, and sustainable waste management in mechanical engineering industries.
Secondary data can be found in academic journals, business publications, government publications, and publications by organizations like the International Energy Agency and the United Nations. This data will be used to analyze real-world statistics and existing research carried out by other researchers. The data collected will be analyzed using thematic analysis. Themes related to the research topic, such as energy efficiency, recycling, and renewable energy, will be explored to see how they reduce carbon emissions in mechanical engineering.
[bookmark: _Toc230711347]Ethical Consideration
It is important to mention ethical issues in the current research since they guarantee accuracy, confidentiality, and fairness in all stages of research. Before the commencement of the research process, people who are expected to be interviewed will receive an explanation about the objectives of the research. Voluntariness will be guaranteed, and every participant will be required to sign the informed consent form before becoming part of research activities. Privacy of personal information obtained from different people will be guaranteed in order to use the information academically. Participants' freedom to withdraw from participation at any time they wish will also be guaranteed.
[bookmark: _Toc230711348]Research Timeline 
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	Findings and Discussion
	
	
	

	Conclusion and Recommendations
	
	
	

	Final Editing and Proofreading
	
	
	

	Final Submission and Presentation
	
	
	



[bookmark: _Toc230711349]Expected Outcome 
This research should ensure the establishment of effective production processes in order to reduce carbon emissions from the mechanical engineering industry as well as improve its efficiency within the natural surroundings. It is expected that energy conservation techniques, use of renewable energy resources, recycling and proper waste management practices will be significant factors for sustainability in the mechanical engineering industry. The findings from this research will be useful for ensuring efficiency in industrial operations, reducing costs, complying with environmental regulations, and solving problems of climate change and pollution.
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