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[bookmark: _Toc196421156]Abstract
This report presents a comprehensive Life Cycle Assessment (LCA) of the suspension system used in the Morgan Plus 4, assessing its environmental impact from raw material extraction through to end of life disposal. Using a cradle-to-grave approach, the study focuses on two key metrics: energy consumption (MJ/kg) and carbon dioxide (CO₂) emissions (kg/kg), with data obtained primarily through ANSYS Granta material database software. Each component of the suspension system was analysed across four lifecycle phases, material production, manufacturing, use, and end of life which identifies the most energy and carbon-intensive stages.
The results show that the use phase is the most significant contributor to total CO₂ emissions, due to the influence of suspension component weight on vehicle fuel consumption. Material production, particularly when using virgin materials such as aluminium and high grade steel, also contributes significantly to environmental impact. In contrast, typical grade materials with recycled content significantly reduce energy and CO₂ outputs. A sensitivity analysis on the bushings revealed that although steel alternatives perform better in early phases, their increased weight leads to higher emissions during vehicle use, which makes aluminium the more sustainable choice overall.
The report supports Morgan Motor Company’s commitment to sustainable design and transparent environmental reporting. It provides clear recommendations to enhance sustainability, including increased use of recycled materials, lightweight design considerations, and process optimisation. While limited in scope to energy and CO₂ emissions, the findings deliver meaningful insights that can inform environmentally responsible product development and help align the company’s practices with evolving sustainability targets.
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· BEV- Battery Electric Vehicle
· CAD- Computer Aided Design
· CNC- Computer Numerical Control
· CO2- Carbon Dioxide
· EAF- Electric Arc Furnace
· ESG- Environmental, Social and Governance
· GWP- Global Warming Potential
· ICE- Internal Combustion Engine
· IMDS- International Material Data System
· ISO- International Organization of Standardization
· LCA- Lifecycle Analysis
· LCI- Lifecycle Inventory Analysis
· LCIA- Lifecycle Impact Assessment
· UWTSD- University of Wales Trinity Saint David
· VOCs- Volatile Organic Compounds
· WLTP- Worldwide Harmonized Light Vehicles Test Procedure






















[bookmark: _Toc196421160]Introduction
Currently, the importance for businesses to adapt to increasing environmental concern’s part takes in a significant responsibility to reduce their greenhouse gas emissions in their industrial activities. According to an analysis carried out by Statista, based on International Energy Agency data, cars and vans contributed to 48% of worldwide transport emissions in 2022 (Fleck, 2023). The consequences of environmental impacts associated with the emissions within the automotive industry, has resulted in an initiative to combatting current approaches in production which increase environmentally friendly methods, for example, using an increased number of recycled materials in manufacturing. A comprehensive approach to increasing sustainability is by carrying out a lifecycle analysis (LCA), which will evaluate a product’s environmental impact over its entire lifetime, from raw material extraction to the end of life use or disposal (Ecochain, 2024a). This report takes a cradle-to-grave approach on the entire lifecycle of a Morgan Plus 4 suspension system, assessing the emissions relating to the raw material extraction, refining and manufacturing processes, use in terms of the amount of weight affecting the miles per gallon (mpg) of the vehicle and the end of life use/disposal. This allows for an analysis to be conducted to determine which areas are the most emitting and where significant improvements can be made. The results from this study can be used to determine what is necessary to meet the sustainability goals of Morgan Motor Company, to increase their environmental sustainability when producing a traditional vehicle.	Comment by Kerry Tudor: I would add in a photo of a Morgan Plus 4 at this point and even one of the suspension.

[bookmark: _Toc196421161]Project Aims 	Comment by Kerry Tudor: I would incorporate all of this within the introduction, rather than a separate chapter. 
· To allow the company to be more transparent, by increasing consumer awareness on how sustainable their vehicle they are purchasing is. 

· To increase resource efficiency in the life cycle of the vehicle by improving the repurposing, reuse, and recycling of its components, to reduce waste and minimise the consumption of virgin materials.

[bookmark: _Toc196421162]Project Objectives
· To evaluate and quantify the environmental impacts associated with each stage of producing a traditional vehicle, by using ANSYS Granta to obtain the required information. 
· To determine the inefficient steps of the car manufacturing process, with an emphasis on reducing energy and material waste, and to suggest methods for improving resource efficiency. 
· To present consumers comprehensive and clear information about the vehicle's life cycle affects, enabling them to make more informed decisions concerning the sustainability of the vehicle they are purchasing. 

















[bookmark: _Toc196421163]Project Planning	Comment by Kerry Tudor: Remember new chapters should start on a new page. 
[bookmark: _Toc196421164]Timing Plan
Table 1.0 illustrates the time plan for each task throughout the project. Although adjustments made to the orders in which some were carried out and what was carried out. However, the table shown is the most updated version. 
[bookmark: _Toc196424645][bookmark: _Toc196424753][bookmark: _Toc196425928][bookmark: _Toc196481342]Table 1.0- Project Gantt Chart
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Constructing a life cycle analysis surveys the environmental impacts to evaluate a product’s environmental impact over its entire lifetime (shown in figure 1.1), from raw material extraction to the end of life use/disposal (Ecochain, 2024a). This is stated within the International Organisation of Standardisation (ISO) under the section of ISO 14044:2006, which explains the principles and frameworks for an LCA which must be met to follow the ISO, including the goal and scope of the LCA, an analysis of the lifecycle inventory (LCI) and an assessment and interpretation of the results obtained from an LCA. These are required so the LCA conducted is of standards (International Organization for Standardization, 2006). In addition, for an LCA to be produced to the correct standards, it must be carried out with the specific actions shown in figure 1.0.	Comment by Kerry Tudor: I would add in a diagram showing the stages of a life cycle, it will help you to explain what you are considering where. 
[image: A diagram of a life cycle
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[bookmark: _Toc196424838][bookmark: _Toc196425929][bookmark: _Toc196481343]Figure 1.0- Phases of a Lifecycle Assessment (Ecochain, 2024c)

The goal and scope phase determines the assessment's objectives and parameters. This involves identifying the environmental effects will be considered, as well as the products or life cycle stages (Shown in figure 1.1) that will be investigated (Stein, 2024). This stage begins with describing the study boundaries and extent of the elements that will be assessed and ends with determining how the assessment results will be used (Stein, 2024). 
[image: ]
[bookmark: _Toc196425930][bookmark: _Toc196481344]Figure 1.1- Steps of a Product Lifecycle (Ecochain, 2024c)

The LCI phase collects the required data for evaluation by looking at the inputs and outputs of materials and energy of the product’s lifecycle. The inputs and outputs which are identified and quantified within this section are usually raw materials or resources used, types of energy required in the lifecycle, water usage in the phases and emissions produced to air or water by substance (Ecochain, 2024c). 
Furthermore, a lifecycle impact assessment (LCIA) is necessary to investigate the environmental effects produced by the LCI phase (Stein, 2024). This includes quantifying the emissions produced at the various phases and analysing the ecological impacts throughout each stage of the product’s life cycle, such as, global warming potential, eutrophication potential, acidification potential or land degradation. These findings are then summarised, and recommendations are made for reducing these impacts by a systematic technique called the interpretation phase (Stein, 2024). According to ISO 14044:2006 the interpretation of the LCA should include identifying significant issues from the LCI and LCIA stages, evaluating the study, how complete the study is, if it’s carried out responsibly and consistently and that conclusions, recommendations and limitations can be constructed. This helps avoid premature judging (Ecochain, 2024c). 
[bookmark: _Toc196421167]Current Sustainable Techniques Used by Automotive Companies
[bookmark: _Hlk178435259]To achieve a more sustainable manufacturing process, Audi have created the largest rooftop photovoltaic system in Europe within its site in Györ, Hungary. This facility has assisted in the development of making the manufacturing stage of the Audi Q8 e-tron carbon-neutral (AUDI AG, 2023). Over 20,000 solar modules have been put on one of the facilities' roofs, spanning an area of 80,000 square meters. The next section of the project will add a similar number of modules to the second building's roof area to achieve an additional 80,000 square metres in solar capture area (Panker, 2019). In addition, to ensure that the production phase is sustainable, more than 99% of waste created is recycled (AUDI AG, 2023). 
Furthermore, to increase sustainability within material usage, Dacia is working to replace leather and chrome with more environmentally friendly alternatives. To cut reduce carbon emissions during manufacture, synthetic leather and an innovative paint finish will be utilised instead (Macklin Motors, 2022). Another method carried out by Dacia to reduce CO2 emissions during the use phase of their cars is to reduce the weight. This includes removing the features in vehicles, such as electric seats, as their CEO views these features as unnecessary. Moreover, they focus their efforts to designing parts the vehicle uses to be as light as possible (Toma, 2022). By using this approach towards sustainability, the latest production of the Dacia Jogger has been observed to be 20% lighter than its competitors, weighing at 1,200kg. The CEO claims that this has allowed the company to fit a smaller engine in the vehicle and emits 10% less CO2 emissions than Dacia’s rivals (Toma, 2022).
 As part of Triumph’s sustainable future, they have set to use E40 fuel in the Moto2TM World Championship to reduce their carbon footprint within the use phase of the bike’s lifecycle and are hoping to achieve the use of pure ethanol fuel (E100 fuel) by 2027 which is a plant based, renewable source (Triumph Motorcycles, 2022). These efforts by the company ensure that motorcycling can remain to be enjoyed responsibly, while simultaneously reducing emissions produced by the vehicles beyond the required amount according to worldwide and European legislation (Triumph Motorcycles, 2022).




[bookmark: _Toc196421168]Morgan’s Background and Sustainability Goals 
Morgan Motor Company has produced handcrafted sports cars for 116 years, starting in 1909, established by H.F.S Morgan. The business rapidly developed due to Morgan using motorsport and trialling to produce his invention of the three-wheeled cyclecar, and to make his company recognised (Morgan Motor Company, 2023). Currently, Morgan Motor Company represents individuality in the automotive industry, which is dominated by mass production, as Morgan predominantly carries out batch production when manufacturing their vehicles. The cars are produced within the Worcestershire, United Kingdom and are handcrafted with three core materials, which are aluminium, ash and leather. Each car is built uniquely to the consumer’s customisation using traditional crafting while incorporating cutting-edge, innovative technologies within the vehicle (Morgan Motor Company, 2023). 
Throughout 2022, Morgan Motor Company continued to discover the areas that can assist in ensuring the business can be increasingly sustainable. To ensure this occurs they have assessed the environmental impacts from business operations, and aims to reduce environmental impacts through production efficiencies, ethical designs and sustainable sourcing across all operations (Morgan Motor Company, 2023). Additionally, the company created an evolving ESG (Environmental, Social and Governance) strategy that acts in a decisive manner to mitigate environmental impacts and has dedicated their sustainability team to progressing those ESG programmes (Morgan Motor Company, 2023). Furthermore, Morgan Motor Company is a UN Global Compact participant, to aim for accelerating the global collective impact of the business by acting towards the UN Sustainable Development Goals. These goals included the Sustainable Development Goals 11, 12 and 13, which are sustainable cities and communities, responsible consumption and production and climate action (Morgan Motor Company, 2023). 	Comment by Kerry Tudor: I know you have it in your nomenclature but the first time you use ESG, you should put the full meaning. 	Comment by Kerry Tudor: Potentially you could expand on the UN SDGs to include some references from the UN and to show your understanding of each of those goals.
Additionally, Morgan have undertaken data collection on their greenhouse gas emissions and energy consumption across all sites under Morgan control, including substances such as, natural gas, water usage, fuel usage (petrol/diesel), waste and VOCs (see figure 2.0 and table 2.0). As well as emissions, Morgan have set up a new partnership with a local waste management company, to contribute to waste segregation and recycling and successfully achieve sending no waste generated to landfill (Morgan Motor Company, 2023). Concerning these figures they have set targets for 2023 for the business based on local government regulations. These include a 15% reduction in gas and electricity emissions linked with each car production, a 10% reduction in the number of solvents (VOCs) used in producing each vehicle, setting up a diversion to allow 25% of the waste produced to be recovered in recycling waste streams and a 15% reduction in the total volume of water used across operations (Morgan Motor Company, 2023). 
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[bookmark: _Toc196424839][bookmark: _Toc196425931][bookmark: _Toc196481345]Figure 2.0- Graph of Energy Consumption by Morgan (Morgan Motor Company, 2023)

[bookmark: _Toc196424646][bookmark: _Toc196424754][bookmark: _Toc196425932][bookmark: _Toc196481346]Table 2.0- VOC Solvents used by Morgan (Morgan Motor Company, 2023)
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To compliment the set targets for CO2 emissions, Morgan have observed the material selection for the body panels used on their vehicles. For their body work on the sports cars the company uses aluminium as the selected material for its lightweight properties and recyclability (Morgan Motor Company, 2023). Lightweight motoring is a tenet of their brand, so by using aluminium allows for an increased power to weight ratio, which increases drivetrain efficiency and reduces CO2 emissions (Morgan Motor Company, 2023). The company also produces their aluminium body work by using laser cutting to obtain the correct shape panels before being bonded to create a lightweight, rigid platform which supports efficiency and waste reduction in manufacturing. This process is important in reducing the company’s aluminium consumption (Morgan Motor Company, 2023). In addition, Morgan uses ash wood for the body’s frame which provides a lightweight, strong, durable and sustainable material. This material is sourced from Lincolnshire where it’s felled, sawn and dried for 2 to 3 years to meet the requirements for the vehicle (Morgan Motor Company, 2023). During the extraction of ash, the company ensures that the process is fully traceable and conducted in accordance with the UK’s forestry standards which supports the sustainability of material extraction (Morgan Motor Company, 2023). 	Comment by Kerry Tudor: I think this section is really good and make sure that you link back to it, when discussing your methodology and findings to support why you are doing the work. 

I am contemplating whether this section should go in the introduction - I will have a think and get back to you on it. 

[bookmark: _Toc196421169]Previous Automotive LCA Studies
It is beneficial to review the methodology, results and discussions of previous LCAs and carbon footprint reports, as this ensures consistency, credibility, and comparability in the investigation of this study on the Morgan Plus 4 life cycle. It supports in comparing to standard practices, choosing appropriate data sources, and understanding common assumptions. LCAs carried out by large businesses also offer insights into interpreting results, identifying trade-offs, and avoiding common reoccurring issues, which strengthens the quality and reliability of this life cycle assessment.
[bookmark: _Toc196421170]Polestar 2
The LCA of the Polestar 2 evaluated the vehicle's carbon footprint throughout the phases from cradle to grave, using an approach focused on global warming potential (GWP). The study used a lifetime of 200,000km for the Polestar 2 as the functional unit and compared this electric powered vehicle to the Volvo XC40, a petrol powered internal combustion engine (ICE) (Bolin, 2020). The inputs for this study included detailed material compositions from the International Material Data System (IMDS), supplier-specific battery data, and global LCA databases (GaBi and ecoinvent) (Bolin, 2020). The Lithium-ion battery was assessed separately due to its complexity and high emission rate. The manufacturing, logistics, and use-phase emissions were calculated using Volvo Cars' internal data and regional energy mixes (Bolin, 2020).
The results of the Polestar 2 displayed that while Polestar 2 had a higher production-phase emissions (about 20% more than the XC40 ICE), mostly due to the battery and increased aluminium and electronics content, it outperformed the ICE in the use phase (Bolin, 2020). Depending on the electricity mix applied, the Polestar 2’s total carbon footprint ranged from 27 tCO₂e (wind power) to 50 tCO₂e (global mix), compared to 58 tCO₂e for the ICE. A break-even occurred at 50,000km–112,000km (Bolin, 2020). The study concluded that battery electric vehicles offer lower use phase emissions, particularly when using clean electricity sources, and highlighted the need for continued improvements in material sourcing, battery production, and standardised LCA methodology (Bolin, 2020).
[bookmark: _Toc196421171]Volvo XC90 
Currently, Volvo have produced LCA reports in their most recent vehicle models, to increase the transparency with customers, employees, investors and other stakeholders that are interested in their environmental performance (VOLVO, 2018). An environmental assessment report has been produced to support the company’s aim to reduce their CO2 emissions in vehicle production and support their ambition to achieve net-zero greenhouse gas emissions by 2040. This supports their strategy of full electrification and sustainable operations (VOLVO, 2018). The LCA of the Volvo EX90 is compared with the XC90 plug-in hybrid and mild hybrid models and evaluates the CO2 emissions released from raw material extraction to end-of-life. The LCA identifies the most significant emission contributors, particularly in materials and battery production (VOLVO, 2018).
Volvo’s continuous electrification procedures have already reduced CO₂ emissions per vehicle by 25% in comparison to the levels measured in 2018 (VOLVO, 2018). The LCA of the EX90 shows that when charged using the EU-27 electricity mix, its life cycle carbon footprint is approximately 50% lower than the XC90 mild hybrid and 20% lower than the plug-in hybrid. Charging with wind power further reduces the EX90’s footprint by 35% compared to a global electricity mix (VOLVO, 2018).
Although the EX90 battery accounts for 17% of its carbon footprint, the vehicle maintains a lower total life cycle impact than its hybrid counterparts (VOLVO, 2018). These results highlight electrification’s significant role in reduced CO2 emissions, especially when paired with renewable energy. Volvo’s LCA methodology supports informed decision-making and reflects their increasing goals in circularity of the business, emissions reduction across operations, and data transparency throughout the supply chain (VOLVO, 2018).
[bookmark: _Toc196421172]BMW iX3
To further develop and optimise future generations of the battery electric vehicle (BEV) models of the BMW X3, BMW have conducted a life cycle assessment of the 2020 model of the BMW iX3. The purpose of the study is to assess the environmental impacts of the whole vehicle and its components following BMW’s product responsibility strategy (BMW Group, 2020). Following the ISO 14040 and 14044 standards, the assessment covers all major stages of the vehicle’s life cycle, including, raw material extraction, manufacturing, use phase, and end of life recycling. Transport and logistics are also included within the system boundaries to ensure a detailed analysis on the whole production of the vehicle (BMW Group, 2020).
The functional unit within this study is defined as one BMW iX3 vehicle, in its base ECE configuration, over a lifetime of 200,000km. This driving distance is based on the Worldwide Harmonized Light Vehicles Test Procedure (WLTP) (BMW Group, 2020). The data for the assessment was compiled using GaBi 9 software and BMW’s internal material balance sheets specific to the iX3. Environmental impacts were measured using the CML 2016 method developed by Leiden University, focusing primarily on GWP expressed in CO₂ equivalents (kgCO2e) (BMW Group, 2020).
To identify how different factors influence the results obtained, BMW conducted a sensitivity analysis. This involved testing multiple different scenarios, including the influence of various electricity consumption during the use phase, influence of data quality on the results observed from the assessment and classification of the vehicle compared to other models (BMW Group, 2020). The analysis highlighted that the source of electricity during the use phase significantly affects the overall environmental impact, reinforcing the importance of renewable energy when using a BEV. During the study, it was determined that higher initial carbon footprint was generated using a high voltage lithium-ion battery to power the vehicle, compared to a petrol vehicle model. However, due to BMW using eDrive technology, the iX3’s GWP is 40% lower across the whole life cycle than the X3 30i petrol vehicle and 67% lower when charged via renewable energy sources (BMW Group, 2020). The assessment then undergone an external critical review by TÜV Rheinland, which verified both the methodology, and the data used. This independent validation adds credibility to the findings and ensures the study aligns with the appropriate best practices for environmental assessment (BMW Group, 2020).

[bookmark: _Toc196421173]Common Manufacturing Processes Used in Industry
Many automotive companies use mass production as method of manufacturing, mass production is a manufacturing process which consistently manufactures standardised products in large quantities at a high efficiency rate, which allows for item costs to be reduced along with quicker production times (TranZact, 2023).  However, Morgan carries out batch production when creating their vehicles, which is a method of manufacturing which creates a set number of products within a specific time frame (TranZact, 2023). This is advantageous to the company as batch production increases the flexibility of the product by allowing for changes in the product for customisation for the consumer, such as, alternative colours on car body panels or wheel alloys and ease of adjustments to number of vehicles produced to match market demands. Another benefit is that smaller batch sizes allow the quality control of products produced to be closely monitored. This reduces the possibility of defects in produced vehicles and ensures each vehicle is constructed to the same levels of quality, which is critical to control and production planning (TranZact, 2023). Furthermore, batch production provides a cost-effective method of production for lower quantities of production, such as Morgan vehicles, as it is more economical for manufacturing a lower number of products. In addition, batch production mitigates the large set-up costs linked to mass production (TranZact, 2023).
The first step in batch manufacturing a wishbone is to select the correct material, steel is commonly used due to its robustness and stress resistance. Once, the wishbone has been designed using CAD software, the wishbone can be made by laser cutting and forming (A.Sakurai, 2024). The wishbone shape is cut into the required dimensions out of metal sheets by a laser cutter, then the piece is forged into the correct 3D shape. Hot forging is used to accomplish this, which is where the steel is heated to a high temperature and then hammered or pressed into the necessary shape (A.Sakurai, 2024). Once the forming process is complete, the wishbones are then CNC machined to drill the required holes, thread the holes and refine the surfaces to achieve the exact dimensions and shape necessary. The final product can the undergo surface treatment, such as heat treatment to enhance the wishbones durability (A.Sakurai, 2024).
To manufacture a vehicle’s upright there are two main methods depending on the purpose of the vehicle, this depends on whether it is a mass produced vehicle, or a vehicle produced in low quantities, such as a race car. Uprights in production cars are manufactured from grey or steel castings. Uprights used in racing cars are generally produced from costly materials using CNC machining. This is to meet the requirements of low weight, good machinability and maximum stiffness (Mesicek et al., 2018). However, although the Morgan Plus 4 is produced in low quantities due to it being a traditional vehicle, the upright is observed to be casted from an aluminium alloy which provides a lightweight component while inducing elements to increase the suitable material properties, for example strength and durability. This manufacturing process is carried out by a permanent mould casting. This involves preheating the aluminium into a liquid state, and using gravity by pouring the material to fill the part-shaped mould designed for the required dimensions for the finished product (WayKen, 2022). The component is then left to cool, and the cast aluminium part can be removed from the mould to obtain the product (WayKen, 2022). The part then undertakes fine CNC machining to remove any excess material for a good quality surface finish and meet the precise dimensions required.
The first step of manufacturing a wheel hub is to forge and normalise the material, which is commonly steel due to its high strength and durability (DUHUI, 2025). The metal components are cut to length and forged into the part mould. Then, the component is normalised through heat treatment by heating the part to 600˚C for 4-5 hours to remove material stresses and is then cooled to 180-200˚C for 3-4 hours to stabilise the internal structure of the component (DUHUI, 2025). The component is the required to undergo rough turning to remove 2mm of the oxide layer from the forged component. This is also carried out to remove the substantial amount of blank material that’s left over from the forging and normalising processes, as when they are carried out to match the drawing dimensions waste product is created due to thermal stress and deformation by the material (DUHUI, 2025). The component is then required to undertake final stages of turning to reduce the part to the required dimensions and then quenched to give it physical properties such as increased hardness. The final stages of manufacturing a wheel hub are to drill the correct holes into the hub, grinding to form the groove located on the outer circle, polishing and washing to remove any unwanted substances on the surface, such as magazines and oil (DUHUI, 2025).
Ball joints are used within a mechanical system to allow smooth motions of parts to carry out their functions. These components are manufactured by forging and CNC machining (Jason, 2024). Firstly, the raw steel is heated to a high temperature and then is formed under pressure created by a forging press. This gives the material the correct shape while simultaneously imparting a fine grain within the component to increase the strength and wear resistance (Jason, 2024). The ball joint then undertakes CNC machining to remove excess material and meet the precise dimensions required to the necessary tolerances. The ball joint is then grinded to create a smooth surface finish (Jason, 2024). The final stage of manufacturing a ball joint is to apply a suitable surface finish to ensure the part is corrosion-resistant and aesthetically pleasing. This can be carried out by anodising, zinc plating and powder coating (Jason, 2024).
A rubber bush within a vehicle’s suspension system is typically manufactured from natural rubber such as polyisoprene of various grades (Industrial Rubber Goods, 2022). The bushes manufactured for Morgan vehicles are likely to be an off-the-shelf product constructed via a mass-producing method. A common method for rubber-based product manufacturing is injection moulding. The process of injection moulding starts with the bulk mixing of raw rubber, which is then processed into continuous strips to be fed into a screw mechanism that directs the material into a barrel containing a predetermined amount of rubber (Jefferson Rubber Works, Inc., 2023). The screw then preheats the rubber, to reduce its viscosity to facilitate smooth flow into the mould cavities. As the rubber stock reaches the desired temperature, it is injected into a heated, high-pressure mould chamber (Jefferson Rubber Works, Inc., 2023). A runner and gate system is used to distribute heat and pressure, initiating the curing process to vulcanise the bushes. Once the rubber has cured to the required level, it is allowed to cool and solidify within the mould and then the moulded components can be ejected, making the system ready for the next production cycle (Jefferson Rubber Works, Inc., 2023).
In addition, the bush housing is commonly manufactured from steel, due to its strength and durability (Viiplus, 2021). The material is then shaped into the required dimensions by casting. This is carried out by heating the material to extreme temperatures, pouring the liquid metal into a mould to meet the required shape and sizing and then allowing the material to cool so it can solidify and meet the required geometry (Viiplus, 2021). Then, the bush housing undergoes fine CNC machining to remove excess material and meet the precise dimensions required to the necessary tolerances. After shaping, the bushings undergo a finishing process that includes surface smoothing, burr removal, and protective treatments such as plating, painting, or coating to improve wear resistance and prevent corrosion (Viiplus, 2021). Finally, quality control measures are implemented, involving dimensional inspections, surface finish evaluations, and material property testing to ensure the bushings meet the required standards (Viiplus, 2021). However, another common manufacturing process for manufacturing a bush housing is coarse machining (Viiplus, 2021). This process involves using techniques such as, milling and turning to achieve the initial shape required, as an alternative method to casting. Once the bush housing meets the required initial geometry, it can then undergo the same processes that follow this stage in manufacturing as the cast bush housing. These include fine CNC machining, finishing processes and quality control measures to ensure they meet the required standards (Viiplus, 2021).
To manufacture a toe link in a suspension system, there are multiple stages to ensure durability, and optimal performance within the vehicle (Spitfire Engineering Designs LTD, 2016). The process begins with forging, so that raw steel is formed into the preliminary shape. The material then undertakes CNC machining, which refines the component to meet the required dimension specifications (Spitfire Engineering Designs LTD, 2016). Next, threading is carried out to allow secure attachment to additional suspension components, and surface treatments like anodising are applied to increase strength and corrosion resistance. The bearings are then assembled into the toe link, which reduces friction, supports mechanical loads and increases the longevity of the part (Spitfire Engineering Designs LTD, 2016). Finally, precise quality control measures, including dimensional inspections and stress testing, are conducted to verify compliance with the relevant safety standards. 
A suspension system coil over is suspension unit on a vehicle that consists of a coil spring over a shock absorber to enhance suspension stiffness and cornering performance over a standard suspension unit used on production vehicles. The production of a shock absorber starts with manufacturing the cylinder, which is typically made from high-strength steel or aluminium (Winshare Precision, 2024). The metal is cut, CNC machined and heat-treated to enhance the material’s strength and durability. The piston rod is made from high-strength steel and undergoes precision machining and surface hardening to withstand wear and corrosion, whereas the piston is also CNC machined and designed with small orifices to support fluid flow control (Winshare Precision, 2024). During assembly, the piston is combined with internal components like valves and seals, which regulate hydraulic fluid flow to create the damping effect, while seals and O-rings prevent leakage of the fluid (Winshare Precision, 2024). Hydraulic fluid is then carefully filled into the shock absorber under vacuum conditions to eliminate air bubbles which maintains performance, purity and contamination prevention. Finally, the shock absorber is fully assembled, with the outer casing and end mounts installed (Winshare Precision, 2024).
To manufacture the coil spring, the first step the metal wire undergoes is a winding process. The coiling process shapes metal wire into a helical structure, maintaining precise control over dimensions such as diameter, pitch, and the number of coils (Lesjöfors, 2024). Advanced CNC machinery is commonly used to regulate winding parameters, allowing flexibility in handling various wire sizes and complex geometries. Depending on the wire thickness, coiling can be performed through cold or hot winding methods (Lesjöfors, 2024). Cold winding is carried out at ambient temperature and is suitable for wires up to 26mm in diameter, whereas hot winding involves heating the material to approximately 900°C, making it suitable for manufacturing heavy-duty springs used in industries such as mining and rail transport (Lesjöfors, 2024). Heat treatment is then applied to alter the material’s microstructure to enhance strength, hardness and fatigue resistance through methods like annealing, quenching, and tempering. Advanced treatments, such as cryogenic processing, further improve wear resistance and durability (Lesjöfors, 2024). Surface treatments, including painting, galvanizing, and plating with materials like nickel and zinc are also utilised to protect against corrosion and extend the spring’s lifespan. This process is primarily automated, as computer-controlled systems ensure consistency and efficiency throughout production (Lesjöfors, 2024). 
The first step of manufacturing an anti-roll bar, is to cut a raw bar of steel into the required length. The steel bar then undergoes forging (Gillogly, 2020). Initially, it is placed into a hot forge which heats the bar to a very high temperature and is then transferred to a low bed press which presses the end of the bar to flatten it and punch a hole suitable for an end link or for a bush to be attached (Gillogly, 2020). The bar is then quickly moved to another press to obtain another bend near the hole generated to create a bow in the bar. This process is repeated for each side of the steel bar (Gillogly, 2020). Once the bar is cooled, it is then re-heated to a very high temperature and submerged into a quench tank so that a heat treatment can be applied to the product. The product is then placed into a tempering oven for one hour which reduced the hardness of the steel, ensuring it is less brittle (Gillogly, 2020).




















[bookmark: _Toc196421174]Methodology
[bookmark: _Toc196421175]Goal and Scope 
The goal of this project is to create an LCA of the full suspension system to measure the environmental impact from energy consumption and carbon dioxide (CO2) emissions produced throughout the Morgan Plus 4’s lifetime, from the collection of materials to the end-of-life use/disposal. This assessment will allow for an analysis of areas where emissions are produced can be reduced within the phases of the LCA. The LCA will be conducted for Morgan Motor Company to satisfy their desire for an environmentally and socially responsible future and for consumers or the public to raise awareness on sustainable choices they can make when purchasing a vehicle. However, it does not include a full Life Cycle Inventory (LCI) analysis, as the study only focuses on two environmental impacts, energy consumption and CO₂ emissions. This simplified approach makes it possible to concentrate on the most relevant aspects of the Morgan Plus 4. Focussing on these two environmental factors is also due to limitations in the data available from the software used. Ansys Granta mainly provides information on energy consumption and CO₂ emissions, so other environmental factors such as resource use, water consumption, or toxicity are not included and are outside the scope of this project.

[bookmark: _Toc196421176]Functional Unit
When producing an LCA, anything you assess is always defined as a "Functional Unit". This involves any quantifiable unit by which you determine your product's environmental impact (Ecochain, 2024b). The functional unit of the vehicle is that it’s carbon footprint will be assessed over a lifetime of 150,000 miles, as this was the predicted lifespan stated from Morgan Motor Company. Additionally, the results will be stated into a unit of MJ/kg for energy and kg/kg for gaseous emissions as presented using ANSYS Granta.

[bookmark: _Toc196421177]Study Boundaries
Setting appropriate study boundaries is important in ensuring the LCA is comprehensive and consistent so a clear framework for analysis is maintained, preventing scope creep. The vehicles footprint will be measured using ANSYS Granta, so average energy and CO2 emissions data will be used for the following factors: embodied energy of materials, CO2 footprint of material production, energy consumed, and CO2 released for all manufacturing processes of the components (for example, forging and casting), embodied energy in recycling, CO2 footprint in recycling, energy consumed and CO2 released within the use phase of the life cycle when the vehicle is driven. This is due to the lack of information that can be obtained, as Morgan Motor Company do not manufacture the parts assessed and purchase them from external companies for assembly, and average data for the fuel usage provided on the website serves as the only basis for estimating CO₂ emissions and energy consumption. Furthermore, the assumptions that are made throughout the LCA is that the energy and CO2 emissions from electricity use during manufacturing phase are based on average data within ANSYS Granta’s average values within the previous environmental factors. Another assumption is that during the use phase, the lifetime of the vehicle is 150,000 miles with an average combined miles per gallon (MPG) for fuel consumption to be 39. This is the information that was retrieved from the company themselves and from the official Morgan website. In addition, a boundary set is that transport between each phase and transport to the market is not included within this study, as well as the production and transport of petrol. This is also due to the insignificant data in the locations of manufacturing companies, the type of transport used, efficiencies in refining techniques and locations of the refineries producing petroleum. The last assumption is that no parts require replacement within its lifetime. This is due to suspension components requiring much less to no replacement compared to other areas of a vehicle. For example, brake disks and brake pads require replacement periodically. These study boundaries will include all suspension components, except the vehicle’s coil overs, this is due to the company being unable to provide the details with what materials are used to manufacture this part, deeming it impossible to obtain energy and CO2 data on material production, manufacturing and end of life.	Comment by Kerry Tudor: This is only the case because of the components that we are considering, if you were looking at other areas of the car, then this would need to be considered. 

[bookmark: _Toc196421178]Validating Vehicle Components
Initially, to obtain relevant data for the LCA, the suspension components available in the UWTSD automotive workshop had to be weighed to offer a validation to the CAD drawings provided by Morgan Motor Company. This is due to the small number of components available for measurement. The weights of all the components can be obtained using the volume measurements from the CAD drawing, as the actual listed weights of each component had not yet been provided when carrying out this stage. The components weighed consisted of the upper front, upper rear, lower front, and lower rear wishbones (see table 1.0). This process was carried out using a scale on a flat surface to accurately measure the weight of the parts to an accuracy of 0.01kg. The measurements were inserted into a table as shown in table 1.0 and 1.1. Following the weight measurement, data was collected on the volumes of the parts using the CAD drawings in SolidWorks provided by the company, which could then be used to calculate the mass of the components by using the average density of steel (due to unknown material grades at the current time) via the formula: 

[bookmark: _Toc196425933][bookmark: _Toc196481347]Equation 1.0- Formula for Calculating Mass
The data could then be inserted into the table shown in tables 3.0 and 3.1: 	Comment by Kerry Tudor: Rather than screen shot, I would create a new table in Word or split this into two images, as it is too small to read currently. 
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[bookmark: _Toc196425935][bookmark: _Toc196481349]Table 3.1- Table showing physical weights measured and SolidWorks weights and volumes
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Furthermore, the measured weight data can be used to validate the drawings provided by Morgan and all the actual weight values provided by Nathaniel, a CAD engineer for Morgan Motor Company. The appropriate method to carry out this validation is a percentage difference calculation for two of the components. The reason for using only two components for validation is due to sampling efficiency and time constraints, as a consistent or small change for two components can represent a relatively small sample size without revising all possible cases, and carrying out intensive validation can be considered impractical for many calculations. This calculation included the measured weights, the SolidWorks CAD drawing masses calculated and weights from Morgan Motor Company’s CAD drawings. The percentage differences used, are a combination of these weights so an average percentage difference could be determined to validate the realistic weights issued by Morgan, so these can be used in LCA data collection. The percentage differences are shown in tables 3.2 and 3.3 which show that the overall percentage difference of the weights is approximately 9% and 10% for the rear and front lower wishbones respectively. This demonstrates that the weights provided by Morgan are viable and can be used in the LCA as they are within a margin of approximately 10%, which is a generally accepted amount of error (Helmenstine, 2016).

[bookmark: _Toc196424647][bookmark: _Toc196424755][bookmark: _Toc196425936][bookmark: _Toc196481350]Table 3.2- Percentage Differences between Weights
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[bookmark: _Toc196425937][bookmark: _Toc196481351]Table 3.3- Percentage Differences between Weights
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[bookmark: _Toc196421179]Obtaining Data from ANSYS Granta
[bookmark: _Toc196421180]Material Production
The next step of the project is to extract data from ANSYS Granta on energy consumption (in MJ/kg) and CO₂ emissions (in kg/kg) to quantify the environmental impacts of production, manufacturing, and end-of-life use disposal for each vehicle component. The data extracted from ANSYS was average data of energy and CO2 per kilogram of each type and grade of material within each phase of the vehicle’s life cycle, which ensures representative quantity of data is used. Once, this data was collected the energy consumption and CO2 emissions per kilogram of each material could then be multiplied by the weight of the component to obtain the energy consumption and CO2 emissions from each entire vehicle part. Each component’s energy consumption and CO2 emissions could then be added together to provide a total for all the vehicle components.
The first set of data that required obtaining was in the material production phase, which could then be put into an Excel spreadsheet. This includes both the 235 and 275 grades of steel used and virgin and typical values of each grade of material. Firstly, the material production data collected, for the front upper wishbone using the virgin and typical steel grades (235 and 275 consisted of the same production value), is the embodied energy in the materials and the CO2 footprint of the material measured per kilogram of material. On Granta, the values are displayed as a range, so the average was collected by the following formula:


[bookmark: _Toc196425938][bookmark: _Toc196481352]Equation 2.0- Equation to Calculate an Average Value

Once this was calculated, these values could then be multiplied by the weight of the wishbone to give the average embodied energy consumed and average CO2 footprint per vehicle component for both virgin and typical material types. These are then individually multiplied by the number of these wishbones present on the vehicle (two for both sides), to obtain the total average embodied energy and average CO2 footprint of that component. This process was repeated for all the other suspension components using their corresponding material types and grades, part weights and number of parts. This produced a table to show the total energy consumption and CO2 emissions for all suspension components in material production the Morgan Plus 4 (see tables 5.0 and 5.1 in appendices). 

[bookmark: _Toc196421181]Manufacturing Production
The next set of data that required obtaining is the manufacturing phase, which could also be implemented into the Excel spreadsheet on a different worksheet. This includes both the 235 and 275 grades of steel used and virgin and typical values of each grade of material. The first step, is to obtain the average energy consumed and CO2 released per kilogram of material for the 235 and 275 grades of steel, virgin and typical grades, using the range given in Granta and the formula in equation 2.0. This is carried using each manufacturing method of producing the front upper wishbone, which includes forming/forging of the part, extrusion, coarse machining and fine machining. These values could then be multiplied by the part’s weight to obtain this data for each wishbone, which could then be added to determine the total energy consumed and CO2 released for one wishbone for each grade of material. Then, each value can be individually multiplied by the number of these wishbones present in the suspension system (two for both sides), to obtain the total average energy consumption and average CO2 footprint of that component for the whole suspension system. This process was repeated for all the other suspension components using their corresponding material types and grades, part weights and number of parts. This produced a table to show the total energy consumption and CO2 emissions for all suspension components in manufacturing on the Morgan Plus 4 (see tables 5.2 and 5.3 in appendices). 

[bookmark: _Toc196421182]Use Phase
Following the manufacturing phase, to obtain the results for the use phase of the vehicle’s lifecycle an eco-audit must be carried out using ANSYS Granta. This undertaken by inputting each suspension component into the audit with their corresponding part quantity, materials, weights, manufacturing processes, percentage of material removed in manufacturing and end of life use/disposal. The use phase could then be calculated by the software using the weights and use phase inputs shown in figure 3.0. The other phases of the vehicle’s lifecycle do not directly affect the use phase results; however, they provide a comparison of the energy consumed and CO2 emissions between producing the components and how the part weights impact the overall weight of the whole suspension system, and therefore the fuel consumption the vehicle uses. A comparison is also conducted between the weight of the suspension system and the weight of the whole vehicle, to assess the percentage of CO2 emissions that is released by the suspension system throughout the use phase of the whole vehicle. This calculated by using equation 2.1, assuming a fuel use of 10.9kg of CO2 per gallon of fuel (Carbon Independent, 2019):



[bookmark: _Toc196425939][bookmark: _Toc196481353]Equation 2.1- Percentage of CO2 emissions by Suspension in Whole Vehicle Use Phase
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[bookmark: _Toc196424840][bookmark: _Toc196425940][bookmark: _Toc196481354]Figure 3.0- Eco-Audit Inputs

[bookmark: _Toc196421183]End of Life Use/Disposal
The Penultimate set of result data that required obtaining is the energy consumption and CO2 emissions produced by recycling and/or disposing of the suspension components once they have served their purpose. The first component this is carried out with is the front upper wishbone, by calculating the average value (using equation 2.0) of the embodied energy in recycling and CO2 footprint in recycling per kilogram of material. These calculated values could then be multiplied by the weight of the wishbone to give the average embodied energy in recycling consumed and average CO2 footprint in recycling per vehicle component. These are then individually multiplied by the number of wishbones present on the vehicle (two for both sides), to obtain the total average embodied energy in recycling and average CO2 footprint in recycling of that component. This process was repeated for all the other suspension components using their corresponding material types, part weights and number of parts. This produced a table to show the total energy consumption and CO2 emissions for all suspension components in end of life phase of the Morgan Plus 4 (see tables 5.4 and 5.5 in appendices). 

[bookmark: _Toc196421184]Material and Manufacturing Comparison on Bushes
The last set of results data to obtain is a sensitivity analysis on material and manufacturing changes to observe how changing the material of the suspension components can impact their sustainability throughout the whole lifecycle. Due to this process being excessively time consuming, an in depth analysis was carried out on one component, which is the main bushings. This component is selected as there is a range of material grades that can be chosen and there are 14 of these bushings which highlights how even a small difference in energy consumption or CO2 emissions can be significantly increased with a higher quantity of produced products. Initially, this is carried out with only the material production, manufacturing production and end of life use/disposal, to find the most suitable material within these phases. The original material is then measured against the least energy consuming and CO2 emitting material change for a use phase eco-audit, as they are both grades of similar material which have the same density, and therefore, the same weight. The original material of the bushings is Aluminium 6082 T6 and is compared to Chromium-Molybdenum Steel of grades AISI 4130 and AISI 4140. However, due to these materials containing an increased density, while requiring to fit the same volume of space within the suspension system, the mass of the component must increase. This was calculated to be approximately 0.237kg (shown in figure 3.1) by using a rearranged version of the density equation to calculate the volume of the component, to use with its average density to calculate the mass of the bushing. This is shown by figure 3.1 and the equation:








[bookmark: _Toc196425941][bookmark: _Toc196481355]Equation 2.2- Rearranged Density Formula
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[bookmark: _Toc196425942][bookmark: _Toc196481356]Figure 3.1- Working Weights of Bushings

Once the mass of the component is calculated, the energy consumed and CO2 footprint of the component can then be calculated using the grades mentioned previously with both virgin and typical grade values for the material production, manufacturing production and end of life use/disposal. The various results for this section is carried out using permanent-mould casting for manufacturing, a comparison of casting compared to CNC machining using only the AISI 4140 and a comparison of aluminium and steel bushings using only CNC machining. This order was carried out as it retrieved increasingly sustainable results. Then an eco- audit for the previous step can be used to obtain the use phase results, to collect a comparison of material choices using the most sustainable manufacturing techniques. Once this is completed, a further sensitivity analysis on the material sourced for the bushings can be carried out, using an eco-audit in Granta for the most sustainable material (determined from previous stage). This is then used to analyse all phases of the component’s lifecycle with various percentages of recycled content, opposed to just a typical or virgin grade.





[bookmark: _Toc196421185]Results and Discussion
[bookmark: _Toc196421186]Whole Vehicle and Front Lower Wishbones
[bookmark: _Toc196421187]Material Production, Manufacturing and End of Life Stages
The first set of results analysed was for all suspension components for the whole vehicle and a further in-depth analysis on both front lower wishbones, to observe where the highest energy was consumed and highest CO2 emissions occurred within each lifecycle stage, initially excluding the use phase to assess material grade influence. The total energy consumption across the production, manufacturing, and end-of-life phases is shown in figure 4.0. A total energy consumed is 2683.35MJ when using virgin grades of all component materials with 235 grade low carbon steel for the steel components, 1696.93MJ when using typical material grades with 235 grade steel, 2715.84MJ when using virgin grades and 275 grade steel and 1729.43MJ when using typical material grades with 275 grade steel. In addition, the CO2 released across the same stages of the vehicle’s lifecycle is shown in figure 4.1. Following the same order of material grades as previously mentioned, the total CO2 released with each grade is 185.99kg, 105.93kg, 188.43kg and 108.37kg, which follows the same trend, as an increase in energy consumption results in an increase in CO₂ emissions.
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[bookmark: _Toc196425943][bookmark: _Toc196481357]Figure 4.0- Graph showing Energy Consumed for all Vehicle Suspension Parts Throughout each Initial Stages
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[bookmark: _Toc196425944][bookmark: _Toc196481358]Figure 4.1- Graph showing CO2 Released for all Vehicle Suspension Parts Throughout each Initial Stages


Figure 4.0 displays that the most energy intensive grades are Virgin materials, and the 275 grades of low carbon steel used for steel suspension components. This is due to an increase in the energy required during the production phase of virgin materials, as they are pure materials sourced from only ores or feedstocks and contain no recycled content, like the typical grades which contain some recycled content as well (see definitions in Appendices in figure 6.0). Virgin materials require a more energy intensive process to extract the material from ores and to be processed in a blast furnace, compared to typical grades which bypass the initial energy-heavy extraction and initial refinement steps (World Steel Association, 2021). In addition, in this type of furnace produces coke which a reducing agent of iron ore, increasing the energy required to produce virgin steel as reducing iron ore to iron requires significant chemical energy when employing carbon-based reducing agents. Coal, coke and natural gas provide the necessary heat for reduction, which does not occur at room temperature (World Steel Association, 2021). Furthermore, typical grades require a much lower production energy and produce fewer CO2 emissions as they are often recycled in an electric arc furnace (EAF) which is much more energy efficient than a blast furnace (World Steel Association, 2021). According to the World Steel association, using a blast furnace produces 0.89 tonnes of CO2 per tonne of steel more than a direct reducing iron EAF furnaces in 2023 (World Steel Association, 2024).
In manufacturing, the 275 grade of low carbon steel produces requires more energy consumption and CO2 emissions than the 235 grade equivalent (see figures 4.0 and 4.1). This is due to the 275 grade equivalent consisting of slightly different material properties, although they are equivalents of the same type of steel. The 275 grade has a higher yield strength (275 MPa) than the 235 grade (235 MPa), which is obtained through changes in composition or processing techniques. Changing the composition of the material by incorporating additional alloying elements, such as manganese, silicon and chromium, increases the yield strength of material. Therefore, an increase in energy (and CO2 emissions as a result) will occur in manufacturing as higher strength materials may require more extensive deformation during rolling or forging, so a higher energy input is necessary (U.S Department of Energy, 2017). The discussion in both this and the previous paragraph is supported by the results of the energy consumed and CO2 emissions occurring within each lifecycle stage of the front lower wishbone shown in figures 4.2 and 4.3. The importance of this, is due to a wishbone being the most appropriate component to carry out a supporting analysis (to the whole vehicle life cycle) when assessing the various material grades. The conclusion from both results, is that the most sustainable material grades are typical, 235 grades of low carbon steel.

[image: A graph of different colored bars

AI-generated content may be incorrect.]
[bookmark: _Toc196425945][bookmark: _Toc196481359]Figure 4.2- Graph showing Energy Consumed for all Front Lower Wishbones Throughout each Initial Stages
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[bookmark: _Toc196425946][bookmark: _Toc196481360]Figure 4.3- Graph showing CO2 Released for all Front Lower Wishbones Throughout each Initial Stages

[bookmark: _Toc196421188]Use Phase
To compliment the previous results, the use phase of the life cycle is then included in the study, to observe the impacts of part weights. Although the suspension components technically have a use phase of zero, in reality their weights impact the total weight of the whole vehicle, and therefore the fuel consumption the vehicle uses. This process demonstrated the chemical energy consumed and CO2 emitted by the weights of all components. Although all material grades where used, the grade of material had no impact on the results of the use phase as each grade of the same type of material weighed the same. However, they were used on this section of the study to compare the whole life cycle of each grade. Using the inputs shown in figure 3.0, the results of the use phase shown an energy consumption of 9100MJ and a CO2 footprint of 620kg (see table 4.0). The total energy consumed throughout the entire life cycle of the Morgan is then observed to be 11783.35MJ, 10796.93MJ, 11815.84MJ and 10829.43MJ for the virgin 235, typical 235, virgin 275 and typical 275 low carbon steel grades respectively (see figure 4.4). Following the same order of material grades, the total CO2 released with each grade is 805.99kg, 725.93kg, 808.43kg and 728.37kg, which follows the same trend, as an increase in energy consumption results in an increase in CO₂ emissions (see figure 4.5). 
 
[bookmark: _Toc196425947][bookmark: _Toc196481361]Table 4.0- Table of Full Vehicle Life Cycle Results
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[bookmark: _Toc196424841][bookmark: _Toc196425948][bookmark: _Toc196481362]Figure 4.4- Energy Consumed for All Parts throughout Whole Lifecycle

[image: A graph of different colored bars

AI-generated content may be incorrect.]
[bookmark: _Toc196425949][bookmark: _Toc196481363]Figure 4.5- CO2 released for All Parts throughout Whole Lifecycle


[bookmark: _Toc196421189]Material and Manufacturing Comparison on Bushes
The first set of results that required obtaining for this stage is the material and manufacturing comparison of the bushes. The original material of the bushings is aluminium 6082 T6 and is compared to chromium-molybdenum steel of grades AISI 4130 and AISI 4140 for both virgin and typical grades to give the energy consumption and CO2 emission results in the production, manufacturing and end of life phases to observe which is the most sustainable. The first result obtained is a comparison of the original aluminium used against the two alternative steel grades when they are manufactured via permanent-cast moulding. Figures 5.0 and 5.1 show that the least environmentally friendly material grade is the virgin grade aluminium due to its high processing energy which has a total energy consumption and CO2 footprint of 198.51MJ and 13.94kg respectively. The high energy consumption (and therefore high CO2 emissions) with this material is due to virgin materials requiring a more energy intensive process to extract the material from ores and to be processed in a blast furnace, compared to typical grades which bypass the initial energy-heavy extraction and initial refinement steps (World Steel Association, 2021). 
However, the most environmentally friendly material grade overall is the typical grade AISI 4140 steel shown in figures 5.0 and 5.1, which has a total energy consumption and CO2 footprint of 103MJ and 7.67kg respectively. This lower energy consumption (and therefore high CO2 emissions) in the production phase is due to typical grades requiring a much lower production energy and produce fewer CO2 emissions as they are often recycled in an EAF which is much more energy efficient than a traditional blast furnace (World Steel Association, 2021). Furthermore, although the overall sustainability is increased in these initial phases by using this grade, its manufacturing energy and CO2 emissions have increased due to the method of manufacturing being cast. This significantly increases manufacturing energy due to the steel needing to be heated until melting point is reached to be poured into the casting mould, opposed to CNC machining the material at ambient temperature like the original aluminium material. Therefore, a comparison of casting compared to CNC machining is then carried out using only the AISI 4140 to analyse the improvement in sustainability by CNC machining.
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[bookmark: _Toc196424842][bookmark: _Toc196425950][bookmark: _Toc196481364]Figure 5.0- Energy Consumption with Changing Material Selection
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[bookmark: _Toc196425951][bookmark: _Toc196481365]Figure 5.1-. CO2 Released with Changing Material Selection

The next collection of results that is obtained is a comparison of casting compared to CNC machining using only the AISI 4140 for both virgin and typical grades. The least sustainable option is the cast virgin grade, which gives a total energy consumption and CO2 emissions of 140.67MJ and 10.43kg respectively. However, the most environmentally friendly material choice is the machined, typical grade which gives a total energy consumption and CO2 emissions of 69.75MJ and 5.28kg respectively (see figures 5.2 and 5.3). As previously discussed, this further reduces the emissions produced due to not requiring a high amount of energy when heating the steel up to melting point, as CNC machining uses much less energy in electricity consumption in industrial applications compared to using a furnace, such as an EAF. This reduces the overall energy consumption and CO2 emissions, although the material processing is identical.
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[bookmark: _Toc196425952][bookmark: _Toc196481366]Figure 5.2- Energy Consumption with Changing Manufacturing Method
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[bookmark: _Toc196425953][bookmark: _Toc196481367]Figure 5.3- CO2 Released with Changing Manufacturing Method

Furthermore, using the most sustainable option of CNC machining, the following results obtained is an analysis on virgin and typical grades of aluminium and steel bushings using only CNC machining, to observe a comparison of both the aluminium and AISI 4140 steel. Only this steel grade is used, as previous results show that this grade is the most sustainable steel grade. The results shown in figures 5.4 and 5.5 highlight that the least environmentally friendly material is the virgin grade aluminium as it has a total energy consumption and CO2 emissions of 198.51MJ and 13.94kg respectively. However, the most environmentally friendly material is typical grade steel as it has a total energy consumption and CO2 emissions of 69.75MJ and 5.18kg respectively. Using figures 5.4 and 5.5 and previous results, it can be determined that the typical grade AISI 4140 steel bushing is the much more sustainable option as it’s material processing phase uses much less energy (which emits much less CO2) due to typical grades being processed with an EAF as previously mentioned. In addition, this material’s end of life energy use is much lower (see figures 5.4 and 5.5) than the aluminium material used, which highlights its sustainability as it required less energy to recycle the material at the end of its life. This is due to less energy requiring to “re-process” the material again for another product. However, the steel grade has a higher energy consumption and CO2 emissions in manufacturing than aluminium, as the aluminium’s machining energy is lower. This is due to steel containing a higher yield strength which makes the material tougher to machine, as it resists deformation during the cutting process. Despite this, the steel grade has an increased sustainability compared to the aluminium bushing overall, throughout the production, manufacturing and end of life phases.
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[bookmark: _Toc196425954][bookmark: _Toc196481368]Figure 5.4- Energy Consumption Using CNC with Changing Material
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[bookmark: _Toc196425955][bookmark: _Toc196481369]Figure 5.5- CO2 Released Using CNC with Changing Material

The cast typical grade of AISI 4140 steel is then compared to the typical grade aluminium 6082 T6 while including the use phase. Figures 5.6 and 5.7 shows that although the steel bushing is more sustainable than the aluminium bushing throughout the production, manufacturing and end of life phases, the aluminium bushing is the more sustainable choice when the use phase of the cycle is included as the total overall energy consumption and CO2 emissions are much lower. The reason for this is that the steel bushing weighs approximately 0.156kg more than the aluminium bushing which significantly increases the suspension system weight (and therefore reduces vehicle MPG) when 14 bushings are used. Therefore, although the steel bushings are more sustainable without including the use phase, it’s much more sustainable for Morgan to not implement any changes to bushing materials, as the aluminium bushings are much more environmentally friendly compared to the steel bushings when the whole lifecycle is considered.

[image: A graph of a bar chart

AI-generated content may be incorrect.]
[bookmark: _Toc196425956][bookmark: _Toc196481370]Figure 5.6- Energy Consumed throughout Whole Lifecycle
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[bookmark: _Toc196421190]Conclusion
This report has undertaken a cradle-to-grave Life Cycle Assessment of the Morgan Plus 4 suspension system to quantifying environmental impacts, particularly energy consumption and CO₂ emissions across the material production, manufacturing, use, and end-of-life phases. The assessment was designed to help Morgan Motor Company enhance transparency, increase material efficiency, and support its ongoing commitment to sustainability.
The results demonstrate that the use phase has the highest total lifecycle emissions, accounting for most of the CO₂ released. This is not due to direct emissions from the suspension system itself, but the indirect impact of component mass on fuel consumption. This reinforces the importance of lightweight design, which is a value already embraced by Morgan through its use of aluminium and ash wood. Despite the traditional and artisanal manufacturing processes used by the company, these material choices align well with modern environmental performance goals.
The material production phase is also a significant contributor to emissions, particularly when using virgin materials. Components manufactured from virgin aluminium and virgin 275 grade low carbon steel consistently showed the highest energy demands and CO₂ outputs. In contrast, typical grade materials, which incorporate recycled content, were more sustainable which highlights a practical opportunity for Morgan to reduce its environmental footprint by increasing the recycled content in its material sourcing.
In the manufacturing phase, energy and emissions varied depending on both the material used and the processing method. CNC machining was identified as a more environmentally friendly option than casting in most scenarios, especially when machining materials like typical grade steel. However, it was also observed that harder or higher strength materials required more energy to machine, due to increased resistance to deformation. This highlights the importance of balancing material properties with manufacturability when designing for sustainability.
The sensitivity analysis on bushings served as a key case study in lifecycle trade-offs. Although steel bushings had a lower impact in the early lifecycle stages, their higher mass led to a significant increase in CO₂ emissions during the use phase. Given that 14 bushings are used per vehicle, the cumulative effect on fuel consumption was substantial. Therefore, aluminium bushings, despite their higher production-phase emissions, remained the most sustainable option when the full lifecycle, including use, was considered. This example illustrates the importance of assessing sustainability holistically, rather than focusing on a single stage in isolation.
When comparing against previous LCA studies, Polestar, Volvo, and BMW highlighted the wider industry context. While these manufacturers operate at a much larger scale and focus heavily on electrification, their studies provide valuable guidance on LCA best practices, including functional unit definition, data transparency, and the integration of renewable energy into use phase scenarios. Morgan can take inspiration from these findings to expand its environmental initiatives, particularly in enhancing supply chain visibility and exploring alternative fuels or hybrid systems in future models.
This study also acknowledged several limitations, such as the absence of transportation data, incomplete material information for some components (e.g., coil overs), and a focus limited to CO₂ and energy due to software constraints. Nevertheless, the results obtained are sufficient to highlight clear trends and practical opportunities for improvement.
In conclusion, this LCA validates many of Morgan’s current sustainability strategies, such as lightweight material use and small-batch production. However, it also shows opportunities for further improvement, specifically through increasing the use of typical-grade materials where reducing component weights are feasible, and optimising manufacturing processes. As environmental standards continue to evolve and consumer demand for sustainable products grows, data-driven analyses like this will be essential in guiding Morgan Motor Company toward a more environmentally conscious future while preserving its heritage of craftsmanship and individuality.
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Embodied energy, primary production (virgin grade)

Energy required to make 1 kg of the material from its ores o feedstocks.

Embodied energy, primary production (typical grade)

Energy required to make 1kg of the material from a combination of its ores or feedstocks and some recycled content.

CO2 footprint, primary production (virgin grade)

The CO2-equivalent mass of greenhouse gases (kg CO2e), in kg, produced and released into the atmosphere as a consequence of the production of 1 kg of the material.

CO2 footprint, primary production (typical grade)
The CO2-equivalent mass of greenhouse gases (kg CO2e), in kg, produced and released into the atmosphere as a consequence of the production of 1 kg of the material

from a combination of its ores and some recycled content.
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Material Production

Equivalent grades

Average Embodided energy
(M/kg)

Average CO2 footprint (kg/kg)

Component No.onCar _ Weight (kg) Materials Quoted Type Virgin Grade [ Typical Grade |Virgin Grade | Typical Grade
2 0976 | 070M20(En3A) | Low Carbon Steel (Mild Steel) 29 27.650 17.750 2.995 1.790
FrontW-Bone Upper 5275
FrontW-Bone Lower 2 2,68 070M20 (En3A) | Low Carbon Steel (Mild Steel) zigg 27.650 17.750 2.995 1.790
; 5235
Rear W-Bone Upper 2 0965 | 070M20(En3A) | Low CarbonSteel (Mild Steel) 72 27.650 17.750 2.995 1.790
; 5235
Rear W-Bone Lower 2 3.03 070M20 (En3A) | Low Carbon Steel (Mild Steel) 72 27.650 17.750 2.995 1.790
Front Upright 2 2.1 A356T61 Aluminium Alloy (Si, Cu, Mg) B108 189.500 119.500 13.650 8.685
Rear Upright 2 2.08 A356T61 Aluminium Alloy (Si, Cu, Mg) B108 189.500 119.500 13.650 8.685
Wheel Hub Bearing 4 126 |605M36R (Enl6) Low Alloy Steel AlS14140 30.350 19.000 2.270 1.440
AssemblyBallJoint 8 031 070M20 (En3A) | Low Carbon Steel (Mild Steel) zigg 27.650 17.750 2.995 1.790
Bushes 14 0.0484623 | Natural Rubber Unreinforced 1.4 Polyisoprene 80.500 80.500 2.445 2.445
0.0815377 |  AW6082T6 Aluminium EN AW-6082 193.500 122.000 13.800 8.805
- 0.0961341 | Natural Rubber Unreinforced 1.4 Polyisoprene 80.500 80.500 2.445 2.445
Front Additional Bush 2
0.2138659 | AW 6082T6 Aluminium EN AW-6082 193.500 122.000 13.800 8.805
Toe Link 2 1.068 | 070M20(En3A) | Low CarbonSteel (Mild Steel) zigg 27.650 17.750 2.995 1.790
Antiroll Bar 1 3.05 26MnB5 Manganese-Boron Steel AISI 4620 30.350 19.000 2.270 1.440
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Total Energyfor | TotalEnergyfor1 | Total Energy for | Total Energyfor | Total CO2Released | Total CO2Released | Total CO2Released | Total CO2 Released
Average Embodided energy (M) for part)| _Average CO2footprint (kg for part) 1Part, Virgin Part, Typical | AllParts, Virgin | AllParts, Typical |  for1Part,Virgin | for1Part, Typical | forAllParts, Virgin | forAll Parts, Typical
Virgin Grade Typical Grade | Virgin Grade Typical Grade Grade (MJ) Grade (MJ) Grade (MJ) Grade (MJ) Grade (kg) Grade (kg) Grade (kg) Grade (kg)
26.986 17.324 2.923 1.747 26.986 17.324 53.973 34.648 2.923 1.747 5.846 3.494
74.102 47.570 8.027 4.797 74.102 47.570 148.204 95.140 8.027 4.797 16.053 9.594
26.682 17.129 2.890 1727 26.682 17.129 53.365 34.258 2.890 1727 5.780 3.455
83.780 53.783 9.075 5.424 83.780 53.783 167.559 107.565 9.075 5.424 18.150 10.847
397.950 250.950 28.665 18.239 397.950 250.950 795.900 501.900 28.665 18.239 57.330 36.477
394.160 248.560 28.392 18.065 394.160 248.560 788.320 497120 28.392 18.065 56.784 36.130
38.241 23.940 2.860 1.814 38.241 23.940 152.964 95.760 2.860 1.814 11.441 7.258
8.572 5.503 0.928 0.555 8.572 5.503 68.572 44.020 0.928 0.555 7.428 4.439
3.901 3.901 0.118 0.118 3.901 3.901 54.617 54.617 0.118 0.118 1659 1659
15.778 9.948 1.125 0718 15.778 9.948 220.886 139.266 1125 0.718 15.753 10.051
7.739 7.739 0.235 0.235 7.739 7.739 15.478 15.478 0.235 0.235 0.470 0.470
41.383 26.092 2.951 1.883 41.383 26.092 82.766 52.183 2.951 1.883 5.903 3.766
29.530 18.957 3.199 1912 29.530 18.957 59.060 37.914 3.199 1912 6.397 3.823
92.568 57.950 6.924 4.392 92.568 57.950 92.568 57.950 6.924 4.392 6.924 4.392
1241.371 789.344 2754.231 1767.819 98.313 61.626 215.917 135.856

Total
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Component No. on Car Weight (kg) Materials Quoted Type Energy (MJ/kg) CO2 (kg/kg) Energy (MJ/kg) CO2 (kg/kg) Energy (MJ for part) CO2 (kg for part) Energy (MJ for part) CO2 (kg for part)

S235 2.460 0.185 4.615 0.346 2.401 0.180 4.504 0.338

S275 2.825 0.212 5.355 0.402 2.757 0.207 5.226 0.392

S235 2.460 0.185 4.615 0.346 6.593 0.494 12.368 0.927

S275 2.825 0.212 5.355 0.402 7.571 0.568 14.351 1.076

S235 2.460 0.185 4.615 0.346 2.374 0.178 4.453 0.334

S275 2.825 0.212 5.355 0.402 2.726 0.205 5.168 0.387

S235 2.460 0.185 4.615 0.346 7.454 0.559 13.983 1.048

S275 2.825 0.212 5.355 0.402 8.560 0.642 16.226 1.217

Front Upright  2 2.1 A356 T61 Aluminium Alloy (Si, Cu, Mg) B108 - - - - - - - -

Rear Upright 2 2.08 A356 T61 Aluminium Alloy (Si, Cu, Mg) B108 - - - - - - - -

Wheel Hub Bearing  4 1.26 605M36R (En16) Low Alloy Steel AISI 4140 5.840 0.438 - - 7.358 0.552 - -

S235 2.460 0.185 - - 0.763 0.057 - -

S275 2.825 0.212 - - 0.876 0.066 - -

0.0484623 Natural Rubber Unreinforced 1,4 Polyisoprene - - - - - - - -

0.0815377 AW 6082 T6 Aluminium   EN AW-6082 - - - - - - - -

0.0961341 Natural Rubber Unreinforced 1,4 Polyisoprene - - - - - - - -

0.2138659 AW 6082 T6 Aluminium   EN AW-6082 - - - - - - - -

S235 2.460 0.185 - - 2.627 0.197 - -

S275 2.825 0.212 - - 3.017 0.226 - -

Antiroll Bar 1 3.05 26MnB5 Manganese-Boron Steel AISI 4620 3.400 0.255 - - 10.370 0.778 - -

Average Extrusion Roll Forming/Forging Extrusion

Low Carbon Steel (Mild Steel)

Assembly Ball Joint 8 0.31 070M20 (En3A) Low Carbon Steel (Mild Steel)

2.68 070M20 (En3A)

Rear W-Bone Lower 2 3.03 070M20 (En3A)

Equivalent grades

Average Roll Forming/Forging

Rear W-Bone Upper 2 0.965

Low Carbon Steel (Mild Steel)

Low Carbon Steel (Mild Steel)

Low Carbon Steel (Mild Steel)

070M20 (En3A)

Front W-Bone Upper 

2 0.976 070M20 (En3A)

Front W-Bone Lower 2

Bushes 14

Front Additional Bush 2

Toe Link 2 1.068 070M20 (En3A) Low Carbon Steel (Mild Steel)
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Energy (MJ/kg) CO2 (kg/kg) Energy (MJ/kg) CO2 (kg/kg) Energy (MJ/kg) CO2 (kg/kg) Energy (MJ for part) CO2 (kg for part) Energy (MJ for part) CO2 (kg for part) Energy (MJ for part) CO2 (kg for part) Energy (MJ/kg) CO2 (kg/kg) Energy (MJ for part) CO2 (kg for part)

- - 0.824 0.062 3.735 0.280 - - 0.804 0.060 3.645 0.273 - - - - 11.355 22.710 0.851 1.703

- - 0.880 0.066 4.290 0.322 - - 0.858 0.064 4.187 0.314 - - - - 13.029 26.058 0.977 1.954

- - 0.824 0.062 3.735 0.280 - - 2.208 0.166 10.010 0.750 - - - - 31.179 62.358 2.338 4.676

- - 0.880 0.066 4.290 0.322 - - 2.357 0.177 11.497 0.862 - - - - 35.777 71.553 2.683 5.365

- - 0.824 0.062 3.735 0.280 - - 0.795 0.060 3.604 0.270 - - - - 11.227 22.454 0.842 1.684

- - 0.880 0.066 4.290 0.322 - - 0.849 0.064 4.140 0.310 - - - - 12.882 25.765 0.966 1.932

- - 0.824 0.062 3.735 0.280 - - 2.497 0.187 11.317 0.848 - - - - 35.251 70.502 2.643 5.286

- - 0.880 0.066 4.290 0.322 - - 2.665 0.200 12.999 0.974 - - - - 40.449 80.898 3.033 6.066

11.250 0.673 0.928 0.056 4.780 0.287 23.625 1.412 1.948 0.117 10.038 0.602 - - - - 35.611 71.222 2.131 4.262

11.250 0.673 0.928 0.056 4.780 0.287 23.400 1.399 1.929 0.116 9.942 0.596 - - - - 35.272 70.543 2.110 4.221

- - 1.330 0.100 8.810 0.661 - - 1.676 0.126 11.101 0.833 - - - - 20.135 80.539 1.511 6.042

- - - - 3.735 0.280 - - - - 4.045 0.590 - - - - 4.808 38.461 0.647 5.178

- - - - 4.290 0.322 - - - - 4.600 0.632 - - - - 5.476 43.806 0.697 5.578

- - - - - - - - - - - - 16.100 1.290 0.780 0.063 0.780 10.923 0.063 0.875

- - 1.650 0.124 12.000 0.899 - - 0.135 0.010 0.978 0.073 - - - - 1.113 15.582 0.083 1.167

- - - - - - - - - - - - 16.100 1.290 1.548 0.124 1.548 3.096 0.124 0.248

- - 1.650 0.124 12.000 0.899 - - 0.353 0.026 2.566 0.192 - - - - 2.919 5.839 0.219 0.437

- - 0.824 0.062 - - - - 0.880 0.066 - - - - - - 3.507 7.015 0.263 0.526

- - 0.880 0.066 - - - - 0.939 0.070 - - - - - - 3.956 7.913 0.297 0.594

- - - - - - - - - - - - - - - - 10.370 10.370 0.778 0.778

14.602 37.082

Total CO2 Released

 for 1 Part (kg)

Total CO2 Released 

for All Parts (kg)

Average Polymer Moulding Polymer Moulding

Total Energy for 

All Parts (MJ)

205.074 491.612

Totals (using 

235 grade)

Totals (using

 275 grade)

219.317

Average Casting 

Total Energy for 

1 Part (MJ)

Average Coarse Machining  Average Fine Machining  Casting   Coarse Machining  Fine Machining

524.106 15.671 39.519
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Recycling and end of life

Component No. on Car Weight (kg) Materials Quoted Type

S235

S275

S235

S275

S235

S275

S235

S275

Front Upright  2 2.1 A356 T61 Aluminium Alloy (Si, Cu, Mg) B108 32.750 2.570

Rear Upright 2 2.08 A356 T61 Aluminium Alloy (Si, Cu, Mg) B108 32.750 2.570

Wheel Hub Bearing  4 1.26 605M36R (En16) Low Alloy Steel AISI 4140

S235

S275

0.0484623 Natural Rubber Unreinforced 1,4 Polyisoprene

0.0815377 AW 6082 T6 Aluminium   EN AW-6082

0.0961341 Natural Rubber Unreinforced 1,4 Polyisoprene

0.2138659 AW 6082 T6 Aluminium   EN AW-6082

S235

S275

Antiroll Bar 1 3.05 26MnB5 Manganese-Boron Steel AISI 4620

070M20 (En3A) Low Carbon Steel (Mild Steel)

Not Recycled Not Recycled

8.125 0.639

33.250 2.610

Bushes 14

Front Additional Bush 2

Toe Link 2

Assembly Ball Joint 8 0.31

1.068

2.68 070M20 (En3A) Low Carbon Steel (Mild Steel)

Rear W-Bone Upper 2 0.965 070M20 (En3A) Low Carbon Steel (Mild Steel)

Front W-Bone Lower

Not Recycled

33.250

8.125

Not Recycled

2.610

0.639

070M20 (En3A) Low Carbon Steel (Mild Steel)

Front W-Bone Upper 

2 0.976 070M20 (En3A) Low Carbon Steel (Mild Steel)

Equivalent grades

Average Embodied 

Average CO2 Footprint,

Energy, Recycling (MJ/kg) Recycling (kg/kg)

Rear W-Bone Lower

8.575

8.575

8.575

8.575

8.575

8.575

0.674

0.674

0.674

0.674

0.674

0.674

2 3.03 070M20 (En3A) Low Carbon Steel (Mild Steel)

2
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137.550 10.794

136.240 10.691

40.950 3.221

0.000 0.000

37.956 2.979

0.000 0.000

14.222 1.116

24.781 24.781

67.008

16.738

45.962

16.550

51.965

18.316

1.316

3.613

1.301

4.084

21.266 1.672

1.440 9.158 0.720

24.781 1.949

Not Recycled Not Recycled

7.111 0.558

0.650

0.805

2.042

2.658

68.775

68.120

0.209

10.238

Not Recycled

2.711 0.213

5.397

5.346

1.806

Total Energy for

 All Parts (MJ)

Average Embodied  Average CO2 

Energy (MJ for part) CO2 (kg for part)

0.658

Total

8.275

Total CO2 Released 

for All Parts (kg)

562.496

8.369

22.981

Not Recycled

25.982


