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ABSTRACT
	As electric vehicles (EVs) become increasingly popular as a means of reducing carbon emissions and nonrenewable energy usage, it is necessary for automotive manufacturers to identify ways to further reduce EV energy consumption and increase vehicle range. This can be achieved by lightweighting high-mass automotive components to reduce electricity consumption and therefore environmental impact during vehicle operation. The EV battery pack (including the battery enclosure) can make up 20-30% of total vehicle weight. Hence, lightweighting the battery enclosure can lead to significant environmental impact reductions. This thesis follows a cradle-to-cradle Life Cycle Assessment (LCA) approach, analyzing the environmental impact of three battery boxes made from traditional steel, aluminum, and glass fiber sheet molding compound (GFRP-SMC) to determine how lightweight material substitution affects environmental impact. Six impact categories were considered, namely carcinogenics, non-carcinogenics, ecotoxicity, eutrophication, fossil fuel depletion, and global warming potential (GWP). A use phase comparison of GWP vs. driving distance is also presented along with a sensitivity analysis investigating how SMC matrix resin type affects GWP. A case study considering the impact of manufacturing 10,000 battery boxes is also presented. The results indicate that the GFRP-SMC battery box is the lowest-impact choice in four out of six impact categories and exhibits a 13.2% and 3.9% lower GWP than steel and aluminum respectively. The steel battery box exhibited the highest impact in all categories excluding carcinogenics, where it marginally outperformed aluminum by 0.4%. Aluminum exhibited a 3-11% lower impact than steel in all other categories, but a higher impact than GFRP-SMC in all categories excluding ecotoxicity and non-carcinogenics by a small amount (0.1-0.4%). The use phase comparison likewise highlighted GFRP-SMC as the best option of the three for driving distances greater than 13,000km, with aluminum becoming a lower-emission option than steel for distances beyond 155,000km. Sensitivity analysis results showed that SMC resin type does not significantly affect production-phase emissions. Results of the case study revealed that battery box production-phase GWP could be reduced by up to 65.6% and overall lifecycle GWP reduced by up to 13.2% by switching to GFRP-SMC. Overall, GFRP-SMC was shown to be an excellent choice for EV battery boxes in terms of environmental impact, and further work is recommended to make glass fiber and SMC composite production more economically competitive with traditional metals to encourage their increased use in the automotive industry.
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[bookmark: _Toc193367436]CHAPTER 1: INTRODUCTION
Reducing energy consumption and greenhouse gas (GHG) emissions of man-made products has increasingly become a prominent issue globally. One area of increased focus for decarbonization efforts has been the automotive industry, whose emissions made up approximately 16% of total U.S. GHG emissions in 2022 [1]. Similarly, energy use from light-duty vehicles accounted for roughly 14% of total energy consumption in the U.S. in 2023 [2]. As a result of rising environmental impact and energy usage, governments worldwide have been looking into ways to reduce these impacts. This has led to increased pressure in recent years for automotive companies to produce EVs as an alternative to traditional internal combustion engine vehicles (ICEVs). Since 2016, worldwide EV sales have increased from less than one million vehicles to more than thirteen million vehicles sold per year [3]. This significant increase in EV production has required a shift in manufacturing methods and materials to accommodate this new vehicle type. A need has therefore arisen to quantify the environmental impact of EV manufacturing and identify areas to reduce energy consumption and emissions, increasing their attractiveness as sustainable alternatives to ICEVs.
LCA is a common method of quantifying environmental impact and energy consumption. LCA analyzes the effects of a product on the environment throughout its life cycle, with the goal of helping people make decisions that benefit the environment [4]. Standard LCA methodology follows a four-step process: 1) Goal and Scope Definition, where the intended audience, goal, system boundary, and functional unit of the study are clearly outlined; 2) Inventory Analysis, where material and process data is collected on each life cycle stage; 3) Impact Assessment, where results are compiled and impacts are quantified for each impact category being considered; and 4) Results Interpretation, where the results of the impact assessment are analyzed and conclusions are drawn to inform decision making. LCAs in the automotive industry have included comparisons of EV and ICEV environmental impact, analysis of how lightweight materials affect carbon emissions in each vehicle life cycle stage, study of different powertrains and how electricity mix affects their energy consumption, impact of EV battery production, and much more [5], [6], [7], [8]. The results of these assessments can help automotive industry leaders and policymakers alike make more informed decisions that will make future EVs and ICEVs more sustainable.
One method of reducing vehicle environmental impact that has grown in popularity in recent decades is lightweighting. Lightweighting is the process of reducing the weight of vehicle components through material or design changes. As overall vehicle weight is reduced through lightweighting individual components, energy consumption (and therefore environmental impact) is reduced in the vehicle’s use phase because less fuel or electricity is consumed during vehicle operation. One method for lightweighting is topology optimization, which can help reduce the amount of material used while maintaining required structural properties. Another method is substituting a heavier material for a lightweight one, such as aluminum for steel. Composites are increasingly becoming a popular choice for component lightweighting due to their high strength-to-weight ratios and customizability. In EVs, vehicle weight has a significant impact on electricity consumption and battery range. Weiss et al. reported that a 100kg increase in EV weight corresponds with a 0.6kWh increase in energy consumption per 100km [9], so reducing their weight can directly decrease the amount of electricity consumed and increase vehicle range, which is a critical factor influencing market adoption of EVs [10]. While lightweighting typically lowers vehicle use phase emissions, it can sometimes increase production stage emissions if more emission-heavy materials and processes are used to manufacture the lightweight component. LCA is therefore a valuable tool to analyze whether lightweighting a specific component would be environmentally beneficial or not. Costs associated with lightweighting should also be considered. One study by Yang et al. (2024) looked at how automotive manufacturer adoption of lightweighting in the U.S. changed with the cost of lightweighting, finding that with lower lightweighting costs, more manufacturers implemented lightweight designs, thereby reducing vehicle use phase GWP by over 50% [11]. Lightweighting has clear potential for improving EV emissions, and further research on lowering lightweighting costs would benefit automotive manufacturers and help make EVs more attractive both environmentally and economically.
An obvious target for lightweighting is the EV battery pack, which in many EVs can account for up to 25% of the total vehicle weight [12]. The battery enclosure specifically can make up 10-40% of the battery pack mass and has room for design flexibility, making it a good choice for lightweighting [13]. The function of the battery enclosure (also referred to as the battery tray or battery box) is to protect the battery internal components from external damage, seal the battery components to prevent leakage or fires during a crash, secure and isolate the battery components to prevent thermal runaway, regulate battery temperature, and securely mount the battery to the vehicle [14]. Historically, EV battery boxes have been made from steel because of its low cost and good mechanical properties, but many automakers including Tesla and BMW have switched to aluminum to reduce weight while maintaining necessary properties [15]. Some companies have investigated and began manufacturing battery enclosures in recent years using composite materials such as carbon fiber to reap further lightweighting benefits [16]. Composites show potential for use in an EV battery enclosure due to their high strength-to-weight ratio and customizable properties based on the matrix and reinforcement material chosen. SMC composites, which are formed by depositing matrix resin and reinforcement fiber between two films that are then sandwiched together and compression molded, have grown in popularity in the automotive industry in recent decades and have been used in both structural and body components [17]. The SMC manufacturing process is relatively simple and lower-cost compared to other composites, and component properties can be tailored to the specific application by selecting different matrix resins and reinforcement fibers, making it a strong choice for a battery box material.
Past work related to battery boxes has focused on mechanical design optimization [15], [18], [19], [20], [21], and studies on performance characteristics of battery boxes using new materials [22], [23]. Other work has studied the EV battery itself using LCA [8], [24], [25], [26], [27], [28]. Few studies use LCA to analyze the environmental impact of the battery box itself. Only one study was identified that uses LCA to analyze the environmental impact of an SMC composite battery box. This study by Li et al. (2024) compared the environmental impact of steel, aluminum, and carbon fiber reinforced polymer SMC (CFRP-SMC) battery boxes to determine if lightweighting with these materials is more environmentally beneficial [6]. This thesis builds on Li et al.’s study and distinguishes itself in several distinct ways. First, it considers GFRP-SMC rather than CFRP-SMC as the composite battery box material. Glass fiber has been used frequently in recent decades for automotive parts, is typically lower cost than carbon fiber, and its production stage has been shown to have lower carbon emissions than carbon fiber [29], [30]. Second, inventory and process data in this thesis is focused on a global market rather than solely on processes and data from China, allowing for broader application and insights. Third, the assumed geometry for the battery enclosure is larger in this study as compared to Li et al. One of the main challenges EVs have faced recently is achieving comparable range to ICEVs, so using the dimensions of a larger battery pack as a reference (similar to that of the Tesla Model S) will likely be more representative of future EV design. Fourth, the sensitivity analysis considers how the use of different matrix resins affects the production phase environmental impact of the composite battery box, rather than how power structure affects the use phase. Finally, an additional case study is presented that considers the GWP impact of a typical automaker manufacturing 10,000 battery boxes.
	The goal of this thesis is to use LCA to compare the environmental impact of a GFRP-SMC battery box to that of traditional steel and aluminum boxes and address the identified research gaps related to LCA of an SMC composite EV battery box. The results of this LCA could be used as a reference for further research into sustainable battery box materials and other automotive components. It could also be used by automotive manufacturers to guide sustainable material selection decisions. This thesis begins with a thorough literature review on relevant topics, then details the materials and methods used in the study, following the LCA methodology framework. It then summarizes the results of the LCA and discusses their implications, considering a sensitivity analysis of varying SMC matrix resins and a hypothetical manufacturing case study. Conclusions and recommendations for future work are presented in the final chapter.
[bookmark: _Toc193367437]CHAPTER 2: LITERATURE REVIEW
This chapter presents a literature review covering material related to the research topic, including LCA and decarbonization in the automotive industry, automotive lightweighting, and EV battery enclosures.
[bookmark: _Toc193367438]Decarbonization & LCA
Decarbonization is the process of reducing carbon dioxide emissions from human activities. Its goal is to achieve carbon neutrality, meaning net zero carbon emissions. It involves two parts—reducing GHG emissions produced by fossil fuel combustion and capturing carbon emissions from the atmosphere [31]. Reducing GHG emissions can be achieved in a variety of ways, including using renewable energy sources (wind, solar, hydrothermal, etc.), switching to electric power, reducing energy consumption through efficiency improvements, and shifting to low-carbon energy sources. Capturing carbon emissions from the atmosphere can likewise be done in a number of ways (many of which are still in development), but one common method is to employ trees, plants, and soil to capture CO2 [32]. Decarbonization has become an important issue globally, and policymakers worldwide have been taking steps to reduce carbon emissions from emission-heavy sectors such as the energy, manufacturing, and transportation sectors.
	LCA is a tool used to analyze and quantify the environmental impact of a product, process, or system throughout its life cycle [33]. A product’s lifecycle can include the production of raw materials, transportation, manufacturing and assembly, product use and maintenance, and disposal or recycling. A typical LCA involves four steps: (1) Goal & Scope Definition, (2) Inventory Analysis, (3) Impact Assessment, and (4) Results Interpretation, as shown in Figure 1. The details of each step for a typical LCA are outlined below.
[bookmark: _Toc193367439]Goal and Scope Definition
The first step, Goal and Scope Definition, involves establishing the objectives, boundaries, and key assumptions of the LCA. This step defines the product system, specifies the functional unit (the reference point for comparisons), and determines the system boundaries to clarify which stages and processes are included or excluded from the analysis [34].
In LCA goal and scope definition, the boundaries set for analyzing the life cycle of a product, process, or service are often expressed using terminology like “cradle to cradle”, “cradle to gate”, “gate to gate”, and “cradle to grave”. Each approach defines where the assessment starts and ends, influencing the scope, data collection, and interpretation of results. 
[bookmark: _Ref187844339][image: A diagram of a life cycle
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[bookmark: _Toc194910130]Figure 1. Life Cycle Assessment steps, as outlined in ISO 14040 [34]. LCA steps begin with Goal and Scope Definition, followed by Life Cycle Inventory, Impact Assessment, and finally Results Interpretation. Each steps informs the next step in the process, and interpretation of results references each individual step.


Cradle-to-gate: This approach considers the product’s life cycle from the extraction of raw materials (the "cradle") to the point where the product leaves the manufacturing facility (the "gate"). It excludes downstream processes including transportation to the location of use, the use phase itself, and end-of-life (EOL).
Gate-to-gate: This approach studies the life cycle of the product from the point where it enters the manufacturing facility (the first “gate”) to when it leaves the manufacturing facility at the second “gate”. It excludes upstream processes of raw material extraction, processing, and transportation to the manufacturing facility, in addition to excluding the downstream processes beyond the point where it leaves the manufacturing facility.
Cradle-to-grave: A cradle-to-grave approach is similar to cradle-to-gate in that it considers raw material extraction, transportation, and manufacturing processes, but it also considers transportation to the end user, the product’s use phase, and end of life. End of life processes include the disassembly and disposal of the product.
Cradle-to-cradle: This approach encompasses all the considerations in cradle-to-grave, but rather than stopping at product disposal, it promotes a circular economy model that considers waste as a resource, focusing on how the product can be recycled for reuse or composted in an environmentally beneficial way.
Well-to-wheel: This approach is typically utilized in the automotive and energy sectors and takes into account the environmental impact of fuels. Well-to-wheel analysis considers the fuel raw material extraction (the “well”), distribution, and the fuel use in the vehicle (the “wheel”).
This terminology helps clearly define the boundaries of the system and expresses simply what is considered in the LCA, which influences the subsequent steps of inventory analysis, impact assessment, and results interpretation. A well-defined goal and scope of an LCA ensure the study is transparent, consistent, and aligned with its intended purpose [35].
[bookmark: _Toc193367440]Inventory Analysis
The second step, Inventory Analysis (also known as Life Cycle Inventory or LCI), focuses on collecting and quantifying data on energy use, raw material inputs, emissions, and waste for each stage of the product’s life cycle. This is often the most intensive step of LCA, and involves process modeling, data collection, and allocating resource flows to the functional unit. The outcome of this step is a comprehensive dataset that forms the foundation for the subsequent impact assessment.
[bookmark: _Toc193367441]Impact Assessment
The third step involves creating the Impact Assessment (Life Cycle Impact Assessment or LCIA). In this step, the potential environmental impacts of the inputs and outputs identified in the inventory analysis are analyzed and often graphically depicted. These impacts (such as GWP, resource depletion, and water use) are categorized, assigned to impact categories, and their magnitudes are quantified using standard characterization factors. This step provides critical insights into the environmental consequences of the product or process.
[bookmark: _Toc193367442]Results Interpretation
Finally, the Interpretation of Results involves analyzing and synthesizing the findings to draw meaningful conclusions. This step involves identifying significant impacts (hotspots), evaluating data quality and limitations, and offering recommendations for improving environmental performance. The interpretation ensures that stakeholders have clear, evidence-based insights to inform product design, policy development, or process optimization [34], [35], [36].
[bookmark: _Toc193367443]LCA in the Automotive Industry
LCA has been performed extensively in the automotive industry, from comparing environmental impact of EVs and ICEVs to analyzing how using lightweight materials affects vehicle energy consumption [6]. 
Numerous studies have used LCA to compare the impact of ICEVs to that of EVs, highlighting the costs, benefits, and challenges of wide-scale implementation of EVs. Verma et al. (2022) reviewed the findings of several studies comparing LCAs done in six different countries that looked at impact of ICEVs and battery electric vehicles (BEVs). The authors found that across the six countries, overall GHG emissions were reduced with the adoption of EVs, but human toxicity impacts increased. This was likely a result of more energy and resource-intensive production processes for EV powertrain components, specifically the battery pack. The studies also showed that vehicle and battery weight are important factors affecting overall impact during the manufacturing phase [37]. Yang et al. (2021) reported similar findings in their China-based LCA, where they examined the CO2 and air pollutants emitted from the production, use, and EOL phases of plugin hybrid electric vehicles (PHEVs), BEVs, and traditional ICEVs. They concluded that BEVs and PHEVs have a lower overall carbon footprint compared with ICEVs in China, but produce higher air pollutants harmful to human health, including PM2.5 and SO2 [7]. The findings from these studies pose a concern for human health if EVs are adopted universally, and further work needs to be done to better quantify these emissions and identify ways to reduce them.
Pero et al. (2018) studied the environmental impact of the manufacturing phase of EV and ICEV broken down by each vehicle system (Body-in-White, Door and Closures, Drivetrain, etc.). The study looked at the production, use (energy production and operation emissions separately), and EOL phases. The results shown in Figure 2 indicate that, for almost all impact categories, the production phase constituted the highest environmental impact of all phases for both ICEV and BEV. In terms of the production phase impact by vehicle system, the drivetrain (including the battery, motors, and associated electronics) had the highest carbon footprint for BEV. This was likely due to the high contribution from the production of the EV battery, as well as other aluminum-heavy drivetrain components. Overall, the study found that the production stage impact was 80% higher for BEV, but because the use stage impact was so much lower it resulted in a 36% decrease in total life cycle impact for BEV as compared to ICEV. End of life stages were found to have a negligible contribution in all areas for both powertrains [38].
Onat et al.’s (2015) study was unique in that it compared LCA results for conventional, hybrid, and full-electric vehicles by U.S. State in 2015. They looked at three electricity generation mix scenarios: (1) state-based average electricity generation mix, (2) state-based marginal electricity generation mix, and (3) a solar energy scenario. For scenario 1, the results indicated that BEVs are the least carbon-intensive option in 24 states, while HEVs were the most energy-efficient choice in 45 states. For scenario 2, they found that HEVs are the most energy efficient choice in all 50 states. Only for solar energy use in scenario 3 were BEVs found to have significant reductions in GHG emissions and energy consumption with high adoption rates. These results suggest that given the existing marginal electricity generation mix in 2015, widespread adoption of BEVs would be an unwise strategy at the time. While the marginal electricity generation mix has certainly changed in the past decade, the authors’ conclusion that encouraging renewable energy usage to power EVs remains valid. As sustainable energy generation increases and more electricity used by EVs is produced through renewable methods, the environmental impact of EV use phase will decrease, making them a more environmentally beneficial choice. Yang et al. (2021) provides a similar perspective, recommending that to 
 [bookmark: _Ref194659298][bookmark: _Ref194659294][bookmark: _Toc194910131]Figure 2. Contribution analysis of vehicle assembly systems to each environmental impact category for ICEVs and EVs, from Pero et al. (2018) [38]. While contribution to each impact category is varies widely with ICEVs, the main contributor to EV impact is drivetrain production (which includes EV battery production).



further decrease EV carbon footprint, material production and battery manufacturing should be sourced from areas with high renewable energy utilization. Several other studies including Pero et al. (2018) [38], Nordelöf et al. (2014) [39], and Bauer et al. (2015) [40] agree with this, concluding that large-scale implementation of EVs can only reduce carbon emissions significantly if the electricity consumed by the EVs during their use phase is produced from very low-emission (clean, non-fossil) energy sources. Pero et al. (2018) further state that encouraging BEV use in areas where electricity is not produced with renewable energy could be counterproductive, and policies should instead focus on limiting ICEV use stage exhaust in these areas. From these findings, it is apparent that to achieve maximum emissions reduction from a widespread transition to EVs, improving clean electricity production in the locations where these vehicles are manufactured and used must also be a high priority. 
While it is important to understand how overall EV impact compares to ICEV, component-level LCAs comparing different materials and manufacturing methods for individual parts can drive informed decision making by providing engineers with concrete recommendations to improve environmental impact and energy efficiency. D. La Rosa et al. (2013) compared the environmental impacts of manufacturing vehicle interior door panels out of a hemp fiber/epoxy resin composite as opposed to a glass fiber/epoxy resin composite panel. They took a cradle-to-grave approach and found that by replacing the synthetic glass fiber with natural hemp fibers as the reinforcement material, the production phase GWP of the door panel can be reduced to less than 1/5 the original GWP while also reducing the weight by 280g. They also explored the potential of using a bio-based resin as the matrix material, which resulted in a 40% decrease in GWP [41]. While mechanical testing would need to be done to validate the use of the bio-based materials for this part, this study emphasizes the potential to reduce carbon footprint and improve recyclability of automotive parts through use of natural and bio-based materials. Studies like these are essential to provide specific recommendations for how to improve EV environmental impact on the component level and are backed by quantifiable results. More work in this vein is needed to help advise component design and material selection decisions in the automotive industry, and this thesis addresses this need in part for a high-impact EV component—the EV battery box.
[bookmark: _Toc193367444]Lightweighting in the Automotive Industry
	Lightweighting is commonly used practice in the automotive industry to reduce overall vehicle weight by using new materials and improving designs. Lightweighting has several key benefits including improved fuel efficiency, cost, vehicle performance (braking, handling, and acceleration), and reduced vehicle emissions. It can be achieved by substituting heavier materials for lighter ones, eliminating unnecessary material in vehicle components while maintaining structural integrity and safety, and improving component design. Several studies indicate that a 10% reduction in vehicle weight can result in a 6-8% improvement in fuel economy for internal combustion engine vehicles [11], [42]. This improvement can significantly decrease tailpipe emissions, contributing to reduced GHG emissions during the vehicle's use phase. The adoption of lightweight materials such as high-strength steel, aluminum, and CFRP or GFRP plays a central role in emission reductions. While these materials often have higher production-phase emissions compared to traditional steel, studies show that operational emissions savings can often outweigh these initial environmental costs. This trade-off is particularly advantageous for EVs, where lightweight designs can enhance range and reduce battery demands, addressing key limitations in current EV technology [11]. 
In order to reap the benefits of lightweighting on a large scale, however, lightweighting cost to automotive manufacturers and customers must be affordable. Yang et al. (2024) considered how lightweighting cost can impact market adoption of lightweighted vehicles in the U.S. and its corresponding effects on GHG emissions. They utilized the Automotive Deployment Options Projection Tool (ADOPT) to estimate market penetration of lightweighting at varying cost levels and considered three lightweighting cost scenarios: Baseline (current industry trends), Advanced Technology (aggressive R&D), and Widespread (average cost target). They found that in the widespread case where lightweighting cost was comparatively lower, lightweighting adoption increased to 25% for lower and middle-priced vehicles as shown in Figure 3. This resulted in a 4% reduction in GHG emissions in one year, or 22 million metric tons of CO2 equivalent. Results from the other scenarios however showed that if the cost of lightweighting exceeds a critical threshold of approximately $5/kg, lightweighting adoption among vehicles in the $20,000-$60,000 range hovers around 10%, thus failing to achieve the same level of GHG emission reductions [11]. It is clear from this study that lightweighting has high potential to 
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[bookmark: _Ref186118252][bookmark: _Toc194910132]Figure 3. Graph showing predicted lightweighting fraction on the y-axis (percent of vehicle that incorporates lightweighting) and vehicle sales (represented by the line thickness) over time considering a widespread, low-cost lightweighting scenario, from Yang et al. (2024) [11]. 


reduce EV use phase environmental impact, and efforts to reduce the cost of lightweighting will increase adoption in lower-cost, higher-sales-volume vehicles. 
[bookmark: _Toc193367445]Composites for Automotive Lightweighting
The use of composites for lightweighting in the automotive industry has gained momentum in recent years due to their unique combination of high strength, low density, and design flexibility [22]. Composites, particularly CFRPs and GFRPs, are being increasingly utilized to replace conventional materials like steel and aluminum in vehicle components. The substitution is driven by the need for materials with higher specific strength and stiffness. Studies have shown that the application of these composites can reduce the overall weight of structural components by up to 35% in luxury vehicles, which correlates with substantial improvements in fuel economy and reduced carbon emissions [43]. An example of successful composite use for lightweighting is the carbon fiber intensive BMW i3 released in 2013, which was the first vehicle to feature CFRP components that were economically viable for commercial vehicle production [44]. The Chevy Corvette is another great example, with main body and paneling components made up of a combination of fiberglass, GFRP-SMC, carbon nanotube composites, lightweight aluminum, and carbon fiber [17].
Some of the main challenges with using composites for lightweighting are the high production costs and difficulties in recycling these materials. Increased production costs with higher composite utilization often lead automakers to raise vehicle MSRP values. Higher vehicle prices can reduce demand and limit the potential environmental impact savings due to low adoption rates, as shown in Yang et al.’s (2024) study mentioned earlier. The global composites market is expected to see a 10.8% growth rate in coming years and is expected to reach $181.7 billion by 2028 [45]. While this will likely lead to economies of scale that decrease composite production costs, continued research is still needed to further reduce costs and make lightweight composites more attractive substitutes for traditional materials. Recycling composites in the automotive industry also poses significant challenges due to their complex nature and multi-material structure. Unlike metals, each type of composite may require a unique recycling approach, making it difficult to produce an efficient and cost-effective recycling system. Current SMC recycling methods involve mechanical processing (shredding, cutting, grinding) followed by chemical processing (dissolution, filtration, separation), resulting in reinforcing fillers that can be used in thermoplastics and other materials to improve properties. One standard SMC recycling method is depicted in Figure 4 below. These current solutions can be effective at producing reinforcing fillers but are still not viable for commercial use from both an economic and environmental impact standpoint [46]. While composite recycling is a growing field with high potential, further research into recycling methods (including LCA studies to identify opportunities to reduce environmental impact) is needed. More in-depth research focused on designing composites for improved recyclability would also be beneficial.
Nonsynthetic composite materials can be promising alternatives to synthetic fiber composites in terms of weight, strength, durability, and environmental impact. Natural fiber composites including hemp, jute, flax, basalt, banana, and others have received significant attention in recent years due to their excellent properties, lower carbon impact, lower cost, and improved recyclability as compared with synthetic fibers [47]. Nachippan et al. (2021) evaluated the material properties of a glass fiber/epoxy composite compared with a hybrid glass fiber/hemp fiber/epoxy composite material to see how the addition of natural fiber affects tensile strength, impact strength, and hardness. They assembled the composite test specimens via hand layup and performed tensile, impact, and hardness tests on each. In this study, the authors found that the addition of hemp fiber reduced tensile strength by about 70%, but increased impact strength by up to 160% and hardness by up to 38%, making them good for automotive applications requiring these properties (see Table 1) [48]. Other studies [49], [50], [51], [52] further support the usefulness of natural fiber reinforced composites (NFRCs) in the automotive industry, especially to help reduce environmental impact and contribute to vehicle lightweighting. These fibers can achieve comparable properties to synthetic fibers and are often compared to glass fiber as the baseline. These studies also highlight that NFRCs are currently being implemented extensively for automotive interior components, but face challenges related to moisture absorption and fiber property variation that can impact overall NFRC properties. Further research is needed to fully understand these natural fibers, their mechanical properties in different environments, and how to make them better substitutes for synthetic fibers in automotive lightweighting applications as they can significantly reduce environmental impact.
[bookmark: _Toc193367446][image: ]
[bookmark: _Ref187842343][bookmark: _Ref187842338][bookmark: _Toc194910133]Figure 4. Depiction of an SMC composite recycling process, adapted from Perrin et al. (2008) [106]. 


[bookmark: _Ref187397524][bookmark: _Toc194910144]Table 1. Tensile test results for several synthetic and natural fiber/epoxy composites, adapted from Nachippan et al. (2024) [48].
S. No
Material
Tensile strength, average (MPa)
1
S-Glass Fiber / Epoxy Composite (C1)
81.39
2
S-Glass Fiber / Untreated Hemp Fiber / Epoxy Composite (C2)
24.72
3
S-Glass Fiber / Treated Hemp Fiber / Epoxy Composite (C3)
23.85




EV Battery Enclosures – Components & Materials
EV battery boxes play a vital role in ensuring the safety, structural integrity, and performance of modern EVs. These enclosures protect battery cells from crash impacts, thermal runaway, and environmental exposure, while also facilitating efficient thermal management and energy distribution. This section will discuss their key components and common materials. See Figure 5 for an exploded view of a typical battery box.
[bookmark: _Toc193367447]Components for EV Battery Enclosures
Top Cover: The purpose of the top cover in an EV battery box is to protect the internal components from external damage (e.g. rocks and debris), as well as add stiffness to the structure and keep the battery pack sealed during normal use and potential crashes. It is important that the battery stays sealed to protect it from humidity and external temperature (including fires), and to keep the internal components (some of which contain hazardous materials) contained in a crash.
Bottom Housing Tray: The bottom tray typically is on the underside of the vehicle and is thus exposed to the most potential external damage from rocks, bumps, chips, and other road conditions. It is important that this component is designed to withstand these forces during normal use and resist cracking or breaking during collisions. Like the top cover, it keeps the internal components contained and must be highly resistant to corrosion, chemicals, and fire to avoid failing during a crash or thermal runaway [20].
Battery Frame: The battery box frame serves as the interface between the battery pack and the vehicle, allowing the pack to be mounted securely to the vehicle. It also serves to protect the battery pack from front or side impacts, and is designed to absorb energy from impact while minimizing forces on the battery box internal components [15].
Internal Crash Protection Structure: The internal crash structure is essential to keep the battery modules in place during use and impact, and can ultimately help prevent thermal runaway, which is explained in further detail in the EV Battery Box – Design & Manufacturing section.
Internal Cooling System: The internal cooling system helps regulate internal battery pack temperature, keeping it in a safe range (20-45°C) for optimal performance and safety. Unregulated battery pack temperature can lead to inefficiencies, deterioration of the battery cells, shorter battery lifespan, and higher risk of thermal runaway [53].
[bookmark: _Toc193367448][image: A diagram of a machine
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[bookmark: _Ref190437854][bookmark: _Toc194910134]Figure 5. Exploded view of a typical EV battery pack, adapted from emobility-engineering.com [107].


Materials for EV Battery Enclosures
EV battery boxes and their components can be manufactured using a variety of materials, but must meet specific performance standards, the essential ones being mechanical properties, density, and flame retardance [23]. Traditional boxes are made of stainless or high tensile strength steel, while more lightweight boxes are made from 6000-series aluminum [21], [54]. See Table 2 for battery box materials for a few common EVs. Some automakers have experimented with composite boxes to reap further lightweighting benefits. Plasticstoday.com reported that the 2014 Chevy Spark EV featured a vinyl ester/rove cloth composite battery box [55]. TRB group produced an automated production line in 2018 that could manufacture a carbon fiber/epoxy resin battery box for use on a hybrid electric bus [16]. Plasticsengineering.org likewise reported that Mitsubishi announced the manufacturing of a two-part polymer composite battery box [56]. As composite use in the automotive industry increases, composite battery boxes will likely become an industry norm to further reduce vehicle weight. 
Composite sheet molding compounds (SMCs) have been used in recent decades to replace metals in many automotive applications due to their short production cycle times, design flexibility, and customizable material properties (based on fiber, resin, and filler selection) which can often exceed that of metals. Their properties can be especially beneficial for battery boxes, as they possess excellent thermal insulation, electrical properties, strength, stiffness, and can be 20-50% lighter than metals [23]. They can also reduce production tooling costs by 25% to 75% as compared to metals, which reduces the total cost of the battery box.[bookmark: _Ref190437950][bookmark: _Ref190437945][bookmark: _Toc194910145]Table 2. Battery box materials for several common EV models, adapted from Arora et al. (2016) [15].
Vehicle
Battery Box Material
Tesla Roadster
Aluminum
Honda Fit EV
Steel
Chevrolet Volt
Steel
Chevrolet Spark EV
Composite
BMW i3
Aluminum


Environmental impact is also an important consideration in battery box material selection that can depend heavily on the materials chosen. Li et al. (2024) performed a comparative cradle to cradle LCA analyzing the environmental impacts of substituting a traditional steel battery enclosure with lightweight materials – aluminum and CFRP-SMC. The goal of their study was to determine which material had the lowest overall GWP impact, assuming a China-based energy mix and utilizing data provided by manufacturers in China including Xuancheng Yuanwei New Energy Equipment Manufacturing Co., Ltd. and Guangzhou GAC Dili Original Mold Stamping Co., Ltd. Their findings revealed that, of the three materials, the aluminum alloy enclosure achieved the most significant reduction in GWP, primarily due to substantial energy savings during use. In the use phase comparison, shown in Figure 6 below, aluminum was the most environmentally optimal choice within the assumed lifespan of the vehicle (about 200,000 km), and outperformed CF-SMC up to 670,000 km. Additionally, steel remained a better option than CF-SMC up to about 270,000 km. When considering multiple reuses for CF-SMC, the composite battery box becomes the best option for any distance beyond 670,000 km [6]. Considering that this is close to the end of the third use phase, the environmental impact of CF-SMC production will need to be improved before wide-scale use of this composite is an environmentally beneficial option for battery box lightweighting. 
No known work beyond Li et al.’s study has explored the environmental impact of EV battery boxes made from composite SMC materials other than CFRP, however. Other composite materials including glass and some natural fiber SMCs show potential to be superior to traditional metals and even carbon fiber in terms of environmental impact and cost while maintaining sufficient mechanical properties. Glass fiber specifically is a commonly used reinforcement material in SMC composites and has been used widely in the automotive industry in recent decades. Wonderly et al. (2005) compared the material properties of a carbon fiber/vinyl ester composite with those of a glass fiber/vinyl ester composite. Tension, compression, open hole tension, open hole compression, transverse tension, indentation and ballistic impact tests were performed. The results showed that while carbon fiber excelled in tensile and indentation tests (situations where strength is fiber-dominated), glass fiber excelled in compression and ballistic impact tests (conditions where strength is resin-dominated) [57]. Given that battery boxes are often exposed to ballistic impacts (rocks, debris) as well as significant
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[bookmark: _Ref190438076][bookmark: _Toc194910135]Figure 6. Graph depicting use phase GWP impact of steel, aluminum, and CFRP-SMC EV battery boxes, adapted from Li et al. (2024) [6]. Intersection points where driving distance and GWP meet for each box material are identified. CFRP-SMC exhibits the highest initial GWP (from the production phase), but the lowest overall slope (use phase GWP), making it a good option for driving distances beyond approximately 670,000km. Steel is the lowest impact option below 40,000km, but aluminum becomes the lowest-impact option for distances between 40,000km and 670,000km, which is within the expected lifetime of the vehicle (200,000km).



compressive forces in the instance of a crash, glass fiber’s advantages with these properties may make it a better choice than carbon fiber in terms of mechanical properties as well. A deeper understanding of GFRP-SMC for use in EV battery boxes would help guide material selection decisions for automakers, and this thesis attempts to address a part of this knowledge gap.
Previous work has also shown that some natural fiber SMCs can match or even exceed mechanical properties of glass fiber and be more sustainable at a lower cost. Asadi et al. (2017) compared a 25% basalt fiber/epoxy SMC composite to a 25% glass fiber/epoxy SMC and found the basalt composite to meet or exceed the mechanical properties of the GFRP-SMC in most of the areas tested, concluding that basalt could be used in place of glass fiber in SMCs for common automotive applications [52]. Figure 7 shows the study’s results for several mechanical properties. However, this study did not consider how material properties are affected over time when exposed to different environments (which can be especially important for natural fiber materials in high-moisture environments). Further research is needed to determine how mechanical properties of natural fiber SMCs change in different environments, but the value of these NFRCs in further reducing environmental impact and manufacturing cost in the automotive industry is clear. 
[bookmark: _Toc193367449]EV Battery Enclosures – Design & Manufacturing Methods
The design and manufacturing of EV battery boxes play a critical role in ensuring battery safety, thermal management, structural integrity, and overall vehicle performance. Battery boxes must be lightweight, durable, and capable of withstanding mechanical shocks, vibrations, and extreme temperatures. 
[bookmark: _Toc193367450]Design of EV Battery Enclosures
Besides material selection (as was discussed previously), common design considerations include mounting method and location in the vehicle, modularity for ease of assembly, and (most importantly) safety features to prevent thermal runaway and other potentially dangerous issues. As EV adoption grows, innovations in battery box design aim to reduce weight, improve energy density, and enhance sustainability through recyclable materials and more efficient manufacturing processes.
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[bookmark: _Ref190438220][bookmark: _Toc194910136]Figure 7. Tensile and flexural properties of glass fiber/epoxy and basalt fiber/epoxy SMCs, from Asadi et al. (2017) [52].




Design for Safety – Thermal Runaway
Thermal runaway occurs when the temperature within a battery cell rises uncontrollably, leading to a self-sustaining exothermic reaction that can cause neighboring cells to overheat, resulting in fire, toxic gas release, or even explosion. Thermal runaway is one of the most critical battery risks that must be mitigated through careful design, as its results can be catastrophic. Previous work related to design of battery boxes to avoid thermal runaway present various risk mitigation strategies. Arora et al. (2016) reviewed work done by more than 75 studies related to the mechanical design and placement of the battery pack in the vehicle, identifying key mechanical features and placement strategies that would minimize the probability of thermal runaway. They found that simple mechanical features could be implemented to mitigate these risks, including battery cell spacers to restrict movement (shown in Figure 8), a rigid mounting frame, a gas venting mechanism to prevent buildup of high pressures in the pack, and thermal barriers between modules. The authors also concluded that the battery pack should ideally be placed in the center of the vehicle chassis beneath the passenger seats to avoid common crash zones [15]. Chavan et al. (2023) analyzed the advantages and disadvantages of various proposed battery cooling methods to reduce thermal runaway risk, further recommending that temperature sensors be integrated into the battery pack along with thermal switches to proactively detect and respond to potential issues before they lead to thermal runaway [58]. Thermal runaway is a critical factor in battery pack safety, making it essential to prioritize the development of safer designs and materials for future battery packs.
[bookmark: _Toc193367451]Manufacturing Methods for EV Battery Enclosures
Manufacturing methods for steel and aluminum enclosures often involve stamping, casting, extrusion, and advanced welding or joining techniques. Due to the often-proprietary nature of battery box manufacturing, publicly available details about designs and processes can be difficult to find, but some general information on manufacturing processes is available. For aluminum enclosures, the top cover and bottom tray are often manufactured using stamping and bending, while structural members like the frame and internal crash structure are often extruded profiles. Common joining techniques for aluminum boxes include friction stir welding and wire arc welding. Some finishing machining is also common. Completed aluminum boxes typically undergo a powder coating and painting process to improve corrosion, chemical, fire, and weather resistance [59], [60], [61], [62]. Steel box components are often manufactured using stamping 

[image: ]
[bookmark: _Ref190269032][bookmark: _Toc194910137]Figure 8. Visual depiction of a cell spacer concept for mitigating thermal runaway risk, a) front view looking at the end of the battery cells and showing cell spacer placement, and b) top view showing the length of the battery cells and upper and lower spacer placement. Adapted from Arora et al. (2016) [15]. 




and bending, deep drawing, or roll forming, as well as wire arc welding and machining. To improve surface durability, finished steel boxes can be treated using shot peening, followed by a corrosion-resistant coating [62], [63]. 
For composite battery boxes, manufacturing methods can vary depending on the composite material used. As mentioned in the previous section, composite SMCs have become popular in the automotive industry and show great potential as battery box materials. SMCs are produced by layering resin onto two carrier films (top and bottom), depositing chopped fibers onto the bottom film, which are then sandwiched between the top and bottom film and sent through compacting rolls that press the resin and fibers together. The finished SMC sheet can then be cut to length, layered in a mold to the desired thickness, and compression molded to form a rigid, finished part. A diagram of the process is shown in Figure 9. 
Other composite manufacturing methods include hand layup, resin transfer molding, and filament winding, which are commonly used with CFRP and result in desirable fiber orientations and excellent strength to weight ratios. Azzopardi et al. (2023) studied composite design and manufacturing methods for automotive components and found that a hybrid steel/CFRP automotive B-pillar could be successfully manufactured using a prepreg compression molding technique. Defects could be further minimized by utilizing a combined vacuum-assisted prepreg compression molding technique, and they performed thorough mechanical testing that showed significant improvements in mechanical properties [22]. Overall, this study highlights some of the many manufacturing methods for composite automotive components and shows that continued design and manufacturing improvements will increasingly make composites feasible, lightweight, and potentially more environmentally beneficial options in the future.
[bookmark: _Toc193367452]Summary & Research Gaps
The value of SMC composites as lightweight, lower-cost, and potentially lower environmental impact substitutes to traditional steel and aluminum for EV battery boxes was identified in several of the works discussed in this section. The research presented by Li et al. (2024) [6] highlighted that the high-impact production phase of CFRP-SMC made it a less attractive option than the traditional materials, however. Glass fiber is a commonly used composite in the automotive industry and has been shown to have a lower environmental impact and cost than carbon fiber, yet no known work has analyzed the environmental impact of GFRP-SMC battery enclosures. A deeper understanding of the environmental impact of GFRP-SMCs for use in an EV battery box would inform material selection decisions for automakers, helping them lower overall EV impact and make them more viable alternatives to traditional ICEVs in coming years.
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[bookmark: _Ref185500058][bookmark: _Toc194910138]Figure 9. Diagram of a typical SMC process, adapted from Arunadevi et al. (2023) [64].
[bookmark: _Toc193367453]CHAPTER 3: MATERIALS & METHODS
This section outlines the materials and methods used in the research and follows the four-step LCA methodology as explained above and defined in the ISO 14040 and 14044 standards.
[bookmark: _Toc193367454]Goal and Scope Definition
The objective of this study is to compare the life cycle environmental impact of three EV battery boxes manufactured from steel, aluminum, and GFRP-SMC, and determine whether GFRP-SMC is a lower environmental impact alternative to traditional steel and aluminum. This LCA is intended for use by materials researchers and to aid automotive manufacturers in selecting sustainable materials and designs for future products. The subsequent sections present a “cradle-to-cradle” LCA analyzing GWP and other important impact categories for each battery box material.
	SimaPro software is a widely used LCA tool that leverages data from multiple established databases along with common impact assessment methods to aid in modeling and analyzing the impact of a product, process, or service. With SimaPro, the user can input inventory data from databases like Ecoinvent and Agri-footprint, define system inputs, outputs, and waste, and analyze impact using various impact assessment methods such as TRACI, ReCIPe, and CML [65], [66], [67]. In this study, SimaPro version 9.5.0.2 was used to model all life cycle phases excluding the use phase.
[bookmark: _Toc193367455]Functional Unit
The functional unit of this study is defined as one entire battery box structure, excluding the components that make up the battery itself. Using the entire enclosure as the functional unit allows for side-by-side comparison of each battery box material. Dimensions of the battery box were assumed to be 2200mm x 1500mm x 100mm, which were approximated to resemble the dimensions of a Tesla Model S 100kWh battery pack. Component thicknesses for each box were determined based on an equivalent stiffness to traditional steel. Three battery box materials were considered in this comparative LCA: a high tensile strength steel that is typically found in traditional battery boxes, an aluminum alloy (6061) frequently used in lighter-weight boxes, and a composite GFRP-SMC that is commonly used in automotive applications. 
[bookmark: _Toc193367456]Data Sources
Life cycle inventory data were obtained from the Ecoinvent 3.0, USLCI, and Industry Data 2.0 databases in SimaPro, as well as from various literature and publications. The Ecoinvent database is the world’s leading LCI database containing over 18,000 datasets on human activities and processes that can be used to analyze the environmental impact of a product. The USLCI database likewise contains a large repository of energy and resource data that can be used to investigate environmental impact of products in the U.S. and is run by the National Renewable Energy Laboratory (NREL). Industry Data 2.0 contains over 300 datasets related to the plastics, surfactants, detergents, and steel industries provided by global associations.
[bookmark: _Toc193367457]System Boundary
The system boundary for this LCA encompasses raw material production, transportation to the production facility, manufacturing and assembly of the product (battery box), product use phase in the vehicle, as well as EOL disposal and recycling, as shown in Figure 10. The product was assumed to be manufactured and assembled with the rest of the vehicle at an automotive manufacturing plant, so transportation of the finished product to the assembly location is ignored. Because transport distances can vary significantly depending on consumer use and disposal/recycling location, transportation of the product to disposal/recycling location is not included and assumed to have minimal impact on the overall results of this study.
[bookmark: _Toc193367458]Life Cycle Inventory Analysis
This section covers the materials, energy, and other data used to model the life cycles of the three battery boxes. 
[bookmark: _Toc193367459]Production Phase Inventory
To simplify comparison of the battery boxes, the raw material extraction, transportation of raw materials, and manufacturing phases were combined into a single stage labeled the ‘production phase’. The material, energy, waste, and emissions inventory data of each battery box are outlined in Table 3, Table 4, and Table 5. The masses of the completed battery enclosures are given in Table 6. These values were calculated using the densities of each material along with the assumed geometry of each box. For engineering steel and aluminum 6061, standard densities were used, while for GFRP-SMC an average density of several commercial phenolic resin/GFRP-SMCs was used [68]. Thicknesses of individual components varied slightly between the three boxes and were calculated to ensure similar component stiffness for each material. 
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[bookmark: _Ref185857344][bookmark: _Toc194910139]Figure 10. System boundary for EV battery box, assuming cradle-to-cradle approach. 
[bookmark: _Ref186460713][bookmark: _Toc194910146]
Table 3. Steel battery box production phase inventory, including materials, energy, waste, and emissions along with their respective amounts.
	Category
	Name
	Amount
	Unit

	Materials
	Engineering steel
	165.44 
	kg

	
	Welding wire
	7.40 
	m

	
	E-Coating
	1.18
	kg

	Energy
	Electricity
	14.88 
	kWh

	Waste
	None
	0
	kg

	Emissions
	SimaPro Impact Assessment - TRACI 2.1 V1.08 / US 2008



[bookmark: _Ref186460721][bookmark: _Toc194910147]Table 4. Aluminum battery box production phase inventory, including materials, energy, waste, and emissions along with their respective amounts.
	Category
	Name
	Amount
	Unit

	Materials
	6061 Aluminum, wrought alloy
	86.11 
	kg

	
	Welding wire
	7.40 
	m

	
	TGIC polyester powder coating
	1.85
	kg

	Energy
	Electricity
	54.13
	kWh

	Waste
	Aluminum scrap, recyclable
	3.73
	kg

	
	Aluminum scrap, non-recyclable
	0.369
	kg

	Emissions
	SimaPro Impact Assessment - TRACI 2.1 V1.08 / US 2008



[bookmark: _Ref186460723][bookmark: _Toc194910148]Table 5. GFRP-SMC battery box production phase inventory, including materials, energy, waste, and emissions along with their respective amounts.
	[bookmark: _Ref186721369]Category
	Name
	Amount
	Unit

	Materials
	Glass fiber
	26.33 
	kg

	
	Phenolic resin
	20.22 
	kg

	
	Nylon Films
	0.47 
	kg

	Energy
	Electricity
	390.63 
	kWh

	Waste
	GFRP-SMC scrap - non-recyclable 
	4.28
	kg

	Emissions
	SimaPro Impact Assessment - TRACI 2.1 V1.08 / US 2008



[bookmark: _Toc194910149]Table 6. Masses for the steel, aluminum, and GFRP-SMC battery boxes.
	Battery Box Material
	Amount
	Unit

	Steel
	157.56 
	kg

	Aluminum
	82.01 
	kg

	GFRP-SMC
	42.74 
	kg



Steel Enclosure Production Phase
	For the steel box raw material production, engineering steel from the Industry Data 2.0 database in SimaPro was used to model process inputs and outputs (materials, energy, waste, emissions). This dataset also included transportation to the manufacturing facility. The amount of steel required was calculated based on box dimensions. An approximate 5% material loss from the stamping process was assumed, resulting in the final box weight shown in Table 6.
	Steel battery boxes can be manufactured in several ways, but they generally utilize similar manufacturing processes. The process includes stamping and bending of steel plates to form the top cover and bottom tray, internal structural members, and frame. Once these components are formed, they are joined together via arc welding. The completed steel members then undergo a shot peening process, which increases surface durability and fatigue resistance, limiting crack propagation by inducing plastic deformation at the surface. Finally, the steel is subjected to a painting or coating process that improves corrosion resistance and surface finish. High-volume production was assumed, so materials and consumables (excluding electricity) associated with equipment and machinery used in these processes were assumed to be negligible.
For the painting/coating process, automotive electrocoating (E-coating) was assumed, and LCI data was obtained from the USLCI database in SimaPro. E-coating is a process commonly used on automotive parts in which a layer of protective coating is applied to a part using an electrical current that protects against corrosion, chemicals, and abrasion. E-coating is especially good for complex, high production parts because it can quickly and easily apply a uniform coating to the entire part, including cracks and hard-to-reach crevices, making it a good choice for this application.
Aluminum Enclosure Production Phase
Raw aluminum material production LCI data was obtained from the Ecoinvent 3.0 database and includes transportation to the manufacturing location. 6000-series aluminum is one of the most-used alloys for EV battery boxes [69], and 6061 aluminum wrought alloy was chosen due to its high corrosion resistance, excellent weldability, high strength, and light weight. The finished aluminum box weight is shown in Table 6. An approximate 5% material loss (allocated to recyclable and non-recyclable waste) was assumed from stamping and finishing machining. 
	The manufacturing process for aluminum battery enclosures can vary depending on the manufacturer, but the process typically involves aluminum extrusion, stamping, arc welding and friction stir welding, followed by powder coating and/or painting [6], [70], [71]. For the reference aluminum box, the main structural frame and internal crash structure were assumed to be extruded parts, as this increases the material strength and allows for more complex geometries. Electricity was assumed to be the primary input for the extrusion process, and the consumption rate was sourced from a U.S. DOE study on aluminum manufacturing [72]. Extrusion press and die preheating was assumed to be negligible since it can be divided across all parts produced in a single high-production run. Stamping was the chosen method for the top cover plate and bottom tray, and electricity was likewise assumed to be the primary input. Electricity consumption for this process was obtained from Argonne National Laboratory’s Greenhouse Gases, Regulated Emissions, and Energy Use in Transportation (GREET®) model [73]. 
Like the steel box, the arc welding process was modeled from the Ecoinvent 3.0 database in SimaPro, and the length of welding wire used was assumed to be the same. Friction stir welding is also commonly used in manufacturing aluminum boxes, and the electricity consumption for the friction stir welding process was modeled based on electricity consumption rate calculated in a study published in the CIRP Journal of Manufacturing Science and Technology [74]. Finishing machining electricity consumption was estimated to be 7 kJ per cm3 of removed material, based on a study by Newman published in the same journal [75]. The amount of material removed by machining was estimated to be 75% (by volume) of the material removed by stamping and machining combined. This resulted in an electricity usage of 2.14 kWh for the finishing machining process. Other inputs such as CNC cutting fluid and coolant were assumed to be negligible since the fluid can be reused and the total nonreusable amount per part decreases with increasing production volume. Finally, the powder coating process was modeled using the Ecoinvent 3.0 database. The amount of powder coat needed was calculated using the box dimensions along with coverage data of a typical aluminum powder coat [76], [77]. 
GFRP-SMC Enclosure Production Phase
The GFRP-SMC battery enclosure was assumed to be manufactured using the SMC process. Each SMC line can differ in several important ways including motors used, size of the line, dimensions of the finished SMC, and others. Therefore, energy consumption and environmental impact can vary depending on the SMC line configuration. 
This study utilizes LCI data from the Ecoinvent 3.0 database along with energy consumption data from literature to model the SMC process for the GFRP battery box. For the glass fiber itself, LCI data for raw material production was sourced from Ecoinvent 3.0 and includes transportation to the manufacturing site. For the matrix resin, phenolic resin was chosen due to its excellent fire resistance coupled with high impact resistance and strength, making it a good choice for this application. It is also generally considered lower cost than other popular resins including polyester, vinyl ester, and epoxy. LCI data for phenolic resin production was also sourced from the Ecoinvent 3.0 database. Component weight percent for the finished SMC composite was assumed to be 56% glass fiber, 43% phenolic resin, and 1% nylon film. These weight percents were determined based on literature and existing glass fiber/phenolic resin SMC composites in the market [78], [79]. Typical nylon carrier film thickness varies, but a thickness of 20 μm was assumed, leading to an approximate 1% of total SMC box weight. Nylon film production, including raw materials and transportation, was likewise modeled from the Ecoinvent 3.0 database. The total weight of the completed GFRP-SMC battery box is 42.74 kg, assuming 10% SMC material waste during manufacturing as is common in a similar SMC process used by Volvo Cars [80]. This waste was considered non-recyclable.
The SMC process itself involves few inputs outside of the main SMC components (fibers, resin, films) and electricity for power. Electricity consumption was therefore chosen as the primary energy input of the SMC process. Likewise, electricity consumption was used to model the final compression molding process used to form the finished battery box components, and other materials and energy such as lubricating oil were assumed to be negligible when considering the usage per part. Electricity usage for the SMC process was obtained from a 2020 study by Jonsson. This study analyzes the life cycle energy usage for an automotive frame component manufactured using several different materials and methods, including GFRP-SMC. Energy consumption for the SMC process was estimated to be 29.4 MJ per kg SMC [80]. The subsequent compression molding step that forms the finished part was sourced from Suzuki & Takahashi (2005) as 3.5 MJ/kg [81]. Combining these two values, the energy consumption becomes 32.9 MJ/kg SMC, or 390.63 kWh for the manufacture of one complete GFRP-SMC battery enclosure.
[bookmark: _Toc193367460]Use Phase Inventory
The battery box use phase simply includes its use in the vehicle after installation up until the end of the vehicle’s life. The battery box is designed to last the expected lifetime of the vehicle (if not longer), so no removal or maintenance is required during this phase. Because of the passive nature of the battery box’s use within the vehicle and lack of maintenance requirements, the energy consumed by the vehicle to transport the box during vehicle use is the most significant factor affecting the box’s use phase impact. To quantify and compare the use phase energy consumption of each battery box, an equation adapted from Li et al. (2024) was used [6]. The formula is shown in Equation 1 below:
(1)



In this equation, Eev represents the energy consumption of the battery box during its use phase (kWh),  represents vehicle power consumption per hundred kilometers (kWh),  is the driving distance over the battery box lifetime (km),  is mass of the battery pack (kg),  is mass of the entire vehicle excluding the battery pack (kg),  is the charging efficiency, and  is the discharging efficiency. The reference vehicle was assumed to be a Tesla Model S, and inputs were chosen to be representative of this vehicle model. Equation inputs and calculated energy consumption values using the above equation are shown in Table 7.
The Ecoinvent dataset along with TRACI impact assessment in SimaPro were used to analyze GWP resulting from the electricity consumed in the product’s use phase. Results are shown and discussed in the next chapter.
[bookmark: _Toc193367461]EOL & Recycling Phase Inventory
	The battery box end-of-life phase consists of product removal, disassembly, and waste (landfill) or recycling. Table 8 highlights the amount of material recycled vs. landfilled for each battery box material. EOL landfilling data was modeled in SimaPro as municipal solid waste to a sanitary landfill for simplicity. This captures the general landfilling process for a variety of materials, but some material-specific energy consumption and emissions may have been omitted through this simplification. Transportation of the waste materials to the landfill was assumed to be local and not have a significant impact on the process. Due to the low overall impact of the 
[bookmark: _Ref194659801][bookmark: _Ref194659797][bookmark: _Toc194910150]Table 7. Use phase energy consumption calculation inputs and results, using Equation 1.
	Variable
	Unit
	Steel
	Aluminum
	GFRP-SMC

	Q
	kWh
	19
	19
	19

	L
	km
	200,000
	200,000
	200,000

	
	-
	90%
	90%
	90%

	
	-
	90%
	90%
	90%

	m1
	kg
	675.56
	600.00
	560.74

	M2
	kg
	1,500
	1,500
	1,500

	Eev
	kWh*km
	14,567.72
	13,403.88
	12,765.54



[bookmark: _Ref187766648][bookmark: _Ref187766642][bookmark: _Toc194910151]Table 8. Recycling and landfilling percentages and amounts for each battery box material.
	
	Steel
	Aluminum
	GFRP-SMC

	Percent recycled
	100%
	91%
	0%

	Amount recycled (kg)
	157.56
	74.63
	0.00

	Percent landfilled
	0%
	9%
	100%

	Amount landfilled (kg)
	0.00
	7.38
	42.74





landfilling process, these simplifications are not assumed to have a significant impact on the overall EOL process.
[bookmark: _Ref186538142]Steel is recycled widely in the automotive industry, with some companies sourcing 100% of their steel from steel scrap [80]. One of the main reasons the steel recycling rate is so high is that its properties theoretically remain unaffected independent of the number of times it is recycled. The steel battery enclosure in this study was presumed to be 100% recyclable. The standard steel recycling process involves seven steps: 1) Collection, 2) Sorting, 3) Processing (compacting), 4) Shredding, 5) Melting, 6) Purification, and 7) Solidifying [82]. Steel battery box recycling was modeled in SimaPro using the Ecoinvent 3.0 database, where recycling costs and benefits were allocated to recycled steel production, which was modeled as an avoided product in the steel box EOL phase.
	Aluminum is likewise a highly recyclable material that can be recycled almost infinitely without reducing material properties. According to one study, 75% of all aluminum produced is still in use today. On top of that, recycling aluminum uses approximately 5% of the energy required to produce new aluminum, making aluminum recycling beneficial from both a cost and environmental impact standpoint. In the automotive industry, aluminum recycling rates exceed 90% [83]. For the aluminum box, a recycling rate of 91% was assumed, based on a weighted average of recycling rates for automotive aluminum [84]. The typical recycling process consists of 1) Sorting, 2) Shredding, 3) Cleaning, 4) Melting, 5) Byproduct Removal, 6) Alloy Creation, and 7) Compounding [85]. Like the steel box, the aluminum box recycling process was modeled in SimaPro using the Ecoinvent 3.0 database, where the environmental costs and benefits of aluminum recycling were allocated to recycled aluminum production, which was modeled as an avoided product in the aluminum box EOL phase.
	SMC composite battery box recycling poses a more difficult challenge than traditional metal box recycling. Due to the SMCs multi-material structure, no existing recycling methods can effectively separate the chopped fibers from the resin. The output of existing SMC recycling processes is fillers that can be used for reinforcement in thermoplastics and other matrix materials. Because many of these recycling processes are still in development, this study assumes 0% recycling of the GFRP-SMC box, with the entire box being landfilled at EOL. Processing for landfilling for the GFRP-SMC box as well as the non-recyclable material from the steel and aluminum boxes are modeled using the Ecoinvent 3.0 database in SimaPro.
Chapter 4 will cover the final two LCA steps: Impact Assessment and Results Interpretation.

[bookmark: _Toc193367462]CHAPTER 4: RESULTS & DISCUSSION
	This chapter presents the results of the life cycle impact assessment, use phase comparison, and sensitivity analysis, along with a case study and discussion of the results.
[bookmark: _Toc193367463]Life Cycle Impact Assessment
Life cycle impacts were analyzed using the TRACI version 2.1 V1.08 / US 2008 impact assessment method. TRACI is a common impact assessment method that considers ten different categories of emissions [65], [86]. Only the top five categories by normalized impact, plus GWP, are considered in this study: carcinogenics, ecotoxicity, non-carcinogenics, eutrophication, and fossil fuel depletion. Figure 11 below provides a comparison of each battery box by impact category. It also breaks down impact by life cycle phase (production, use, EOL).
The results in Figure 11 show that, when accounting for the complete product life cycle, steel has the highest impact in each category. Aluminum has the second highest impact in every category excluding ecotoxicity and non-carcinogenics, where it is marginally lower than GFRP-SMC at 0.4% and 0.1%, respectively. GFRP-SMC follows aluminum with the lowest overall impact in every category except ecotoxicity and non-carcinogenics, with its largest improvement being a 11.5% reduction in carcinogenics compared with the aluminum box. A normalization of the data (comparison to a reference scenario, such as the average impact of one person over a year) [87] reveals carcinogenics as having the most significant impact across all three battery box materials. Non-carcinogenics and ecotoxicity are likewise in the top three categories by normalized impact for all three boxes. On the other hand, ozone depletion was the lowest impact category for all boxes, suggesting that, compared to the emissions produced by a typical person in one year, the manufacture and use of these boxes produces few emissions that have potential to damage the ozone layer. It is also interesting to note that despite the environmental benefits of recycling for the steel and aluminum boxes (which reduces GWP by approximately 260 and 1010 kg CO2-eq, respectively), the GFRP-SMC box remains the most environmentally beneficial option in almost all categories. As composite recycling methods improve in coming years, it is expected that GFRP-SMC will set itself apart as an even better choice for automotive components. 
For all impact categories, the battery box use phase clearly produces the highest overall emissions, accounting for at least 85% of total lifecycle emissions in every category. Assuming the same battery components are used across each box and each box is installed in the same 

 [bookmark: _Ref189219900][bookmark: _Ref189219878][bookmark: _Toc194910140]Figure 11. Impact assessment results, showing a comparison of each battery box by impact category broken down by life cycle phase.

[bookmark: _Toc193367464]vehicle type, use phase impact is primarily dependent on battery box weight and local electricity mix. The best methods to reduce use phase impact, therefore, are by lightweighting the battery box and increasing renewable energy production in the locations where these boxes will be used.
Production Phase Breakdown & Analysis
The production phase is the stage automotive manufacturers have the most control over, so assessing the contribution of each material and process that goes into this phase can help identify the best methods for reducing the overall vehicle impact. A breakdown showing the percent contribution of each material or process to human toxicity (carcinogenics), ecotoxicity, and GWP for each battery box material is shown in Figure 12. 
For the steel box, the highest contributor to GWP was steel raw material production, accounting for 95.5% of the total GWP impact. This is not unexpected, given the carbon-intensive nature of steel production [88]. GWP is not the only important impact category to consider, human toxicity and ecotoxicity were several of the top normalized impact categories. The main contributor to human toxicity was the arc welding process, followed by steel raw material production. Ecotoxicity impact mainly stemmed from electricity usage (47.8%) and arc welding (35.7%), with a smaller 16% coming from steel production. 
For the aluminum box, the highest contributor in all three categories was wrought aluminum alloy production, followed by the powder coating process. Raw aluminum smelting and refining is a very energy intensive and emission heavy process, so it is not surprising that the production process makes up most of the impact for all three categories [89]. It is also important to note, however, that around 83% of the raw aluminum production GWP is reclaimed through EOL recycling. Likewise, close to 86% of the GWP from steel production is reclaimed in EOL recycling for the steel box. This clearly indicates the value of recycling in reducing production-phase emissions, and further efforts to increase material recyclability and lower recycling costs would help further reduce EV environmental impact.
Finally, for the GFRP-SMC box, contributions were split more evenly among electricity usage (highest), phenolic resin production, and glass fiber production for each impact category. Given that electricity was the main input for the SMC process, it follows that it would be a significant contributor in each impact category. Notably, glass fiber and phenolic resin production have slightly higher contributions for human toxicity and ecotoxicity than for GWP, with both accounting for 51.4% of the total ecotoxicity. Nylon film production was essentially 

[bookmark: _Ref188440547][bookmark: _Toc194910141]Figure 12. Breakdown of battery box production phase impact by material and process.



negligible in all three categories. Overall, these findings highlight the specific materials and processes that should be targeted to most effectively reduce emissions in each category and for each battery box. Production-phase GWP for the steel and aluminum boxes are validated by Li et al.’s (2024) study [6]. The GWP results found by Li et al. were normalized to kg CO2-eq per 1 kg of battery box and compared with the results found in this study. For the steel box, Li et al. calculated a slightly higher GWP of 2.83 kg CO2-eq compared with 1.89 kg CO2-eq in this study. For the Aluminum box, Li et al.’s GWP was slightly lower, at 10.08 kg CO2-eq compared to 14.78 kg CO2-eq in this study. Overall, these GWP values align fairly well, and their differences are within the expected margin given the differing assumptions and data used in both studies.
[bookmark: _Toc193367465]Use Phase GWP Comparison
	Given that the use phase comprises the largest share of emissions of the three life cycle stages, it is important to consider how emissions change with driving distance and identify break-even distances where one battery box material becomes a more environmentally beneficial option than another. Figure 13 shows the GWP of each battery box as a function of driving distance. All three battery boxes are assumed to have a lifetime driving distance of 200,000 km, depicted in the chart as a vertical dotted line. Table 9 highlights the points of intersection in Figure 13 where GWP values meet for two battery boxes at specific driving distances. The y-intercept of the graph represents the production phase GWP, with steel having the lowest initial impact at 298 kg CO2-eq, followed by GFRP-SMC at 417 kg CO2-eq, then aluminum with the highest initial impact at 1212 kg CO2-eq. The slopes differ however, with the steel box having the highest GWP per kilometer, passing the GFRP-SMC box at approximately 13,000 km and the aluminum box at close to 155,000 km. GFRP-SMC remains a lower GWP option than aluminum for all driving distances. These results indicate that, within the expected lifetime of the battery box (200,000 km), GFRP-SMC would be the best option from a GWP reduction perspective. The steel box remains a decent alternative to GFRP-SMC for lower driving distance applications, but aluminum becomes superior to steel with driving distances above 155,000 km.
	Li et al. (2024) discussed the possibility of multiple use stages for the CFRP-SMC battery enclosure. Over time, the internal battery components degrade, reducing charging efficiency and capacity. These components can potentially be replaced with new ones while reusing the battery enclosure itself, thus creating the opportunity for multiple battery box use phases [6]. Given that 

 
[bookmark: _Ref190269430][bookmark: _Toc194910142]Figure 13. Carbon footprint comparison of each battery box during the use phase. A lifetime driving distance of 200,000 km is assumed. GWP error bars or upper/lower bounds are not included in this document but are expected to be included in journal paper publication.
[bookmark: _Ref194659955][bookmark: _Toc194910152]Table 9. Distance and GWP at which the steel box impact intersects with GFRP-SMC and aluminum.
Intersection
Distance (km)
GWP (kg CO2-eq)
Steel/GFRP-SMC
13,157
990
Steel/Aluminum
154,799
8,439




the use phase GWP lines for each box diverge before the first use phase is complete, considering a second use phase would be unnecessary as the results would still highlight GFRP-SMC as the best choice and an even more attractive option with increasing driving distance. In the use phase comparison presented by Li et al. (similar to the one in this study but with CFRP-SMC), the aluminum box was likewise shown to have lower impact at the end of the battery box’s lifetime (200,000km) than steel, but the point where aluminum becomes a better material choice than steel comes much sooner in their analysis, with steel surpassing aluminum’s GWP at approximately 41,000km. This variance could stem from differences in production-phase GWP assumptions and calculations, manufacturing processes, location-specific energy consumption, electricity mix and emissions, battery box geometry, or a combination of these. Because of the differences in assumptions between Li et al. (2024) and this study, it is expected that the results will differ in some ways, and this study provides a unique and valuable comparison of several viable battery box materials.
	To allow for the calculation of use phase energy consumption of battery boxes with different component thicknesses than those assumed in this study, Equation 1 taken from Li et al. (2024) was adapted to include component thicknesses and composite material density. The resulting expression is shown in Equation 2 below.
(2)


(3)



Where  is the density of the composite battery box material,  is the length of the long side of the box,  is the length of the short side of the box,  is the height of the box,  and  are the number of internal crash structure members spanning the length and width of the box, respectively,  is the thickness of the box top cover and sides,  is the thickness of the bottom tray,  is the thickness of the internal crash structure members, and  represents the mass of the battery pack excluding the battery enclosure. If the same external box dimensions (2.20m x 1.50m x 0.10m, representative of a Tesla Model S 100kWh battery pack) and number of internal crash structural members as this study () are used,  simplifies to:
(4)



Substituting into Equation 2, we get:
(5)



Where Eev once again represents the energy consumption of the battery box during its use phase (kWh),  represents vehicle power consumption per hundred kilometers (kWh),  is the driving distance over the battery box lifetime (km),  is mass of the entire vehicle excluding the battery pack (kg),  is the charging efficiency, and  is the discharging efficiency. This equation provides researchers and automotive manufacturers with a tool to calculate use phase energy consumption of a battery box of differing density and dimensions, which can then be inputted into LCA modeling software such as SimaPro to calculate environmental impact.
[bookmark: _Toc193367466]SMC Matrix Resin Sensitivity Analysis
	A sensitivity analysis was performed to determine the influence of SMC matrix resin selection on the production phase impact of the GFRP-SMC box. The GWP of several matrix resins commonly used in SMC applications were compared, namely epoxy, unsaturated polyester, vinyl ester, and a soy-based polyester resin. Results are shown in Figure 14. LCI data for resin production was sourced from the Ecoinvent 3.0 database available in SimaPro, and the TRACI impact assessment method was again used to model GWP. 
From the results shown in Figure 14, phenolic resin evidently has the lowest impact of the five matrix resins considered. Notably, its GWP is 12.4% lower than the natural soy-based polyester, which is the next lowest impact resin. This was unexpected, as bio-based resins tend to exhibit lower GWP emissions, and it is possible that the Ecoinvent dataset used for the bio-based resin did not include the soybean growth and harvesting in the system boundary, which could have further reduced the CO2 emissions of the production phase. The phenolic, epoxy, and vinyl ester datasets include transport of the product to the consumer (automotive manufacturing facility), while unsaturated polyester and soy-based polyester exclude transport to consumers, so their GWP values are likely slightly higher than reported.

[bookmark: _Ref188611067][bookmark: _Toc194910143]Figure 14. Production stage environmental impact of several common SMC resins.



Material properties of the five matrix resins considered differ, and each excels in different applications. Phenolic resin was selected as the primary material because of its excellent mechanical strength, corrosion resistance, and superior fire resistance compared with other resins. They are commonly used as adhesives or matrix binders in fiber-reinforced composites [90], [91], [92], [93]. These properties make phenolic resin a good choice for an SMC matrix resin for a battery box, which requires high durability, strength, and good heat and fire resistance in the instance of thermal runaway. Epoxy resins are commonly used as matrix thermosetting resins as they have high mechanical strength, heat, and chemical resistance, and adhere to a variety of materials. Their versatility allows their use in a variety of applications including aerospace components, paintings and coatings, and electrical systems, and when combined with reinforcing fibers can produce composites with some of the best mechanical properties of most thermosets [94], [95], [96], [97]. Vinyl ester resins excel in durability, moisture resistance, and corrosion resistance, and are less sensitive to temperature and humidity than some polyester resins [93]. Unsaturated polyester resins are widely used in pultrusion due to their excellent versatility and customizability. They also offer good mechanical strength, heat and corrosion resistance, and lower density, and are often used in fiber-reinforced composites and coatings [93], [98]. Soy-based polyester resins are manufactured from soybean oil and are general-purpose resins for molding applications including SMC. They offer low density and good strength and toughness [99]. One study highlights that bio-based, oil-derived unsaturated polyester resins can reduce environmental impact in most impact categories including GWP [100]. Further research is recommended to more accurately quantify the environmental benefits of implementing bio-based resins as they may help reduce production-phase emissions significantly.
Density variances between resins were considered, since they influence the overall weight of the battery box and therefore the total use phase emissions. When comparing density differences, the densities of each of the five resins incorporated in a GFRP-SMC component were used. The maximum change in density as compared with the Phenolic resin SMC was +120 kg/m3 (vinyl ester). Plugging this into the use phase energy consumption calculation reveals this increase in density to raise the energy consumption by 48 kWh across the battery box’s entire use phase. This increase is not significant enough to affect the overall results of the LCA. In fact, the use phase energy consumption would need to increase by 638 kWh (corresponding to a 1600 kg/m3 change in density) before the aluminum box achieves a lower-emission use phase. The density for the epoxy GFRP-SMC was also greater than the phenolic GFRP-SMC by 70 kg/m3, which is likewise not significant enough to affect overall results. Unsaturated polyester and soy-based polyester SMC were assumed to have equal density, with both being lower than that of the phenolic SMC by 10 kg/m3 [101], [102], [103]. 
Though GWP results vary between the five resins considered, the data indicates that the resin type does not affect the overall results of the LCA battery box comparison, and GFRP-SMC remains the best option for reducing environmental impact.
[bookmark: _Toc193367467]Discussion
[bookmark: _Toc193367468]Benefits of GFRP-SMC
In the LCA study by Li et al. (2024) [6], steel was compared with aluminum and CFRP-SMC for use as a battery box material. The researchers concluded that a CFRP-SMC battery box produces higher carbon emissions during the production phase than both aluminum and steel boxes, and it is not until the box reaches its third or fourth use phase (approximately 670,000km) that CFRP-SMC becomes a more environmentally friendly option than both standard materials. Evidently, the use-phase GWP savings from lightweighting with CFRP-SMC were offset by the material’s high production-phase emissions. 
While carbon fiber offers superior stiffness and tensile strength, glass fiber’s advantages include lower production-phase environmental impact, energy consumption, and significantly lower cost as compared with carbon fiber, all while maintaining excellent mechanical properties (some of which can exceed those of carbon fiber) [57]. Moutik et al. (2024) compiled LCA results for carbon fiber and glass fiber production from several main studies and found the average GWP of carbon fiber to be 45.87 kg CO2-eq, while glass fiber GWP was significantly lower at 1.18 kg CO2-eq. Likewise, the study found the average energy consumption for carbon fiber and glass fiber production to be 725.22 MJ and 28.95 MJ respectively [29]. The energy and carbon emission reductions of using glass fiber as opposed to carbon fiber make it an excellent choice for automotive applications. From a cost standpoint, glass fiber ranges between $1,200 and $1,800 per ton, while carbon fiber’s cost can reach $12,500 per ton—roughly 7 times that of glass fiber [30]. In the automotive industry, where high production volumes are a given and manufacturing costs can quickly diminish company profits, identifying ways to reduce costs while meeting design requirements is crucial. 
[bookmark: _Toc193367469]Battery Box Manufacturing Case Study
Given that automotive components such as the EV battery and battery enclosure are produced in high volumes, it would be beneficial to identify the total GWP reduction achieved in a high-volume production run of GFRP-SMC battery boxes as compared with steel and aluminum. For this case study, a production run of 10,000 units at a typical automotive manufacturing facility was assumed. This quantity is close to the number of Nissan Leaf and Hyundai Ioniq 6 EVs sold in the U.S. in 2024 [104], [105], and is intended to replicate the production of a single model year of a medium-sales-volume EV. The battery box GWP values in Figure 11 above assume high-volume production, so no modifications are needed to the life cycle inventory values or assumptions. The GWP values for each life cycle stage, assuming a production volume of 10,000 units, are listed in Table 10.
The results indicate that, were an EV manufacturer to change the material of their battery boxes from aluminum to GFRP-SMC, this would result in a 7.9 million kg CO2-eq reduction in carbon emissions across the production phase for 10,000 boxes. This corresponds with a 65.6% decrease in production-phase GWP. Total GWP reduction for all 10,000 boxes across their entire lifecycle would also improve by 3.9%, or 3.7 million kg CO2-eq. Switching from steel to GFRP-SMC shows slightly different results, with an increase in production stage emissions. However, with a 17% reduction in use-phase emissions through lightweighting, the overall lifecycle GWP would decrease by 13.2%. These are significant emission reductions that would help automotive manufacturers get closer to their carbon emission goals.
[bookmark: _Toc193367470]Limitations Due to Data Uncertainty
	LCAs inherently contain some uncertainty in their inventory data due to data collection methods, simplifying assumptions, data variability with time and location, availability of up-to-date inventory data, and others. To mitigate these uncertainties and ensure quality LCA results, inventory data used should be selected from reputable, updated databases. In this study, inventory data from the Ecoinvent 3.0, USLCI, and Industry Data 2.0 databases were used to model the production, use, and EOL stages. While these databases are reputable sources, some Ecoinvent datasets used to model the production phase were not updated when transferring from Ecoinvent 2.0 to 3.0 and may contain outdated information. 
[bookmark: _Ref189220024][bookmark: _Toc194910153]Table 10. Comparison of GWP values resulting from the production, use, and EOL of 10,000 battery boxes.
	GWP of Producing 10,000 Units (kg CO2-eq)

	Life Cycle Phase
	Steel
	Aluminum
	GFRP-SMC

	Production
	2,979,410
	12,118,507
	4,173,029

	Use
	105,182,214
	93,417,708
	87,306,856

	EOL
	(2,578,259)
	(10,097,150)
	217,177

	Total
	105,583,365
	95,439,065
	91,697,062





Additionally, many of the datasets used assumed a Global or Rest-of-World geography, indicating that the data used was not location or region-specific. While the intention of this study was to provide a comparison of the battery boxes from a broader perspective, results may vary depending on the location of the production, use, and EOL stages, and this should be considered in the analysis and decision-making process. The use phase likewise assumed electricity production from a Global geography perspective (assuming global averages for electricity production mix). Region-specific electricity mix should be considered when applying this analysis to a specific location, and further research providing location-specific results is recommended. Despite the uncertainty created by these limitations, this study nonetheless offers quality results comparing the life cycle impact of several battery box materials, providing automotive manufacturers with valuable data and insights to inform decision making.
[bookmark: _Toc193367471]CHAPTER 5: RECOMMENDATIONS & CONCLUSION
	This study presents a comparative LCA of an EV battery box manufactured from three different materials – steel, aluminum, and GFRP-SMC. A life cycle impact assessment was performed, highlighting the environmental impact of each battery box across several impact categories including GWP, carcinogenics, non-carcinogenics, ecotoxicity, eutrophication, and fossil fuel depletion. A comparison of the use phase of each battery box material was performed to determine breakeven driving distances, and a sensitivity analysis analyzing the impact of varying the SMC resin type on the overall results was presented. Finally, a case study involving the production of 10,000 battery boxes was used to quantify the GWP emissions benefits of an automotive manufacturer switching an EV battery box material to GFRP-SMC. The following conclusions can be drawn from the results of the LCA:
· The GFRP-SMC battery box was found to be the best option in terms of GWP, Fossil Fuel Depletion, Eutrophication, and Carcinogenics. Ecotoxicity and non-carcinogenics were the only categories in which it was outperformed by aluminum by 0.4% and 0.1%, respectively. GFRP-SMC is a superior choice compared to steel in all impact categories.
· The steel battery box was found to have the highest impact in all categories apart from carcinogenics, where it outperformed aluminum by 0.43%.
· In terms of use phase GWP, GFRP-SMC achieved lower impact than both the steel and aluminum boxes for all driving distances greater than approximately 13,000km, where steel impact surpasses that of GFRP-SMC. The aluminum box maintains a higher GWP than GFRP-SMC for all driving distances but becomes a lower-impact option than steel for distances beyond 155,000km.
· SMC resin type was not found to have an impact on the overall results of the LCA, with only marginal differences in GWP between resins. Phenolic resin was found to have the lowest production-phase GWP of the 5 common SMC resins considered. 
· A case study considering 10,000 battery boxes produced in a typical automotive factory showed that by switching from aluminum battery boxes to GFRP-SMC, production-phase GWP can be reduced by 65.6%. This corresponds with a 3.9% GWP reduction across the battery box’s entire life cycle. Likewise, by switching from steel to GFRP-SMC, overall lifecycle GWP can be reduced by 13.2%.

Recommendations for future work include:
· Further research into the environmental impact of natural fiber composites, especially for use in the automotive industry. Additionally further analysis into methods of improving mechanical properties of natural fiber composites to make them more competitive with traditional fiber composites like carbon and glass fiber.
· Further work related to bio-based resins, their environmental impact, and their production (including development and large-scale production to lower costs), as these can substantially decrease production-phase impact of automotive SMC composites. 
· Further research identifying opportunities for EV lightweighting. Lightweighting can improve EV range and significantly reduce use-phase emissions, which is the highest-impact life cycle stage. 
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GWP (kg CO2-eq)




EOL Phase	Steel Box	Aluminum Box	GFRP-SMC Box	-257.82592	-1009.715	21.717721999999998	Production Phase	Steel Box	Aluminum Box	GFRP-SMC Box	297.94104560000005	1211.8507120000002	417.30285617000004	Use Phase	Steel Box	Aluminum Box	GFRP-SMC Box	10518.2214	9341.7708000000002	8730.6856000000007	
GWP (kg CO2-eq)



EOL Phase	Steel Box	Aluminum Box	GFRP-SMC Box	-96.341279	-529.596	1.7257674999999999	Production Phase	Steel Box	Aluminum Box	GFRP-SMC Box	219.53051530000002	689.55216289999998	526.75003765000008	Use Phase	Steel Box	Aluminum Box	GFRP-SMC Box	7699.2682000000004	6838.1142000000009	6390.8037999999997	
Fossil Fuel Depletion (MJ Surplus)



EOL Phase	Steel Box	Aluminum Box	GFRP-SMC Box	-0.78569928	-2.769272	0.28952853000000001	Production Phase	Steel Box	Aluminum Box	GFRP-SMC Box	2.3831834469999993E-2	3.3222524823000001	1.3466269976999998	Use Phase	Steel Box	Aluminum Box	GFRP-SMC Box	37.198846000000003	33.038198000000001	30.877027999999999	
Eutrophicaton (kg N-eq)



EOL Phase	Steel Box	Aluminum Box	GFRP-SMC Box	-1160.3837000000001	-34087.1	4795.6121999999996	Production Phase	Steel Box	Aluminum Box	GFRP-SMC Box	91.978922800000007	38766.229160000003	4377.9200336000004	Use Phase	Steel Box	Aluminum Box	GFRP-SMC Box	72706.178	64574.078000000001	60350.011999999995	
Ecotoxicity (CTUe)



EOL Phase	Steel Box	Aluminum Box	GFRP-SMC Box	-1.2845387E-5	-2.949766E-4	1.0060233E-6	Production Phase	Steel Box	Aluminum Box	GFRP-SMC Box	2.4457793803000001E-6	3.5731854428999992E-4	2.6792055074999998E-5	Use Phase	Steel Box	Aluminum Box	GFRP-SMC Box	6.2647319999999996E-4	5.5640292000000001E-4	5.2000622000000004E-4	
Carcinogenics (CTUh)



EOL Phase	Steel Box	Aluminum Box	GFRP-SMC Box	-3.4855883E-5	-3.0269199999999997E-4	6.4447702000000002E-5	Production Phase	Steel Box	Aluminum Box	GFRP-SMC Box	2.5894804478E-5	3.5727535070000002E-4	1.07242267631E-4	Use Phase	Steel Box	Aluminum Box	GFRP-SMC Box	1.9883170200000002E-3	1.7659261200000001E-3	1.6504093200000001E-3	
Non-Carcinogenics (CTUh)



Use Phase GWP Comparison

Steel	0	50000	100000	150000	200000	250000	297.94104560000005	2927.4963956000001	5557.0517455999998	8186.6070956000003	10816.162445600001	13445.7177956	Aluminum	0	50000	100000	150000	200000	250000	1211.8507120000002	3547.293412	5882.7361120000005	8218.1788120000001	10553.621512	12889.064211999999	GFRP-SMC	0	50000	100000	150000	200000	250000	417.30285617000004	2599.9742561700004	4782.6456561700006	6965.3170561700008	9147.9884561700001	11330.659856169999	line	200000	200000	0	16000	Driving Distance (km)


GWP (kg CO2-eq)




Phenolic	Epoxy	Unsaturated polyester	Vinyl ester	Soy-based polyester	75	103	105	92.4	85.6	Matrix Resin Type


GWP (kg CO2-eq)
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