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Executive Summary
As electrification increases and the global energy transition accelerates, there is a growing demand for printed circuit boards (PCBs), which are integral to powering crucial technologies such as computers and smart devices. Recognizing the significant greenhouse gas emissions associated with the production of PCBs, our study aims to decarbonize the Printed Circuit Board Assembly (PCBA) process within the industrial electronics sector. In collaboration with Terralytiq, we utilized their Climate Tech Library (CTL) dashboard to conduct a detailed assessment of the carbon intensity and cost analysis involved in the manufacturing stages of PCBA.
To optimize this process, the PCBA product was broken down into three separate components: 
The printed circuit board itself
Integrated circuits, more commonly known as microchips 
Passive components, specifically capacitors, inductors, resistors, and connectors
Our objectives focused on four key ideas. First, we wanted to research the different manufacturing inputs and processes associated with each technology. Second, we wanted to identify which steps in manufacturing were the most carbon intensive or had current decarbonization methods that could be employed. Third, we aimed to decarbonize these process steps through the use of alternative material inputs, renewable energy via Power Purchase Agreements, and unconventional manufacturing process techniques. Lastly, we planned to use Terralytiq’s CTL dashboard to produce waterfall charts outlining the costs, emission profiles and impacts of decarbonization methods, hopefully to facilitate the adoption of these techniques by electronics manufacturers.
To achieve these objectives, our approach began with initial research by conducting a literature review to understand electronics manufacturing, focusing primarily on industry reports and market insights as well as LCA databases such as EcoInvent and GREET2. Process diagrams were constructed to outline manufacturing workflows for each technology in the PCBA. Data were then entered in the Climate Tech Library (CTL), and benchmarking was used to compare the created model results against reported results from the industry. We concluded by running our model to assess and refine our decarbonization strategies, ensuring they aligned with our goal of sustainable manufacturing.
This project illuminated which manufacturing processes in PCBA manufacturing are the most emissive and therefore have the greatest potential for decarbonization. Our preliminary findings indicate significant environmental and economic gains across the different technologies. For printed circuit boards (PCBs), substrate formation and solder mask application were identified as the primary steps to focus on for decarbonization. The decarbonization techniques selected for this product were substituting the original substrate with paper substrate and using 3D printing to replace the other steps, which reduced the overall emissions by 56%, from 20.68 kg of CO2e to 9.09 kg of CO2e per m² of board. Integrated circuits produce the most emissions during the dry etching process due to the use of perfluorocarbons. Because there are no current or prospective substitutes for etch gas, the decarbonization technique chosen for ICs was substitution of grid electricity with green electricity. This method decreased emissions by 230 kg of CO2e per m² of IC, but this only accounts for about 14% of the overall emissions. Cost savings were minimal for this decarbonization process, at about $14 per m² of IC. For other passive components, the measurements are in tonnes, with capacitors achieving a carbon reduction of 119 tCO2e per tonne and cost savings of $29,790 per tonne. Inductors show a carbon reduction of 5,511 tCO2e per tonne and a financial saving of $1,818 per tonne. Resistors have reduced carbon emissions by about 19 tons per tonne and cut costs by $1,800 per tonne. Connectors, while performing least impressively among the components reviewed, still manage a reduction of 2.82 tCO2 per tonne and a saving of $89 per tonne. These results highlight the varying impacts of our sustainability efforts across different components.

It is important to identify and proactively address areas of high environmental impact within microelectronics manufacturing processes. Decarbonization techniques need to be readily available, scalable, and incentivized to encourage quick adoption by companies in this sector. This project shows that this research has great potential to significantly mitigate carbon emissions in microelectronics, and with the right policies in place, can make a real positive change for the world.
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[bookmark: _heading=h.4iyc8duwksru]Introduction
With rapid digitalization and electrification, there is a growing demand for electronics. Precedence Research reports that the global consumer electronics market size is expected to grow at a rate of 5.8% annually during the period 2023 to 2032 (Precedence Research, 2023). However, the electronic industry is hugely a carbon-intensive industry. Electronics carry a significantly larger carbon footprint than their size or weight might imply. This is due to the variety of precious metals used in their production, coupled with the substantial carbon footprint associated with the manufacturing process of computer chips (semiconductors). For instance, producing every 1kg of electronics results in almost 25 kg of carbon emissions into the atmosphere (Maxey Moverley, 2022). 
According to Environmental Protection Agency (EPA) reports, the total reported emissions from the Electronics Manufacturing sector were 6.1 million metric tons CO2 in 2017. Yet, this number does not represent the entire industry. In 2016, 53 facilities in the industry reported their emissions to EPA, consisting of 52 semiconductor manufacturers and one PV cell manufacturer. These facilities accounted for 24-56% of overall facilities and 75-90% of total emissions in the sector. The Electronics Manufacturing sector includes various types of facilities, such as those that produce semiconductors, micro-electromechanical systems (MEMS), liquid crystal displays (LCDs), and photovoltaic (PV) cells. In particular, these facilities employ plasma-generated fluorine atoms and other reactive fluorine-containing elements for tasks like etching thin films, chamber cleaning for thin film deposition, wafer cleaning, and material residue removal (EPA, 2018). 
Figure 1 shows Electronics Manufacturing sector emissions by process type. More than 70% of the emissions come from the etching and chamber cleaning process. This is largely due to the use of perfluorocompounds (PFCs) in etching and chamber cleaning in wafer fabrication equipment. Figure 2 displays the sector emissions by Greenhouse Gas (GHG) from 2014 and 2017. PFCs consist of carbon and fluorine atoms. This group of chemicals was introduced as substitutes, alongside hydrofluorocarbons, to the ozone depleting substances. While PFCs do not cause harm to the stratospheric ozone layer, they have far greater global warming potential (GWP), ranging from hundreds to thousands of times that of CO2 over a 100-year period (IPCC 2014). The use of PFC gasses in these processes is essential for the production of semiconductor devices and electronics manufacturing since no effective substitutes exist. 
 [image: ]
Figure 1: Electronics Manufacturing Sector 2017 Emissions by Process Type
Source: GHGRP Electronics Manufacturing Sector Profile (EPA 2018, p. 8)
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Figure 2: Electronics Manufacturing Sector 2014–2017 – Emissions by GHG (MMT CO2e)
Source: GHGRP Electronics Manufacturing Sector Profile (EPA 2018, p. 7)



In fact, reported GHG emissions from this sector have been in a declining trend. It is assumed that most of the recent reductions stem from decreased emissions of PFCs and other fully fluorinated GHGs (EPA, 2018). It is currently a global-scale effort to reduce atmospheric emissions of PFCs. The World Semiconductor Council (WSC) has established a reporting program to trace PFC emissions by the present five semiconductor manufacturing associations of USA, Europe, Japan, Taiwan, and Korea (Illuzzi & Thewissen, 2010). This collaborative effort in reducing powerful GHG, such as PFCs, is only one of the many ways of decarbonizing the electronics industry. As the demand for greener and more efficient technologies increases, the electronics industry plays a large responsibility in making the future of technology sustainable. 
Given the current trend on shifting gears towards net zero carbon in many industries, companies and manufacturers are expected to review and modify the products, manufacturing processes, and supply chains to reduce their carbon footprints. The sustainable efforts by the electronics industry in reducing their emissions include use of renewable energy resources, choosing energy-efficient processes, and designing less energy-intensive devices. While significant investments are being made to advance technology and produce semiconductors, decarbonization of those electronics has become a premise in business strategies. 
This work, along with the Terralytiq team will assess the business cases for the decarbonization of industrial electronics under various energy price conditions, while using analytical models called Climate Tech Library (CTL). These models will quantify Scope 3 emissions, energy consumption, technology costs, and unit operations according to an industry-proven method that enables business leaders to act. Among many industrial electronics, our team has selected to focus on the Printed Circuit Board Assembly (PCBA). 
PCBA is the backbone of all the modern-day electronic devices, from automobiles, smartphones, to home appliances. Sustainable Electronics Manufacturing 2022-2023 report by IDTechEx examines the opportunities for sustainable innovation and the most promising new manufacturing approaches in the industry. The report concentrates on printed circuit boards (PCBs), Integrated Circuits (ICs), and other active or passive components. It is crucial to explore many ways of decarbonizing PCBA as it would affect the carbon footprints of the greater scale of supply chains for all electronic devices. Thus, making changes in PCBA production would not only affect the PCBA sector but also could impact the extended supply chains in the technology industry. For our Master’s Project, we divide PCBA into three main parts: printed circuit board itself, integrated circuits, and the rest of the components, including inductors, capacitors, resistors, and connectors. 
It is important to note that there are great variations within the selected electronics; for instance, different materials and production processes are employed to bring an electronic product into the market. Our strategy is to begin the modeling process with the most basic product type in each electronic component and later we’ll explore the pathways of leveraging more diverse kinds to seek for the most energy-efficient and cost-effective products. 
Our client, Terralytiq, is a Software-as-a-Service (SaaS) company that helps their clients understand their carbon footprint. Their goal is to accelerate decarbonization by showing companies the most efficient ways to decarbonize their activities, whether it be in their supply chain or by switching to renewable energy sources to power their operations. Terralytiq achieves this by using data analytics and modeling to assess key points in the supply chain and presenting areas from a practitioner perspective to make the platform more resource-efficient, scalable, actionable, manageable, and updatable. As a member of the planet, Terralytiq believes that it is essential to take decisive actions on product decarbonization now. 
[bookmark: _heading=h.53y2q8psj01e]Objectives
Apply different ways to realize industrial decarbonization.
The Industrial Decarbonization Roadmap Report emphasizes how difficult it will be to decarbonize the US industrial sector, which accounts for 30% of the country's energy-related carbon dioxide emissions and 33% of its primary energy consumption. The variety of emission sources in the sector, such as those related to fuel consumption, electricity generation, industrial processes, and the life cycle of manufactured items, highlights how difficult the task is. In order to achieve this goal, the paper suggests four primary approaches for industrial decarbonization: enhancing industrial electrification, embracing low-carbon fuels and energy sources, enhancing energy efficiency, and putting carbon capture, utilization, and storage (CCUS) into practice.
The first tactic is energy efficiency, which entails improving system procedures and switching to low-carbon energy sources including biomass, hydrogen, and green electricity for process heating. The second tactic is industrial process reformation, which offers a solution to solve economic issues and update the manufacturing supply chain. Adoption of low-carbon fuels, feedstocks, and energy sources, such as the utilization of clean hydrogen, biofeedstocks, nuclear energy, concentrated solar power, and geothermal energy, is the third strategy. Interestingly, the electronics supply chain uses four different types of materials, but the top five carbon-intensive materials are chemicals, steel, food and drink, petroleum refining, and cement. Lastly, the chemical reduction of limestone to lime and the cement industry both heavily rely on the fourth technique, CCUS, which serves as a significant mechanism for lowering carbon emissions from these processes.
Reduce carbon emissions in the Scope 3 supply chain.
Scope 1 emissions are those direct emissions that belong to the category that the organization directly owns or controls. Numerous activities, such as the organization's facilities' on-site fuel combustion, produce these pollutants. The corporation bears direct responsibility for these emissions, which can be controlled or minimized by means of internal policies and protocols. On the other hand, indirect emissions resulting from the usage of energy or goods that were purchased are included in scope 2 (Hertwich & Wood, 2018). These emissions are usually produced off-site and are connected to energy that the business has purchased, including heat and electricity. A company can influence Scope 2 emissions through its energy procurement decisions, such as selecting renewable energy sources or enhancing energy efficiency. Conversely, scope 3 emissions are linked to the whole supply chain network outside of the company's direct control and encompass the life cycle of the products and services that a company provides or consumes. These emissions are produced during the production, delivery, and disposal of items. One significant component of Scope 3 emissions is their upstream direction, which includes raw materials and components used in the production or provision of services.
Currently, numerous organizations have adopted a multifaceted approach to address Scope 1 and 2 emissions, implementing strategies such as Environmental, Social, and Governance (ESG) Plans and entering into renewable energy purchase agreements. However, the management of Scope 3 emissions presents distinct challenges due to its complex, supply chain-focused nature. Organizations must engage with suppliers, and assess the environmental impact of raw materials, chemicals, metals, process gasses, equipment, and other elements within the supply chain. This comprehensive approach to Scope 3 emissions is especially critical in industries like chip manufacturing, where it has been identified that as much as 40% of carbon emissions (Mohr et al, 2023) emanate from these upstream components.
Minimize the costs of electronics but maximize the incentives of products.
The provided model provides a thorough analysis of capital and operating costs across the course of the production lifecycle, allowing stakeholders to carefully consider the costs associated with different components. This fine-grained insight into the costs linked to various suppliers enables well-informed decision-making, permitting the selection of more economical options without sacrificing quality.
Three strategic approaches are recommended by the model to attain a more efficient and streamlined supply chain. It first recommends lowering the price of the raw resources required to make a certain good. This could entail haggling with suppliers, locating less expensive options, or making maximum use of the goods in order to cut down on waste. The model also highlights how critical it is to identify strategies for resource conservation across the whole production process. This could entail employing more energy-efficient technology, cutting back on the energy or raw materials needed in production, or redesigning the product to utilize less material without sacrificing its functionality or beauty. Third, techniques for reusing resources highlight the need to switch to greener production techniques. By figuring out how to recycle garbage or repurpose byproducts, businesses can save input costs and decrease their environmental effect.
One of the model's key objectives is to bring down the price of implementing low-carbon energy sources to at least $1 per kilogram (kg). This goal is essential to increasing the financial viability and appeal of low-carbon solutions for wider adoption. In the same way, the model shows that using substitute materials with lower carbon emissions can save operating expenses (Opex) by as much as $0.5 per kilogram (kg). Reducing these costs is crucial to the financial viability of low-carbon projects because it affects the competitiveness and market uptake of more environmentally friendly production techniques.
Under the Inflation Reduction Act, companies can benefit from a number of tax credits and financial incentives that are intended to motivate them to lessen their carbon impact. This serves to both lessen the adverse effects of climate change and to encourage the use of eco-friendly products and energy-saving practices. Companies in the electronics manufacturing sector have a compelling financial case to invest in eco-friendly technology, switch to more eco-friendly production methods, and reassess product life cycles in order to increase sustainability thanks to these incentives. The tax credits, which are a component of the Inflation Reduction Act, are meant to act as a spur for change by motivating businesses to incorporate sustainability as a key component of their business strategy as well as a corporate social responsibility. The government intends to accomplish these goals by utilizing fiscal policy to promote the development and use of eco-friendly products, enhance energy efficiency in all economic sectors, and drastically lower industrial carbon emissions.
Create an easy-to-use decarbonization software and customize different approaches for clients.
Our datasets are structured into three distinct sections: original inputs, conversions, and calculated outputs. We will focus on the business-as-usual scenarios with conventional raw materials and technologies. In contrast, a gradual enhancement in energy efficiency, the choice of greener materials, and the adoption of available electrification technologies will help on reduce the total costs and carbon emissions.
This innovative and multipurpose platform represents a specialized repository within the realm of climate technology, comprising emissions forecasting, progress assessment toward target achievement, comprehensive overviews of decarbonization initiatives, and financial analysis with high accuracy, reliability, transparency, and customization. Functioning as a dynamic and highly adaptable tool, this Terralytiq platform serves as a self-customization tailored to meet the individual goals of organizations that seek to monitor their supply chain toward zero-carbon objectives.
Users can obtain important insights into their emissions profiles and investments through advanced data analysis and progress tracking tools, enabling them to make well-informed decisions that align with their objectives. More precisely, the application lets users keep an eye on the carbon emissions from the specific e-supply chains that have the biggest effects. Furthermore, the Terralytiq platform uses time series analytic techniques to anticipate future emissions and costs in addition to comparing existing data.
[bookmark: _heading=h.t6pj8cgpsxs3]

Methodology

Our approach to reaching our objectives is to follow Terralytiq’s standard process for adding components and processes to their climate library database, while also utilizing the vast network of resources available through Duke University to assist in finding reliable and recent data. Each team member was responsible for a separate workflow, modeling different products to capture the greatest number of products during the project timeline. This project separated out the components of a printed circuit board, so the workflows consisted of the circuit board itself, microchips, and the passive components. The methods outlined below were followed for each product.
Initial Research
In this first step, the product is reviewed at a high level to understand its purpose, the general market, and a basic overview of the manufacturing process. This included narrowing in on what the standard model of such a product may be; for example, microchips have a wide range of applications, but a good reference case could be to use memory chips (RAM) to model a standard supply chain. Sources that we will use here include industry reports and basic information found on websites of the major suppliers of the product.
Building the Process Diagram
Once the general overview of the manufacturing of the product was understood, a process diagram was built. Using a virtual drawing tool, a flow diagram starting with the initial resources and ending with the final product was constructed. Intermediate products and additional inputs were identified for each step. Inputs were assessed along the way to determine whether an additional diagram is relevant to model the production of the input. Upstream materials were then charted below the final product for model organization. Sources referenced in this step were in-depth reports for specific products, such as the industry standard reports, and patents that describe the particulars of manufacturing. We also discussed our standardized products with faculty members to confirm that we are including all relevant processes in these models.
Adding Components to the Climate Library
[bookmark: _heading=h.gjdgxs]
[bookmark: _heading=h.30j0zll]Once all inputs and intermediate outputs for a product were identified, they were added to the Climate Tech Library (CTL), a proprietary database compiled by the Terralytiq team consisting of cost and emissions data for a variety of chemical and industrial products and processes. As suggested, this step required a deep search into each step to find the cost and emissions data to input into the CTL. These data were sourced from a variety of databases, including EcoInvent and GREET2, two very popular open-access sources that provide valuable information on products.
[bookmark: _heading=h.1fob9te]
Building the Process Model

[bookmark: _heading=h.3znysh7]When the data for all inputs has been found and entered into the database, the manufacturing process can be modeled. Each step must specify the input and output to keep track of the steps along the way, and both cost and emissions are modeled for each “block,” or modeled step. This part of the process relies heavily on the work done by the Terralytiq team, as we used spreadsheet formulas created by them to streamline this workflow. This step did not require additional data sourcing but rather focused on manipulation of the previously sourced data to get the desired results.
[bookmark: _heading=h.2et92p0]
Benchmarking and Quality Checking

[bookmark: _heading=h.tyjcwt]This step ensures that the modeled processes results are similar to other models. Because our method breaks the manufacturing down into discrete steps with some assumptions made, it is imperative to ensure the quality of our work by comparing our end results to reported costs and emissions for similar products. These are similar in scope but already have reported data available. The modeled product is then checked to see what the error range is between it and the analog, both for cost and emissions. Our target was to be within a 10% range to ensure accuracy. The data for this step was sourced from industry and market reports that give specific values for products similar to the ones we are modeling.
[bookmark: _heading=h.3dy6vkm]
Running the Model

Finally, after all data were input, categorized, and checked for quality, we ran the final model. This was completed with Terralytiq’s Climate Tech Library which is used to string together each step and get the overall cost and emissions results for the product. The outputs from this step include a waterfall graph and a marginal abatement cost curve (MACC) to visualize and identify the areas of greatest environmental impact, as well as areas that can be decarbonized for the lowest cost. Different scenarios were run to model decarbonization strategies, for example substituting traditional utility electricity for a solar PPA to ensure renewable energy is used.

[bookmark: _heading=h.wwe47aj1tjul]Using these steps to meticulously build models to represent electronics manufacturing, our overarching goal is to identify the areas with the potential for high impact decarbonization to help this ever-growing industry to become part of the net-zero future. We also hoped to support the Terralytiq team and prepare them for future clients that are interested in decarbonizing electronics during a period of high electrification. 



Expected Results and Deliverables


The expected results of our project can be broken down into several key components:
Process Diagrams: For each component of our electronics, we will create individual process diagrams. These diagrams will illustrate the various stages and steps involved in the production process of each component. These process diagrams will serve as a visual representation of how each component is manufactured. Within each process diagram, we will break down the production process into more specific steps. This means identifying and listing all the individual actions, procedures, or tasks that are carried out during the manufacturing of each component.

Data Input, Unit Conversion, and Output: At each specific step in the production process, we will input data related to both cost and carbon emissions. This data could include information such as the cost of raw materials, labor, energy consumption, and the amount of carbon emissions generated at that stage. To make meaningful comparisons and calculations, we will need to convert the data into consistent units. Costs should be converted into USD per tonne of material, and carbon emissions should be converted into tonnes of carbon dioxide emissions per tonne of material. 

The final model structure is ardently created, building on the previously mentioned fundamental elements. This synthesis results in a workflow that is structured and made up of four key steps: (1) choosing the fundamental building blocks; (2) entering relevant model parameters and information; (3) setting up key toggles and settings; and (4) defining the specific technological components supporting the model. Together, these sequential actions create a thorough modeling framework ready to produce the insights.
Notably, the model's capability goes beyond simple data presentation; it broadens the scope of its use by offering estimates that look ahead to the year 2050. Stakeholders can gain long-term projections of production costs and carbon emissions using this temporal dimension, giving them a tactical edge throughout planning and decision-making processes. The model's adaptability also extends to the geographic domain, providing the capacity to recognize differences in these two essential indicators across various geographic areas.

[bookmark: _heading=h.cqhqffdzwsrc]Components Overview
[bookmark: _heading=h.2d3qmnssjst]Printed Circuit Board Itself

The most fundamental part of PCB Assembly is the circuit board itself, which is a flat board with conductive pathways to create electrical connections between components. The board with electric traces is the basis on which microchips and other components, such as capacitors and resistors, are built. Generally, the laminate board is composed of three main materials: coppers, the resin systems, and the reinforcement (Deng et al, 2011). The dielectric part of the board is referred to as substrate and generally made from a frame retardant epoxy resin (the resin system) and glass fabric composite (the reinforcement), called FR-4. FR represents flame retardant, with the numeral 4 denoting a woven glass-reinforced epoxy resin (Grant et al, 2023). 

[image: ]
Figure 3. PCB Process Diagram
The process diagram of the printed circuit board (PCB) itself is presented above (Figure 3). The laminate board fabrication process has two main steps: substrate production and copper lamination. Once a PCB substrate board is composed of epoxy resin and woven glass fiber, a thin layer of copper is laminated onto one or both sides of the substrate material. This copper layer serves as the conductive material for the circuit traces. The fabrication of the laminate board is sometimes done separately from a PCB manufacturing or PCB assembly factory (Ozkan et al, 2018). Additionally, when a PCB is multi-layered, each laminate board is bonded by prepreg, which is a glass fiber fabric which has been impregnated with epoxy resin. Prepreg works as a glue to stack up multiple layers of copper laminate boards. 

After the fabrication part is done, the PCB manufacturing process begins (MKTPCB, n.d). The laminate board which consists of the substrate and outer copper layer is covered by a layer of photosensitive film, known as photoresist (Kanikella, 2007). There are several types of photoresists, and this study adopts a dry film photoresist as the base case. Subsequently, the PCB design is printed onto the board using black ink, and the photoresist-covered board undergoes exposure to UV light, causing the photo-reactive chemicals to harden. As UV light cannot penetrate the areas with black ink, only the hardened regions remain as copper pathways, while the rest are removed. An alkaline solution is then used to eliminate any remaining photoresist residues (MKTPCB, n.d).

Then, the board that is covered by a photoresist dry film will undergo the copper etching process. This is one of the critical processes in PCB manufacturing. The unnecessary copper is etched away in a chemical solution, which is mainly Hydrochloric Acid (HCI) in the base case (Grzesik & & Terefeńko, 2012). The hardened photoresist serves to protect the required copper, defining the desired conductive copper traces. Then the remaining photoresist on top of the copper pathways is stripped off via alkaline solution, making the copper traces appear. The duration and solvent employed for etching vary based on the board's size and materials. For this study, the main chemical etching solution is Hydrochloric Acid (HCI) and the alkaline solution in the film stripping process uses Sodium Hydroxide (NaOH). 

After the etched board is checked in an Automated Optical Inspection (AOI) machine, it will go to the drilling process (Lee et al, 2012). This process determines the foundation for vias and the connectivity in the circuit traces. PCB drilling is the most critical and requires the highest precision because a tiny error could cause significant losses. There will not be any additional materials coming in as a feedstock in this process, but the drilling machines consume a significant amount of electricity. The drilled holes fall within the three categories: vias, through-holes, and registration holes. Vias are the places that are filled with coppers, and through-holes are where components are built. Registration holes are solely for the alignment purpose.  

The circuit board with holes will then go through the final stretch of the manufacturing: electroplating. PCB plating involves filling drilled holes with copper to facilitate current flow between the board’s surface and inner layers. This process utilizes a sequence of chemical baths. The first bath is to thoroughly clean the PCB panel. Then next, the panels are immersed in a succession of chemical baths to deposit a thin layer of copper, typically around one micron thick. 

Finally, the PCB manufacturing is finished with a solder mask application. A solder mask is a protective layer that shields the board from oxidation, shorts, and environmental damages to ensure the optimal conductivity and functionality (MKTPCB, n.d). It usually comes in green color. Solder mask is coated, exposed to UV light, and washed similar to the photoresist coating step. After silk screening, cleaning, and testing, the board is finally complete and ready for assembly of components. 

The functional unit for the printed circuit board itself in this project is a 1-square meter single-layer PCB. Single-layered PCB is a circuit board that features just one layer of conductive material on a single side, while the opposite side is utilized for integrating various electronic components onto the board. A single-layer board has been chosen for the feasibility of data collection and data calculation processes. 


[bookmark: _heading=h.a3scv3nmwalq]Integrated Circuits (Microchips)

Integrated circuits (ICs), also known as microchips, are the brains behind most modern technologies. Commonly known microchips are logic chips (CPUs and graphics cards) that process information and memory chips (DRAM and NAND) that store data on a device (ASML, 2024). These components perform highly complex tasks using a chip the size of a fingernail; in fact, state-of-the-art chips have features on the scale of dozens of nanometers, smaller than the flu virus (ASML, 2024). The decrease in size of the microchip’s features corresponds to Moore’s Law, a concept that about every two years, the number of transistors on a microchip doubles (Intel, 2023). This leads to an increase in functionality as more features can be added to a single microchip, as well as an increase in performance because features are closer together and electrical signals travel more quickly (Zhi, 2023). However, the manufacturing of these nanoscopic chips is extremely energy intensive (Hou & Stapczynski, 2022). It is important in this age of innovation and electrification to begin to identify viable decarbonization methods for integral products such as microchips.
The process diagram for microchip fabrication is shown below (Figure 4). Microchips are created on silicon wafers. Thin, incredibly smooth high-purity silicon is first oxidized by applying oxygen gas to create a non-conductive layer of silicon dioxide. The photolithography process then begins with another coating of a photosensitive substance called a resist. The pattern of the microchip is then held over the wafer, with open spaces indicating areas to be removed. A flash of UV light causes a chemical reaction in the resist. Exposed resist can then be developed away, leaving a pattern of unreacted photoresist on the layer of silicon dioxide. The silicon dioxide that is not covered by the pattern is then removed in a process called etching. This process involves either a chemical solution (wet etching) or a plasma of etch gas (dry etching) that removes the silicon dioxide layer. Once the layer’s final pattern is complete, the wafer undergoes deposition. A substance, typically a metal such as aluminum, is applied thinly over the wafer. The wafer is then smoothed in the chemical and mechanical polishing (CMP) step. A lapping machine is used to physically smooth out the wafer, and a chemical slurry helps with the high standard for smoothness. All of these processes result in the formation of just one layer on a microchip. Microchips average about 45 layers, with advanced chips requiring up to 100 layers (Photomask, 2022; ASML, n.d.). It is no wonder, then, that a single batch of wafers takes 3 to 4 months to complete.

[image: ]
[bookmark: _heading=h.8b80gbpfqshs]Figure 4. Integrated Circuit Process Diagram
[bookmark: _heading=h.gkh6novxrdxa]Passive Components

Components in electronics can be broadly divided into active and passive parts. Electrical signals can be amplified or modulated by active components like transistors, integrated circuits, and diodes. Capacitors, inductors, resistors, connections, and transformers are examples of passive components; they cannot be amplified but are essential to the operation of a circuit. We now focus on the subset of passive components that our research deems necessary. We chose to restrict the category of passive components to computer motherboards since they are the most widely used electronic device and have the greatest amount of publicly available data, based on the research that followed and the guidance of the professors. Due to their essential function in electronic circuits, computer components such as capacitors, resistors, inductors, and connections were given priority. We selected this because our report had thoroughly discussed integrated circuits, the foundation of active components.
Examining the particular roles that each of these elements plays: Electrical charge can be efficiently stored and released using capacitors. Their ability to block direct current (DC) while permitting alternating current (AC) to go through makes them ideal for energy storage and filtering applications. Resistors are used in circuits to control and stabilize the flow of current by regulating the amount of power that passes through them and dissipating it as heat. The principle behind the operation of inductors, transformers, and various electromagnetic storage devices is the conversion of electrical energy into a magnetic field. In order to maintain the integrity and dependability of the circuit's electrical channel, connectors are crucial for creating electrical connections between various components (Aresco, 2024). This figure offers a thorough overview of the capacitor manufacturing process, emphasizing the important steps and raw materials that are used in each step.
[bookmark: _heading=h.w8rvkuymkjbb]Capacitor

Capacitors have various types of applications in laptops, including dielectric, film, ceramic, and glass. To get a better understanding on the overall performance of capacitors, we choose multilayer ceramic capacitors (MLCC) as the standard component for data entry and analysis. It has the most advantages, such as better reliability, higher voltages, lighter weight, less costs, and more shape variability.

The MLCC capacitor manufacturing process starts with the refinement of essential raw materials like barium carbonate, titanium dioxide, and various metals to meet quality standards critical for the product's performance. The refined materials undergo tape casting to form uniform thin layers that make up the capacitor's dielectric and electrode layers, a step crucial for the device's electrical characteristics (Smith et al., 2018). Electrodes are then added to these layers, and the material is stacked, laminated, cut, and sintered, a sequence that builds the capacitor's structure and enhances its properties. Finally, electroplating with metals like copper provides a protective, conductive finish, ensuring connectivity and durability. Rigorous control and quality checks throughout these stages guarantee the production of high-quality capacitors, utilizing the unique advantages of the selected raw materials.
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[bookmark: _heading=h.japc7i8a97b0]Figure 5. Multilayer Ceramic Capacitor

Inductor

Inductors are versatile parts that are required for electrical circuits and come in a variety of forms. These consist of wireless charging coils, surface mount inductors, multilayer chip inductors, shielded variable inductors, and coupling inductors (MorePCBAb, 2023). Because of their effective noise-suppression capabilities at high frequencies and their ideal design for mobile communication applications, multilayer chip inductors were selected as the basic component for our model. Multilayer chip inductors were selected because they offer a small solution and are efficient at addressing electromagnetic interference (EMI) issues in high-frequency circuits.

Six essential processes make up the production process for multilayer chip inductors, and each one affects the component's overall performance and dependability (Gyrators, 2020). In the first phase, intermediate products are created for layer creation through sheet processing. The next stage is to stack these layers to create a layered structure that increases the inductive capacity in a compact package, hence enhancing the inductor's electrical characteristics. The next crucial step in achieving the ideal electrical properties and structural integrity for the intended shape is to slice and sinter the created multilayer structure. After that, electrodes are utilized to create the appropriate electrical connections and get the surface ready for plating. This step strengthens electrical conductivity and prepares the surface for the subsequent coating procedure. The final coating protects the inductor from mechanical damage and external elements. Multilayer chip inductors fulfill the exacting specifications of high-frequency applications by means of these meticulously carried out stages, which perfectly balance excellent performance with compact design.
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Figure 6. Layered Inductor
[bookmark: _heading=h.gs5li0pxm2nk]
Resistor

Resistors, integral components in electronic circuits, are categorized into fixed and variable types (MorePCBAb, 2023). For Printed Circuit Board (PCB) assemblies, we have selected Surface Mount Device (SMD) resistors, aligning them with the other multilayer components chosen for their compactness and efficiency. SMD resistors are distinguished by their rectangular ceramic bodies, which are equipped with terminals on the underside. These terminals feature thick film, solder-coated bands, enabling secure and conducive connections to the PCB.

The manufacturing process of SMD resistors is relatively intricate, comprising six stages that contribute to their reliability and performance. Initially, the process involves core mixing, where the raw materials are prepared to form the resistor's core. This is followed by winding, a step that shapes the core into its precise dimensions. The printing stage then applies the resistive and conductive patterns necessary for the resistor's function, including three separate steps–termination printing, resistive body printing, and glass coat printing. Following steps include end capping, which adds protective caps to the ends of the resistor, and coating, which applies a protective layer over the entire component. The final stage, curing, solidifies the coatings and ensures the structural integrity of the resistor (Tsang et al., 2014). This comprehensive manufacturing process, though complex, results in SMD resistors that are highly reliable and suitable for the demanding conditions of PCB assemblies.

[image: ]
Figure 7. Surface-Mounting Resistor
[bookmark: _heading=h.61ms4ohdm8g2]Connector

The manufacturing process of the connector is notably more streamlined compared to the other three components, encompassing four primary stages: stamping, electroplating, injection molding, and assembly (Sunkye International Co., 2020). A thin sheet of metal is first put into a stamping machine, where it is formed into a continuous strip of metal by machining and molding. The metal strip is then prepared for the following step by being extruded from the machine. After that, a layer of polycarbonate is applied to the connecting pins to increase their toughness and electrical insulation. After the plastic is melted and poured into a metal mold that holds the coated pins, the shape is solidified by quickly cooling the material. In the end, combining the components into precise lengths for various product needs results in the production of a high-quality connection.

[image: ]
Figure 8. Wire-clamp Connector


[bookmark: _heading=h.fzq3hsdnrfhr]Conventional PCBA Modeling Results 

[bookmark: _heading=h.pn7jx94xg13f]Printed Circuit Board Itself 

Figure 9 shows the emission profiles for the conventional manufacturing models of PCB in kg CO2 equivalent per 1m2 PCB. In the waterfall chart, the horizontal line shows the manufacturing process steps starting from the left to right. 
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Figure 9. Conventional PCB Emission Profile


As described in the chart, substrate formation and solder mask application are the processes with high emission profiles. This is mainly because of the materials going into these processes, which includes epoxy resin. Epoxy resin and resin-based liquid solder have high emission factors. Then, it can lead to a decarbonization option to reduce the consumption of epoxy resin and such solder. The notably low figures in photoresist application and drilling are due to the minimal materials used in these processes. These emissions mostly come from the use of electricity to run the machines, which can be small when it’s calculated per 1 square meter board. In this scenario, a chemical wet etching process using a ferric chloride (FeCl3) based solution was applied. Compared to a dry etching process which uses gasses with high GWP and is often applied in microchip and semiconductor manufacturing, wet etching can be less carbon intensive. Although the emission factor of the chemical solutions in a wet etching process is not as high as other etching gasses, a wet etching process requires a significant amount of liquid solution in a bath and generates a lot of waste of copper and chemicals. 
Figure 10 illustrates the production cost for a conventional PCB manufacturing in USD per 1 square meter PCB. Similarly to the emission profile, a substrate formation has the highest cost profile due to the materials used, including epoxy resin and fiberglass. The use of copper in the copper lamination and plating processes also contributed to higher cost. 


[image: ]
Figure 10. Conventional PCB Production Cost Profile


[bookmark: _heading=h.tfjefqcmwkoc]Integrated Circuit

Figure 11 shows the emissions profile for the manufacturing process for integrated circuits. This chart clearly shows that the most emissive step of this process is the etching step. We can attribute this to the fact that dry etching was assumed for this model, which uses fluorinated gasses to etch out the pattern of the chip onto the silicon wafer. This model assumes the use of sulfur hexafluoride (SF₆) as the etch gas (Arora et al. 2019). SF₆ has an extremely high global warming potential, estimated at 23,500 CO₂ equivalents, leading to the massive contribution to the overall emissions of the integrated circuit (EPA 2024).

Other emissive steps in this process are the oxidation, photolithography, and polishing steps. Emissions for wafer oxidation are primarily attributed to the input of the unprocessed silicon wafer since this is the first step in this model. Achieving the extreme purity and smoothness necessary for silicon wafers used in electronics involves exposing them to high temperatures. Additionally, the mining process is factored into the CO₂e emissions for this input (SUMCO).The photolithography process emissions come mostly from the power required to run the machine. ASML, the leading supplier of photolithography equipment, manufactures an EUV lithography machine that requires over 1 million watts of power input, making this a very energy intensive process for chip fabs that want high resolution (Thoss 2019). Finally, the emissions from the polishing process can be calculated based on the quantity of polishing slurry required per square meter of wafer and the chemical inputs required to make the slurry (Lee 2015). 

[image: Chart]
Figure 11. Integrated Circuit Emissions Profile


Figure 12 shows the production cost profile for integrated circuit production. The dominant cost in the oxidation step is again a result of the intensive process involved in producing a silicon wafer, from mining to refining and processing. The CMP step also has a high production cost; specifically, the cost of the polishing slurry is what contributes to this high expense. 
[image: Chart]
Figure 12. Integrated Circuit Production Cost Profile

[bookmark: _heading=h.w48p0w5b8s7]Passive Components

According to Figure 13, capacitors are identified as having notably high production costs primarily due to the refinement process and electroding, which involve costly metal materials and significant expenditures on machinery. While the overall production costs for other components such as connectors, resistors, and inductors are generally lower, each has specific manufacturing steps that incur considerable expenses. For connectors, the stamping process is particularly costly, involving shaping materials using heavy machinery to achieve precision and durability. Resistors face high costs in the printing process, where precise application of resistive materials is crucial for achieving the desired electrical properties. Inductors, meanwhile, have expensive coating steps, which are essential for insulation, environmental protection, or enhancement of magnetic properties. These details underline the complexities and cost implications of manufacturing processes in the electronics sector, highlighting how specific stages can significantly impact the overall expense of production.
[image: Chart]
Figure 13. Conventional Passive Components Production Cost Profile

In the manufacturing of capacitors, the refinement process and electroding not only incur high production costs but also contribute significantly to carbon dioxide emissions, exceeding 40 tons of CO2 per ton of capacitors produced. This high emission level is largely due to the intensive energy required by these processes and the materials involved. In contrast, the production of connectors involves several steps—stamping, electroplating, injection molding, and assembly—each of which results in considerably lower emissions, with total emissions falling below 3 tCO2 per ton of connectors. This reduced impact is attributed to the limited use of materials and their inherent properties which are less demanding in terms of energy and resource inputs. For resistors, the core mixing step during production is identified as the highest emitter of carbon dioxide, which highlights the environmental challenges in this stage of resistor manufacturing. Similarly, in the production of inductors, the cutting and sintering step accounts for the most significant emission of carbon dioxide, mainly because sintering is a high-temperature process that demands substantial energy consumption. Each of these processes reflects the environmental footprint associated with the production of electronic components, emphasizing the need for more sustainable practices in the industry.

[image: Chart]
Figure 14. Passive Components Emissions Profile
[bookmark: _heading=h.by79q9zbwyz0][bookmark: _heading=h.z5n9l5henzru]


Decarbonization Results 

[bookmark: _heading=h.t13mj1xmiafc]Printed Circuit Board Itself

Decarbonization strategies for PCB included the following two in this study:
Alternative materials for a substrate
3D printing method (additive method)

There are ample options to decarbonize PCB manufacturing, but this study focuses on the first process “substrate formation” which is a major contributor to both emissions and cost compared to the processes. As explained earlier, epoxy resin and fiberglass as input materials are the main drivers for the higher cost and emission. Also, the conventional substrate formation requires about 0.15GJ electricity as the method consumes energy when gluing epoxy resin on the woven fiberglass. Then, PET-based substrate and paper-based substrate are considered in this study as alternatives. Those two options are the most commonly used in LCA studies as alternative materials for substrates in PCB production (Nassajfar et al, 2021; Liu et al 2014). 

Also, one of the other main strategies for a sustainable PCB manufacturing which has been discussed a lot in recent studies is an application of additive methods (Dong et al, 2018; Sudheshwar et al, 2023; Tan et al, 2016). The additive methods include screen printing and 3D printing; this study focuses on a 3D printing method. While the 3D printing method for a PCB manufacturing is still in the developing stage and not yet matured enough to be scaled up for a mass production, it has a huge potential in reducing wastes and simplifying the process steps. 3D printing circuit boards allows for faster production compared to traditional methods, offering enhanced versatility and potential cost savings. This technology enables the creation of more complicated circuits, making it ideal for rapid prototyping, low-volume production, and specialized electronic products. 

A 3D printing method can directly print the electrical circuits on the board. While the conventional method is known as a subtractive method because some areas of copper sheets are removed by etching process to retain necessary copper traces, the 3D printing method is known as an additive method. The 3D printer directly prints out only the necessary circuits using conductive ink. In this scenario, silver-based conductive ink was applied. Use of a multifunctional 3D printer allows the PCB manufacturing process to be simpler; copper etching process is unnecessary in an additive method, and drilling, vias filling, and soldering processes can be replaced by a 3D printer which is equipped with more than printing function. 
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Figure 15: PCB Emission Profiles in Decarbonization Application (Paper-based substrate + 3D printing method)


[image: Chart]
Figure 16: PCB Production Cost Profiles in Decarbonization Application (Paper-based substrate + 3D printing method)

[bookmark: _heading=h.10i3my7gupj6]Figure 15 shows the emission profiles when a paper-based substrate and the 3D printing method are applied. The emissions from the substrate formation process itself is reduced from 5.75kg to 3.76kg CO2e per 1m2 PCB. More notably, due to the fewer processes in the 3D printing method, the total emissions per 1m2 PCB in this decarbonization scenario is 9.09kg CO2e, which is reduced by 56% compared to the conventional PCB. Figure 14 illustrates the production cost profiles. The production cost for a decarbonized PCB has resulted in higher than that of conventional one. This is because the existing technology for a PCB 3D printing remains in small scales. For instance, a multifunctional 3D printer NOVA, which is a prototyping platform for high-resolution electronics sold by Voltera, can only print the area of 220 mm x 300 mm x 40 mm. When scaled up to 1m2 PCB, it would be costly with the current existing PCB 3D printing technology. However, the 3D printing method retains a large potential in its ability to produce PCBs with much less wastes, higher conductive resolutions, and use of flexible substrates. 

[bookmark: _heading=h.spuqwplo1y3g]Integrated Circuit

To decarbonize the integrated circuit manufacturing process, grid electricity was replaced with green electricity. The assumption is that manufacturers would enter into a power purchase agreement (PPA) with a renewable energy developer and would then run fully on clean electricity. Terralytiq provided cost and emissions data for these assumptions. The results from this switch to green electricity are shown in Figures 17 and 18. Figure 17 shows the updated emissions profile for manufacturing integrated circuits with green electricity, showing a reduction of 0.23 tonnes of CO2e per square meter of integrated circuit. While this is not a significant portion of the total emissions, when considering that several million square meters of IC are produced annually, this could result in a significant abatement of overall emissions (Mayuko 2023). Additionally, figure 18 shows that costs decrease when this decarbonization technique is implemented (by about $14 per square meter of IC), making this an attractive first step for manufacturers wanting to reduce their carbon footprint. The biggest challenge would be to procure enough renewable power to run this energy intensive manufacturing process. 

[image: Chart]
Figure 17: Decarbonization of integrated circuits – Green electricity emissions profile
[bookmark: _heading=h.ep6czb3ancdh][image: Chart]
Figure 18: Decarbonization of integrated circuits – Green electricity production cost profile

[bookmark: _heading=h.ho6ybv8pmnpt]A major consideration for future research is to consider an alternative etch gas for use in the dry etching process. As mentioned previously, the use of fluorinated gas such as SF₆ contributes the majority of CO2e emissions for the entire IC manufacturing process. Replacing this with a gas that has a lower GWP would significantly reduce the impact of this industry; however, there are currently no suitable alternatives for lower impact gasses that could be used in the etching process. Hopefully with the rise in electrification and more attention focused on the semiconductor industry, this will become a popular area of study, and such alternatives can be incorporated into future iterations of this model.

[bookmark: _heading=h.r4zer5vkqwle]Passive Components
[bookmark: _heading=h.l62mbvixgb2x]Capacitor

In order to increase efficiency and sustainability, our capacitor manufacturing process uses a variety of cutting-edge technologies, including milling, drying, belt casting, pressing, cold sintering, and electroplating. This sets it apart from previous approaches. Notably, our facilities use Power Purchase Agreements (PPAs) to purchase green power, which dramatically lowers the CO2 emissions related to operating machinery. Furthermore, we have innovated in our selection of raw materials by going with more environmentally friendly options like dysprosium oxide rather than the more energy-intensive but conventional copper. This calculated substitution not only aligns with the industry trend toward sustainability and a smaller carbon footprint, but it also lessens the environmental impact of our production methods.
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Figure 19. Decarbonized Multilayer Ceramic Capacitor

According to Figures 20 and 21, multilayer ceramic capacitors achieve a reduction of 119 tCO2e per tonne of capacitor and save $29,790 per tonne. The data indicates that the majority of costs are associated with electricity purchases. By implementing three strategic initiatives simultaneously—optimizing the supply chain, utilizing alternative materials, and sourcing green electricity—we aim to significantly minimize both costs and carbon emissions. While achieving these goals within the next five years may not be feasible, manufacturing companies should set their sights on realizing these objectives by 2040, aligning their operations with long-term sustainability targets.
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Figure 20. Multilayer Ceramic Capacitor Production Cost Comparison
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Figure 21. Multilayer Ceramic Capacitor Carbon Emissions Comparison
[bookmark: _heading=h.2g4hp0btp3es]

[bookmark: _heading=h.qbm3wdpvitdt]Inductor

According to Figures 22 and 23, our comparison of the conventional manufacturing process with the decarbonized process shows significant improvements. We achieve a cost reduction of $1,818 per tonne and a decrease in carbon emissions of 5,511 tCO2e per tonne for inductors. In the decarbonization efforts, zinc replaces tin in the coating process due to tin’s relatively high carbon emissions. For other raw materials, after evaluating options for cost-effectiveness and emission reductions, we have decided to retain the original materials as no suitable alternatives were found. Additionally, the use of green electricity sourced through Power Purchase Agreements (PPAs) has significantly enhanced our carbon emission performance, further contributing to the sustainability of the manufacturing process.

[image: Chart]
Figure 22. Multilayer Inductor Production Cost Comparison
[image: Chart]
Figure 23. Multilayer Inductor Carbon Emissions Comparison
[bookmark: _heading=h.rbmwk76ced5m]Resistor

Our core mixing step, in contrast to traditional manufacturing methods, uses the novel substitution of carbon nanotubes for silicon while keeping alumina and silica sand because of their outstanding qualities. Consequently, the initial stage's carbon emissions stay at the same amount. Stainless steel, which has a waste content of between 50% and 80%, replaces nickel-chromium alloys in the second stage. The higher the waste content, the lower the carbon emissions. To further cut carbon emissions, bio-PET (bio-based PET) was employed in the coating process. Furthermore, power purchase agreements (PPAs) procure green electricity, which is utilized throughout the entire process to reduce overall emissions. For every ton of inductors, our green supply chain strategy successfully reduced emissions by 15.87 tons of CO2. We are always on the lookout for less expensive material substitutes that provide equivalent performance, which costs $1818 per tonne inductor in total. Our inductor supply chain will be a perfect example for future sustainability initiatives thanks to these tactics.

[image: Chart]
Figure 24. Surface-Mounting Resistor Production Cost Comparison
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Figure 25. Surface-Mounting Resistor Carbon Emissions Comparison


[bookmark: _heading=h.8h2ibt9zbq0e]Connector

Among the three components we assessed, this one releases the least carbon dioxide during the decarbonization of connectors. We intend to employ green electricity as part of our aim to further reduce its environmental impact, and we will replace two traditional materials with more environmentally friendly options. In particular, we will substitute bio-PET for polycarbonate and Acrylonitrile Butadiene Styrene (ABS) for the silver-palladium alloy. These modifications greatly improve the sustainability of our manufacturing process by lowering overall emissions by 2.82 tCO2e per tonne of connection and reducing production costs by $89 per tonne of connector.
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Figure 26. Wire-clamp Connector Production Cost Comparison
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[bookmark: _heading=h.um7hagvil1cb]Figure 27. Wire-clamp Connector Carbon Emissions Comparison
[bookmark: _heading=h.solrzs6gcrzp]Limitations and Conclusions

[bookmark: _heading=h.jz5lgmcpuiy3]Limitations
The biggest limitations for this project were the barriers to data collection that the team faced. Industrial reports on the electronics sector do not publish all their relevant data, largely due to strict confidentiality and privacy concerns of companies wishing to protect their product specifics. This project focused on available data from industry leaders such as ASML, Murata Manufacturing, TDK, and Panasonic, whose dominant market positions and innovative products provided key insights into industry trends and decarbonization potential. The scarcity of primary data required the use of secondary sources like the Ecoinvent, GREET2, and Statista databases. Ecoinvent provides detailed information on material use and emissions, GREET2 offers more specific data on industrial processes, and Statista supplies financial data on material operating costs. Together, these resources enhanced the depth of our environmental and financial assessments of PCBA manufacturing.
Identifying specific capital expenditures (Capex) for each step of the manufacturing process was also a challenging step. Suppliers of microelectronics manufacturing equipment do not publish their pricing outright, as there are many customizations available depending on the type of product that one wishes to produce. For this reason, it was difficult to find and approximate the cost of such machinery.

On a similar note, the lack of product standardization presented a unique challenge for our team. For example, there are many types of integrated circuits that require different inputs and levels of precision, making it difficult to approximate any standard integrated circuit manufacturing process. Additionally, different companies have different designs and techniques for manufacturing, adding another layer of complexity to this issue. In an ideal scenario, granular data on the specific inputs and processes for one specific product type and brand would be available for analysis.

[bookmark: _heading=h.xlot8b2wg6w8]Conclusions
This project illuminated which manufacturing processes in the microelectronics industry, specifically printed circuit board assembly, are the most emissive and therefore have the greatest potential for decarbonization. For the board itself, substrate formation and solder mask application were identified as the primary steps to focus on for decarbonization. The decarbonization techniques selected for this product were substituting the original substrate with paper substrate and using 3D printing to replace the other steps, which reduced the overall emissions by 56%, from 20.68 kg of CO2e to 9.09 kg of CO2e per m² of board. Integrated circuits produce the most emissions during the dry etching process due to the use of sulfur hexafluoride which has a global warming potential of 23,500 CO2 equivalents (EPA 2024). Because there are no current or prospective substitutes for etch gas, the decarbonization technique chosen for ICs was substitution of grid electricity with green electricity, or assuming that all electricity used in manufacturing was generated by renewable sources and acquired through a power purchase agreement. This method decreased emissions by 230 kg of CO2e per m² of IC, but this only accounts for about 14% of the overall emissions. Passive components can be decarbonized by replacing the raw material inputs with more sustainable alternatives as well as with green electricity. Capacitors, inductors, resistors, and connectors each showed a decrease of 119, 5511, 15.87, and 2.82 tonnes of CO2e per tonne of component, respectively. 
As the electronics industry rapidly grows, it is important to just as rapidly identify and proactively address areas of high environmental impact within the manufacturing process. Decarbonization techniques need to be readily available, scalable, and incentivized to encourage quick adoption by companies in this sector. This project shows that this research has great potential to significantly mitigate carbon emissions in microelectronics, and with the right policies in place, can make a real positive change for the world.
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