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Abstract 
Prompted by a surge in respiratory illnesses since the pandemic, air quality has increased in salience.  The 

global transportation sector is a significant contributor to air pollution, and the concept of whole-life carbon 

emissions has been proposed as a more precise method to gauge its negative impacts, specifically from 

automobiles.  The 2020 Ricardo Report recommended lifecycle assessment (LCA) analysisthat measures both 

disposal and production of the vehicle in addition to what is discharged from the tailpipe in order to more 

accurately assess the transport sector’s full impact on carbon emissions.  This study fills a void in the literature 

by focusing on hazardous chemicals, specifically benzene and ethylbenzene, emitted from the “birth” phase of 

the automobile industry’s lifecycle to its “grave” phase or the vehicle’s disposal.  These chemicals are released 

directly into the air during the production of vehicles in American automobile factories.  Big data from the Toxic 

Release Inventory (TRI) as well as production data from multinational automobile manufacturers BMW, Honda, 

Subaru, and Toyota, were subjected to cross-sectional analysis utilizing step detection algorithms to identify 

significant trends. 
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I. Introduction 
Air quality is increasingly of concern for humans.  Smog decreased noticeably and cleaner airincreased 

during the initial COVID-19 lockdowns when many people stayed at home from work, but these conditions 

quickly reverted after the lockdowns ended.  While urban smog has traditionally been a culprit in poor air 

quality, enhanced technology and regulatory authority have mitigated some of it since the 1970 Clean Air Act 

was passed.  Nevertheless, industrial activity and other factors continue to contribute to deteriorated air quality.  

In the United States, alert systems put in place to warn those with respiratory issues about breathing poor air 

have become commonplace.  Laws and literature related to the transportation sector’s influence on air quality 

have traditionally focused on tailpipe emissions, mainly due to the easily-seen grey smog.  In 2020, the Ricardo 

Report recommended a more holistic approach of analyzing whole-life carbon emissions, which more accurately 

measure the transportation sector’s true impact on air quality. 

 

II. Literature Review 
Reduced automobile traffic and industrial activity during the COVID-19 lockdowns led to improved air 

quality due to decreased smog, illustrating the impact of emissions from vehicle tailpipes on pollution levels 

(Damiani et al., 2024; Singh et al., 2024a).  In addition to preventing workers from commuting to work, the 

lockdown(s) also made factories less likely to operate, thus alleviating the negative impacts on air quality of 

factory smokestacks during the production process.  Ju et al. (2021) and Cardito et al. (2023) studied air quality 

before and during the COVID-19 era and found a stark improvement during various 2020-2021 lockdowns and 

an increase in air pollution levels after restrictions were lifted.  Khan et al. (2022) examined the levels of 

specific types of air pollutants in Chicago before and after different periods of work-related restrictions and 

found that concentration levels for PM2.5, NO2, and CO decreased dramatically during lockdowns.  As 

production activities resumed and more drivers were back on the roads,however, the levels of PM2.5, PM10, and 

NO2returned to previous levelas(Eker& Secco, 2023; Sarmadi et al., 2021; Zhou et al., 2022). 

The deleterious effects of COVID-19 on human respiratory function have prompted new research on 

the relationship between respiratory health and air quality (Cardito et al., 2023; Mostafa et al., 2024; Niosh, 

2024; Princiipi et al., 2023; Saleh &Adley, 2023; Stein &Zar, 2023).Researchers have linked “long-term 

exposure to [air] pollution and COVID-19 deaths” (Friedman, 2020, para. 1) and found that the majority of 

health issues that put people at risk for COVID-19 respiratory problems “are the same diseases that are affected 

by long-term exposure to air-pollution” (Wu et al., 2020, p. 2). 
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Air pollution has been the subject of scientific study for centuries (Pott, 1775; Carson, 1962; Perkins, 

1974; Stern et al., 1984).  It has dramatically detrimental effects on human health (Boogaard et al., 2019; 

Almetwally et al., 2020; Glencross et al., 2020; Cromar et al., 2024), accounting for 11.62% of deaths around 

the world (Hu et al., 2019).Industrial activities contribute to increased air pollution, with various global sources 

being responsible (Hime et al., 2018; Power et al., 2018; Rahman et al., 2021), including fossil fuel combustion 

in motor vehicles, power plants, production facilities such as factories, and residential and commercial heating 

and cooling systems (Manisalidis et al., 2020; Khonyongwa et al., 2023; Krismanuel and Hairunisa, 2024).In 

particular, harmful carbon dioxide (CO2), particulate matter (PM10 and PM2.5), sulfur dioxide (SO2), carbon 

monoxide (CO), ozone (O3), and nitrogen dioxide (NO2) directly contribute to air pollution and related 

respiratory diseases.Researchers have correlated respiratory diseases with poor air quality in China (Dong, 

2024), Europe (Brunner, 2024), Japan (Mai, 2024), Latin America (Husaini et al., 2024), Australia (Hertzog et 

al., 2024), and elsewhere around the world (Alkhanani, 2025; Izuchukwu-Precious, 2025; Raza, 2025). 

Regulatory authority on air pollution has existed for some time.  In the United States, the 1970 Clean 

Air Act Amendments (CAAA) set regulations (Isen et al., 2017) with the goal “to protect and enhance the 

quality of the nation’s air resources so as to promote the public health and welfare and the productive capacity 

of its population” (p. 1707).The US Environmental Protection Agency (EPA) creates regulatory mandates which 

carry out and enforce CAAA policy, setting air quality standards for hazardous air pollutants that impact 

respiratory health (Brumberg et al., 2021) and dictating the legal threshold for emissions of six criteria air 

pollutants (CAPs): ozone (O3), particulate matter (PM10 and PM2.5), carbon monoxide (CO), nitrogen dioxide 

(NO2), sulfur dioxide (SO2), and lead (Pb) (EPA Criteria, 2025).  These six substances are of particular concern 

because “they are pervasive throughout the United States and pose a significant risk to human health, including 

heart disease, chronic respiratory diseases, birth defects, nerve damage, and cancer” (Thomas & Ong, 2023, p. 

18). 

Air quality has become such a notable issue that warnings via public alert systems have become 

commonplace to mitigate “adverse health effects on days when air pollution is high” (Chen et al., 2018, p. 19).  

The EPA formulates air quality alert thresholds based on pollution severity, and its Air Quality Index (AQI) 

serves as a guideline for generating warnings.  These alerts play a meaningful role in quality-of-life factors in 

communities across the country by registering hourly or daily measurements of pollutants and communicating 

those to local citizens (Chen et al., 2018; Azad &Ghandehari, 2022; Sachdev, 2022; Schulte, 2022).  More than 

4,000 environmental monitoring stations around the country measure the outdoor concentrationsof CAPsbased 

on the National Ambient Air Quality Standards (NAAQS; EPA Hazardous, 2025).  Combined with forecasts 

created by the National Weather Service (NWS), the EPA, and state agencies, six color-coded categories related 

to air pollution are determined and available via public alert systems (Otte et al., 2005; United Nations, 2012; 

Cunha, 2019; Mirabelli et al., 2020).The state of Indiana, for instance, includes a real-time “smogwatch” link in 

its official website that provides updates for “daily air quality forecasts for ozone and fine particulates, 

monitoring data for all pollutants and current weather conditions throughout the state” (Indiana Department of 

Environmental Management, 2025, para. 1-6). 

The transportation sector (referred to as “transport” sector in European literature) accounts for over a 

quarter of global CO2 emissions (Solaymani, 2019).  Much of global literature associated with this industry’s 

effects on air quality has focused on the notorious grey/black smoke emitted from vehicle tailpipes during 

driving (Yanowitz & McCormick, 2009; Zhang et al., 2015; Anenberg et al., 2019; Giechaskiel et al, 2019; Bej 

& Chattaraj, 2023).  Past regulatory authority has focused on limiting these tailpipe emissions.  These 

regulations have become stricter over time in America, promptingtechnological advances in catalytic converters, 

engines, and tailpipe filters that limit the black smoke coming out of US vehicles (Regulatory Timeline, 2024).   

The 2015 Volkswagen scandal illustrates the emphasis in news and literature on tailpipe emissions as 

prime culprits of the transport sector’s impact on air quality.  After scrutinizing the pollution discharged from 

vehicle tailpipe emissions in America, the EPA determined that the German automaker had violated the Clean 

Air Act.  The company was found to have intentionally cheated (Bovens, 2016; Cavico and Mujtaba, 2016; 

Rhodes, 2016), leading to a US$30billion penalty.  This controversy recommitted organizational focus and 

regulatory authority enforcement on tailpipe emissions within the entire American transport sector, and attention 

subsequently turned to tailpipe innovations and new technologies necessary for filtering pollution, which the 

pandemic further highlighted due to noticeably observable changes in smog.  A new stream of literature emerged 

toexamine the roles of automobile sector stakeholders, consumers, sustainable institutions, and regulatory bodies 

in limiting tailpipe emissions from running vehicles. 

A newer, more accurate methodology to assess the transport sector’s true impact on air quality isa 

lifecycle assessment (LCA, also known as birth-to-grave, cradle-to-grave or whole-life carbon emissions) that 

includes the creation and disposal of a vehicle as well as its operation.Tan et al. (2011) initially recommended 
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standardizing the accounting concept of “whole-lifecycle automotive manufacturing”, amethod of assessing the 

impact on air quality throughout the entire auto industry, from raw material processing to disposal and/or 

recycling.  Lee (2012) similarly recommended an agreed-upon process to quantify emissions across the 

automobile supply chain. 

The seminal 2020 Ricardo Report endorsed this approach to more accurately measure the carbon 

footprint of an automobile and outlined the impacts of pollution produced across the entire life of the vehicle.  

“With the shift to new fuels and powertrain electrification it is more important to use LCA approaches in 

assessing the relative impacts of different options on a holistic basis” (Ricardo Report, 2020, para. 2).  The 

Ricardo Report discussed the inclusion of emissions not only when an automobile is running but also starting 

from the extraction of raw materials that form the components and energy for the creation of the automobile 

through to disposal of the vehicle and/or its parts and recommended that standardized methodologies be 

developed by governments and global institutions to compare the various automobile life cycle stages,with the 

goal of providing a global framework for emissions standards.   

However, only a few studies have responded to this call.The Low Carbon Vehicle Partnership (2020) 

attempted to quantify emissions across the lifecycle of a vehicle but conceded that “Life cycle analysis is still in 

its infancy, with few defined processes and standards” (p. 3).  Nevertheless, this report broke new ground in 

LCA research by estimating that the manufacture of standard (traditional) gasoline-powered vehicles emits 5.6 

metric tons of CO2-equivalent pollution per vehicle (mostly from the steel in the vehicle glider), while the 

manufacture of a typical hybrid (6.5 metric tons), plug-in hybrid (6.7 metric tons), and battery-electric vehicles 

(8.8 metric tons) emits higher amounts.  Campbell (2022) reported that about 10% of a typical gasoline- or 

diesel-powered vehicle’s LCA CO2 emissions occur during its production, equating to about 5.6 tons of CO2, 

and about 5% occur from the disposal process.   

Because sustainability efforts from organizational stakeholders in the multinational automobile industry 

have often been reactive to regulations and edicts of international institutions (Iguchi, 2015; Selim & Gad el-

Rab, 2020), quantifying carbon emissions via whole-life carbon emissions and setting standards in the industry 

are crucial to future quality of-life issues.  In particular, numerous chemicals are emitted by automobile 

production factories.  The sheet metal stamped by robots for the core vehicle bodywork constantly releases 

airborne particulates during its metalworking process, with welding, cutting, and grinding and the related smoke 

and fumes being particularly hazardous during this phase.  Production processes that solder, screw, and glue on 

parts with plastics also produce harmful emissions, as well as the paint shops which utilize various hazardous 

solvents.  Smokestack emissions and sulfuric acid are constantly released into the air during the creation of 

vehicles at factories. 

As such, this study will assess the extent to which chemicals and chemical compounds areemitted 

during the vehicle manufacturing process.  In addition, analysis will focus on which ones, if any,were included 

in theEPA’s (1990)188 hazardous air pollutants(EPA Hazardous, 2025) and/or related to the CAPs notably toxic 

and particularly harmful chemicals and chemical compounds, including (ozone (O3), particulate matter (PM10 

and PM2.5), carbon monoxide (CO), nitrogen dioxide (NO2), sulfur dioxide (SO2), and lead (Pb).  The findings 

will fill the void in the literature by ascertaining the rates of pollution produced in the manufacture of vehicles in 

terms of air quality, providing further implications related to the Ricardo Report wherever these automobile 

factories operate internationally. 

 

III. Methodology 
The EPA publishes an annual Toxic Release Inventory (TRI), a publicly available database containing 

information on the release of toxic chemicals (T. Antisdel, personal communication, 2017), including those 

emitted into the air and water/ground. Data from the TRI were mined for the purposes of this study.Data about 

chemicals released during the production process were analyzed using a cross-sectional analysis, and categories 

from the TRI were utilized to determine emissions of chemicals including columns 218 (Total On-Site 

Releases), 243 (Total Transferred Off Site for Disposal), 249 (Total Transferred Off Site for Recycling), and 252 

(Total Transferred Off Site for Energy Recovery) (in annual pounds) (see Appendix 1).  Total pounds of 

emissions by factory were mined using columns 109 (Total Fugitive Air Emissions), 113 (Total Stack Air 

Emissions), 115 (Total Air Emissions), 218 (Total On-Site Releases), 243 (Total Transferred Off Site for 

Disposal), 249 (Total Transferred Off Site for Recycling), and 252 (Total Transferred Off Site for Energy 

Recovery) (Swenson, 2023).  According to the EPA, total air emissions is the sum of fugitive and stack 

emissions.  Only total air emissions were considered in this study, as the selected facilities had equivalent values 

for total on-site releases and total air emissions, which means that these chemicals are directly released only to 

the air.  If multiple chemicals are reported, the values are added together to calculate total air emissions 

(Swenson, 2023). 

Total pounds of chemicals emitted during the production process since 2010 were aggregated using all 

categories of chemical emissions to create “total annual onsite raw emissions” (see Table 1 and Figure 1), with a 
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subsequent inquiry to assess if the total annual onsite raw emissions and/or any specific chemicals or chemical 

compounds emitted during the production process significantly changed between 2010-2022 (see Appendix 2 

for percentage of year-to-year changes).  The sample set of multinational automobile organizations 

manufacturing vehicles in America utilized for the purposes of this analysis were BMW, Honda, Subaru, and 

Toyota.  Subaru had the highest raw emissions but experienced a significant decrease after 2019.  BMW had the 

second-highest emissions, and Honda had the lowest (see Figure 1). 

 

Table 1. 

Total Annual Onsite Raw Emissions (in lb.), 2010-2022 

 
 

 
Figure 1. Total Emissions for BMW, Honda, Subaru, and Toyota, 2010-2022 

 

Step detection methodologies were performed to ascertain if any notable alterations in annual emissions 

occurred.  One of the numerous algorithms to determine any changes in the mean via step detection analysisis 

the Cumulative Sum (CUSUM) process, a statistical quality control technique utilized to locate deviations in 

patterns.  It is particularly useful for detecting small or gradual shifts that may not beapparent.If the process is 

stable, CUSUM values should fluctuate around zero, but if there is a significant shift or drift in the mean over 

time, the CUSUM values will trend upward or downward, indicating an out-of-control condition, in which a 

significant change is occurring.As such, the CUSUM values were calculated by utilizing the mean of total 

emissions for each factory to calculate any potential deviation (see Model 1). 

Model 1: Step Detection Methodologies Utilized for Emissions Changes at BMW, Honda, Subaru, and Toyota, 

2010-2022 

 
 

Based on the CUSUM process, Subaru’s rate of emissions change increased from 2013-2017, then stabilized, 

and then decreased in 2019.  After 2019, emissions went back to lower levels that were similar to their total 

emissions in 2012.  Another noticeable pattern was consistent BMW emissions, with little fluctuation.  In 
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addition, although Honda had the smallest amount of annual emissions among the four factories, the CUSUM 

output revealed that after 2017 there was a dramatic decrease in emissions that was not apparent without the 

CUSUM chart (see Appendices 3-6).  For Toyota, the CUSUM analysis showed that emissions were high in 

2010 (the first year of analysis for purposes of this study) but decreased rapidly until 2018 and then leveled off. 

It was additionally determined that 32 different chemical compounds across the four factories were emitted from 

2010-2022.  Each of these chemicals and/or chemical compounds was listed in some form onthe 1990 EPA list 

of 188 hazardous air pollutants (EPA Hazardous, 2025)(see complete list of emitted chemicals from the four 

factories in Appendices 7-10).  In particular, benzene emissions were observed for BMW and Honda throughout 

the years, but only in 2017 for the Toyota factory, with none being emitted from the Subaru factory (see 

Appendix 11).  Compounds like xylene, toluene, n-butyl alcohol; 1,2,4-trimethylbenzene, ethylbenzene, and 

certain glycol ethers were emitted by all the factories (see Appendices 12-17).  Hydrogen fluoride was observed 

in the Honda factory in 2013, 2014, and 2017 onwards (see Appendix 18) and chromium was emitted in the 

Toyota factory (see Appendix 19).  The chemicals emitted at the highest rates were 1) certain glycol ethers, 2) n-

butyl alcohol, 3) 1,2,4-trimethylbenzene, 4) xylene, and 5) toluene (see Table 2). 

 

Table 2. 

Total Raw Chemicals Emitted by All Four factories (in lb.) 

 
 

Extending the exploratory analysis of chemicals and/or chemical compounds emitted based on the total 

raw emissions output, the subsequent inquiry was to assess if they changed significantly compared to past 

emissions.  As such, piecewise linear regression analyses were additionally performed to determine when there 

were ranges in the data where the relationship between the variables changed abruptly.Piecewise linear 

regression analysis is a preferred method to determine deviations in linear patterns with large datasets. 

Through this quantitative approach, multiple linear segments across different ranges of the independent 

variables (chemicals and/or chemical compounds emitted from a factory in a given year) were assessed, which 

allowed for a more nuanced understanding of the data compared to single linear model.  Output based on this 

statistical analysis (Table 3) reveals the estimated break points, or years where the patterns of emitted chemicals 

and/or chemical compounds deviated.  For instance, a changein ethylbenzene at the BMW factory occurred in 

2017, when it significantly decreased from previous norms then remained consistentin the years immediately 

afterwards.  To confirm these chemical deviations, the Davies Test, a piecewise regression model, was 

performed for non-constant regression parameters in the linear predictor (Appendix 20).These analyses jointly 

confirmed significant changes in the emissions patterns of the seven chemicals and/or chemical compounds as 

shown in Table 3, where the increases are differentiated in red font. 
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Estimate Break Points from Piecewise Regression (Chemicals Emitted) 
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Certain glycol 

ethers 

2016, 2018 

2020 

2011, 2013, 

2018 

2014, 2018, 

2020 

2011, 2013, 

2015, 2018, 

2020 

Ethylbenzene 2012, 2014 
2017, 2019 

2012, 2015, 
2018, 2019 

2012, 2014, 
2018, 2020 

2011, 2013, 
2015, 2017, 

2019 

Ethylene glycol 2011, 2013 
2015, 2018 

2020 

2012, 2014, 
2017, 2019 

2011, 2013, 
2016, 2018, 

2020 

2013, 2015, 
2018 

n Butyl alcohol 2014, 2016 

2019 

2013, 2016, 
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2017, 2019 
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Toluene 2011, 2013 

2015, 2017 
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2015, 2017, 
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Even though air quality (especially local air quality) is determined by the levels of chemicals in the air, 

production sustainability should be normalized by considering emissions in terms of the production of vehicles.  

As such, this studyintegrated a weighted value (manufacturing rates) in order to provide value to each factory’s 

annual production.  As such, all vehicles produced in these facilities for the respective years were considered 

(see Appendices 21-23). 

Since the different vehicle models within brands had various trim levels (accessories or features such as 

alert systems, heated seats, larger tires, and sunroofs specific to the model; Belzowski, 2015), model weights (in 

lb.) were determined by the year of manufacture (Car and Driver, 2024a, 2024b, 2024c; Edmunds, 2024a, 

2024b, 2024c; see Figures A1 and A2).  Trim levels for Honda vehicles were available in their most recent 

annual report (Honda, 2023), including for Civic, Civic Hybrid, CR-V, CR-V Hybrid, Insight, and Acura ILX 

models (see Appendices 24-25).  Vehicles produced at the Subaru factory were determined from their own 

financial and integrated reports (Subaru, 2010, 2015, 2016, 2018, 2020, 2022), including Legacy, Tribeca, 

Outback, Impreza, and Ascent (see Appendix 26).  Precise production data for individual models for the Subaru 

facility were unavailable for the years 2017-2022 and were thus estimated by using the average weight of each 

model.  The BMW vehicles manufactured were derived from a combination of company news articles, industry 

publication reports, and official reports (Automotive News, 2012, 2013, 2014, 2017; BMW, 2020, 2022, 2023) 

and were determined to be X3, X4, X5, X6, X7, XM, X3M, X4M, X5M, and X6M (see Appendix 27).  Specific 

production data for individual models for BMW were unavailable in the years 2017, 2018, and 2020 and as such 

were estimated based on the average weight of each model.  Toyota was omitted from further analysis because 

accurate vehicle production at their factory in Princeton, IN, was not publicly available.  In summary, the weight 

of each model was identified using all the different weights of trim levels for each model in lb. (see Appendices 

28-30), as shown in Model 2 where 𝑚 represents the number of trims for a specific vehicle model. 

Model 2: 𝑤𝑚𝑜𝑑𝑒𝑙 =
𝑤𝑡𝑟𝑖𝑚,1+𝑤𝑡𝑟𝑖𝑚,2+⋯𝑤𝑡𝑟𝑖𝑚,𝑛

𝑚
 

 

The total production in lb. for each factory was calculated by totaling the lb. of vehicles produced for each 

model, as shown in Model 3,where 𝑛𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟,𝑖 represents the number of different models produced by each 

facility, 𝑞𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟,𝑖  represents the quantity of the 𝑖-th model produced, and 𝑤𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟,𝑖 represents the 

weight of the 𝑖-th model produced. 

 

Model 3: 𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑙𝑏. ) = ∑ (𝑞𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟,𝑖 ∗ 𝑤𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟,𝑖)
𝑛𝑚𝑎𝑛𝑢𝑓𝑎𝑐𝑡𝑢𝑟𝑒𝑟

𝑖=1
 

 

For years which did not have production data for specific models, the average weight of the models produced in 

the facilities was used to find the total production in lb., as shown in Model 4, where 𝑤̅is the average weight of 

vehicles produced by models whereby the numerator denotes the total weight of all individual models produced, 

and 𝑛 represents the number of models produced in the facilities: 

Model 4: 𝑤̅ =
𝑤𝑚𝑜𝑑𝑒𝑙,1+𝑤𝑚𝑜𝑑𝑒𝑙,2+𝑤𝑚𝑜𝑑𝑒𝑙,3…+𝑤𝑚𝑜𝑑𝑒𝑙,𝑛

𝑛
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The total lb. of production for each facility was then found by multiplying the total quantity of vehicles 

produced and average weight of models (see Appendices 31-33), as shown in Model 5: 

Model 5: 𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑙𝑏. ) = 𝑤̅ ∗ 𝑄𝑡𝑜𝑡𝑎𝑙  

 

As such, the total lb. of vehicles manufactured by year were determined.  Table 4 and Figure 2present the total 

lb. of production for the three manufacturing facilities. 

 

Table 4. 

Total Production (in lb. of total vehicles manufactured) 

 
 

 
Figure 2.Total lb. of Production (in total lb. of manufactured vehicles) for BMW, Subaru, and Honda 

 

Subsequently, the emissions per lb. of production values were determined by dividing total air emissions lb. by 

total production lb. for each year, as shown in Model 6.The results offer insight regarding the yieldrelated to 

sustainable practices for these manufacturing facilities. 

 

Model 6: 𝐸𝑚𝑖𝑠𝑠𝑖𝑜𝑛 𝑝𝑒𝑟 𝑙𝑏.  𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛𝑦𝑒𝑎𝑟 =
𝑇𝑜𝑡𝑎𝑙 𝑎𝑖𝑟 𝑒𝑚𝑖𝑠𝑠𝑖𝑜𝑛𝑠 (𝑙𝑏.)𝑦𝑒𝑎𝑟

𝑇𝑜𝑡𝑎𝑙 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛 (𝑙𝑏.)𝑦𝑒𝑎𝑟
 

IV. Results 
Table 5and Figure 3 show emissions per lb. of production.  As illustrated, Subaru and BMW 

successfully decreased emissions related to their production of vehicles over time.  In particular, 2018 was 

pivotal, as BMW surpassed Honda in emissions per lb. of production.  This raises the question of what 

mechanisms in their processes changed so that they were producing at more sustainable rates during that 

timeframe, particularly because BMW increased their total lb. of production during that period.  Honda’s 

2015/2016 period is also noteworthy, as they had been consistent in years prior but became less sustainable in 

subsequent years. 
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Table 5. 

Emissions per lb. of Production 

 
 

 
Figure 3. Emissions per lb. of Production 

 

Reactions and Implications 

Chemicals and chemical compounds emitted from these factories areimportant to consider due to local 

air quality issues and increasing respiratory health concerns.Since respiratory health and cancer-causing 

chemicals are unique to air quality analysis, Table 2 (which shows the chemicals and chemical compounds 

emitted per lb. of production) is especially noteworthy.  Since more of certain glycol ethers, n-butyl alcohol, 

1,2,4-trimethylbenzene, xylene, and toluene were being emitted than other substances at these factories, further 

studies on the respiratory impacts of these chemicals and their effect on air quality should be prioritized. 

The chemicals and/or chemical compounds the Davies Test found to have increased significantly from 

prior years (Table 3) require the most scrutiny,as all seven of these chemicalswere listed in some form on the 

1990 EPA list of 188 hazardous air pollutants (EPA Hazardous, 2025).  These trendsshould be further analyzed 

to ascertain why the emissions increased and if they were a result of a change in manufacturing processes, type 

of vehicle being produced, change in regulations, or some other reason.  Of those seven chemicals, the most 

hazardous arexylene, toluene, and ethylbenzene, which all contribute to negative respiratory quality, cause 

negative health effects with chronic exposure and are particularly volatile organic compounds which especially 

contribute to smog and cause irritation of the nose and throat, with longtime chronic exposure being 

carcinogenic. 

Future analysis should additionally evaluate the impact of all seven substances on air quality alerts and 

whether a more specific warning system is warranted if these especially harmful chemicals surpass a certain 

threshold a given distance from the factory.  Local air quality public alert systems will continue to play a role in 

meaningful warnings to citizens and should be implemented near factories as a courtesy to nearby residents. 
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For Subaru in particular, changes in their process that contributed to the significant decrease in 

emissions related to production after 2010 would be of extra benefit to other multinational automobile factories 

around the world.  In general, LCA of vehicle emissions should continue to gain importance, particularly in light 

of the increased usage of EVs in the years ahead.  Ifany factory is better able to manage the impact of more 

burdensome regulations within the confines of the law, their process should be considered a best practice in the 

industry and adopted as appropriate. 

Tailpipe emissions will continue to be of less importance as the Ricardo Report and LCA become more 

salient and accepted in the literature as a means of evaluating a sector’s emissions record.  Since the Ricardo 

Report espouses a more holistic supply chain approach in assessing the transportation sector’s impact in terms of 

carbon emissions, sectors beyond the automobile industry such as the aerospace, construction,and steel 

industries should consider similar evaluation metrics to the LCA approach.  The mining of materials and energy 

sources related to a future product and related emissions extraction from the ground, the energy used to power 

the factories creating that product, and end-of-life disposal should be given attention above and beyond the 

manufacturing process within the confines of a factory. 

In addition, an inquiry about the increased use of additive manufacturing (3D printing) at multinational 

automobile factories and its impact on emissions decreases might be further considered.  3D printing stands in 

contrast to the traditional welding of components and is becoming increasingly common as a method to simplify 

supply chains during the production process (Mejdoub&Elamri, 2024; Khang, 2025; Kohl et al., 

2025),especially in automobile factories (Holder et al., 2025).Additive manufacturing is a key technological 

component of green supply chains because it enables organizations to maintain inventory on demand and create 

parts on-site, eliminating the inbound cargo of components via shipping and packaging from overseas factories 

which prompted pandemic-era delays and bottlenecks.  This approach increases sustainability and cost control 

while also fostering sustainability and brand reputation because organizations do not have to speculate what 

processes were occurring in the early stages of the product’s life.  Creating parts via 3D printing in-house 

involves integrating cutting-edge technologies such as techniques for creating spare parts that also avoid the 

welding process, reducing the amount of scrap and decreasing airborne emissions.  It is unclear whether 

integrating additive manufacturing at any or all of these factories contributed to decreased emissions as found in 

this study. 

Further, changes in federal regulations that impactfacilities equally but prompt different sustainable 

production trends should be an area of future focus.  For instance, for the geopolitically sensitive semiconductor 

industry, emissions rates should not be assessed based simply on the production of a chip in a factory but also on 

the emissions and water contamination from mining the lithium used in the battery-backed components that 

power or protect the semiconductor-based devices and on the disposal of the product.CO2 emissions that 

negatively impact air quality, particularly local air quality, will continue to be a concern among scholars and 

scientists, and it is imperative to consider LCA not only in the automobile sector and its larger transportation 

sector but in industrial sectorsin order to more accurately assess their full impact on carbon emissions. 
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Appendix 1: Variables Mined from TRI 
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Appendix 2: Annual Changes in Total On-Site (Raw) Emissions (by lb.), 2010-2022 

 
 

Appendix 3: CUSUM Chart Depicting Subaru Raw Emissions Patterns 
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Appendix 4: CUSUM Chart Depicting BMW Raw Emissions Patterns 

 
 

Appendix 5: CUSUM Chart Depicting Toyota Raw Emissions Patterns 

 

 
Appendix 6: CUSUM Chart Depicting Honda Raw Emissions Patterns 
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Appendix 7: Emitted Chemicals from the BMW Factory 

 
 

Appendix 8: Emitted Chemicals from the Subaru Factory 
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Appendix 9: Emitted Chemicals from the Honda Factory 

 
 

Appendix 10: Emitted Chemicals from the Toyota Factory 
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Appendix 11: Benzene (raw emissions by lb.) 

 
 

Appendix 12. Xylene (raw emissions by lb.) 

 
 

Appendix 13. Toluene (raw emissions by lb.) 

 
 

Appendix 14 Butyl Alcohol (raw emissions by lb.) 

 
 

Appendix 15: 1, 2, 4 Trimethylbenzene (raw emissions by lb.) 
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Appendix 16: Ethylbenzene (raw emissions by lb.) 

 
 

Appendix 17:Certain Glycol Ethers (raw emissions by lb.) 

 
 

Appendix 18: Hydrogen Fluoride (raw emissions by lb.) 

 
 

Appendix 19: Chromium via Toyota (raw emissions by lb.) 

 
 

Appendix 20: Davies’ Test from Piecewise Regression (Chemicals Emitted) 

Chemical BWM  Subaru Honda Toyota 

1, 2, 4 

Trimethylbenzene 

0.001 0.019 1.9 e-5 1 e–5 

Certain glycol ethers 1 0.656 5.7 e-5 0.094 

Ethylbenzene 0.004 0.036 0.516 1.1 e-5 
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Ethylene glycol 0.006 6.6 e–5 0.444 5.1 e-5 

n Butyl alcohol 0.104 0.007 0.022 0.02 

Toluene 1 0.366 0.09 0.316 

Xylene mixed 

isomers 

0.060 0.005 0.6598 0.637 

Appendix 21: BMW Models Manufactured 

 
Appendix 22: Honda Models Manufactured 

 
Appendix 23: Subaru Models Manufactured: 

 
Appendix 24: Honda Civic 2011 Models Manufactured 
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Appendix 25: Honda Production Units 

 
Appendix 26: Subaru Production Units 

 
Appendix 27: BMW Production Units 

 
Appendix 28: Honda Civic 2011 Average Weight Using All Trims (lb.) 

 

Appendix 29: Honda Civic 2011 Average Weight of Models by Average of Trims (lb.) 

 
Appendix 30: BMW Average Weight of Models Produced by Average of Trims (lb.) 
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Appendix 31: Honda Total Production (lb.) 

 

Appendix 32: Subaru Total Production (lb.) 

 

Appendix 33: BMW Total Production (lb.) 
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