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Introduction 

​ HVAC systems have become a common luxury, especially in the U.S. where 

approximately 90% of residential buildings are equipped with at least one unit (Graham, 2023). 

These systems are very useful for regions that experience hotter temperatures as they can make 

the summers more bearable by utilizing cooling technology. They’ve only gained extensive use 

in countries that are both wealthy and hot. However, with rising temperatures and the growing 

market, it will become more prevalent globally. Recently in 2022, the United Kingdom, a 

relatively cold climate country, experienced five heatwaves that led to the death of 2,985 (UK 

Health Security Agency, 2022). This was the highest death toll due to increased weather seen in 

the country’s recorded history and has caused alarm in their standard infrastructure. Since these 

devastating events, the UK has seen increasing installations of HVAC units in homes to combat 

the threat of high indoor temperatures through consumer demand. 

​ There is an expected increase in the HVAC industry across the globe for the same reasons 

that are apparent in the UK. This technology is one that is lifesaving now more than ever, 

however, these systems see frequent problems arise. It would be foolish to gain more problems 

from a solution, one coming from the issue of spreading dust. The inside of a house or building is 

a closed environment that creates dust particles from many sources such as dead skin cells, cloth 

fibers, outdoor airborne particles tracked in, etc (Taylor, 2024). These dust particles get trapped 

inside and become part of the circulation of air from HVAC units. Over a short period of time, as 

little as a month, it is recommended by experts that air filters must be replaced due to dust 

accumulation (Baugh, n.d.). From prolonged exposure to dust particles, the respiratory system 

can become agitated leading to health problems which are heightened for those with pre-existing 

respiratory conditions (HealthyWA, 2022). 



​ With this increase in demand for HVAC systems, the shortcomings that come along with 

it must be evaluated and improved upon for the future. Apart from health concerns, the 

accumulation of dust on air filters greatly decreases the efficiency of operation for HVAC 

systems (Rae, 2024). This comes from the fact that dust restricts airflow which requires more 

time and energy for the system to cool or heat the environment to the same effect. This paper will 

delve into the history of HVAC systems and analyze the infrastructure of the technology through 

a social lens as well as technical. While providing a useful function for citizens to feel more 

comfortable at home, this thesis will investigate how HVAC systems can cause harm by 

spreading dust if not maintained properly, leading to respiratory issues and sickness. 

Case Context 

​ The first HVAC system was invented over a century ago by Willis Carrier that enabled 

the manipulation of temperature and humidity in a closed environment. Many improvements 

were made to the technology since then that have taken a lot of time and resources to update 

across the world. In the early applications, they required the use of a low cost, high durability, 

high heat resistance material to act as an insulator in the ducts. This led to the use of asbestos, 

which at the time was not seen to have negative impacts. However, by the late 1970’s research 

was conducted that showed the effect on respiratory health from asbestos particles entering the 

air circulation. Since then it has left the standard practice and is still being removed from 

buildings that have not yet noticed the dormant danger (Stone, 2024). Buildings built in the 20th 

century have a high chance of having asbestos, which is still a major issue in the air quality of 

around 20% of buildings. 

​ HVAC systems became integrated with infrastructures once they became standardized in 

new building construction. The ducts were built into walls and ceilings, giving them permanent 



residency in the majority of homes built since the latter half of the 20th century (U.S. 

Department of Energy, 2015). This entanglement of HVAC with all the other technologies and 

infrastructures in buildings led to great difficulty in making drastic changes in the design. This 

can be seen with the asbestos example, where the common insulation convention needed an 

immediate change. However, with many of the components in the walls and not easily 

accessible, not every unit could be checked and updated. This has led to stagnation in the 

innovation of the system in application. The research area of interest, dust mitigation, has thus 

seen limited growth being contained to a simple filtration plate with tiny gaps that only air can 

pass through. 

The air filtration systems have seen variations in design, beginning with metallic mesh 

filters (Magninat, 2024). These designs were successful in stopping larger particles like hair, but 

limited in its effectiveness against smaller allergen dust particles. The next evolution was 

fiberglass filters, which were slightly better in trapping smaller dust particles but still far from 

adequate. The current design used is called the MERV (minimum efficiency rating value) filter 

which, when new and clean, traps around 70% of particles larger than .3 microns. Physical mesh 

filters have been made to capture more dust than the MERV filters, one such being the HEPA 

(high efficiency particulate air) filter. This is used in some circumstances where it is even more 

important that a room be kept sterile like in hospitals. The most effective method for filtering out 

harmful pollutants from the air is through ESP, electrostatic precipitation, 99.9% effective for .1 

micron and larger particles (Naqvi, 2022). This is a technology that takes in air, charging the 

particles within negatively, which then attracts them to positively charged plates as seen in Fig. 

1. There is then a mechanism that cleans the plates and disposes the particles back into the 

outside environment. Cooking is a common practice in homes and is a major cause of fine smoke 



particle generation which EPs can help reduce whereas standard filters will not. However, it is a 

much more complicated process making it hard to change installation practices. This research 

will evaluate if current dust mitigation through HEPA filters is a sufficient standard in keeping 

air clean. 

 

Figure 1: Diagram of Electrostatic Precipitation Technique 

STS Topic 

​ In order to further understand the reasons for why it may be a huge strain to change the 

technology used in residential buildings, the ethnography of infrastructure framework by Susan 

Leigh Star will be used to evaluate HVAC technology (Star, 1999). She views technology as 

intertwined with human organizations, leading to the definition of infrastructures having the 

properties of embeddedness, reach and scope, embodiment of standards, visible upon breaking, 

and fixed in modular increments. Embeddedness is when the infrastructure is sunk into other 



structures. This paper focuses mainly on residential home HVAC use, however, these systems 

have been incorporated into almost all buildings and transportation vehicles. Businesses, such as 

grocery stores, include HVAC systems in order for customers and employees to feel comfortable 

and be more inclined to return. Vehicles include this technology to cool the heat created from the 

engine or heat up the system from cold weather (Sheldon, 2022). These two examples are very 

different situations, with vehicles having less physical space for changes in air filtration 

technology. 

​ The reach and scope of a technology is when it has progressed further than a singular 

instance of application.  This technology has grown to an immense extent in many countries with 

the US, Japan, South Korea, Saudi Arabia, and China all having a majority of homes built with 

HVAC systems. The market for installations in homes is projected to grow all across the globe, 

becoming less of a luxury and more of a necessity, leading to an increase in demand for 

technician labor (Batongbakal, 2024). These technicians are stretched thin from having to install 

new systems and going back to fix old damaged ones. With the increase in demand, it will 

become harder the longer change in design is prolonged. Even more units will be installed out of 

date and needing an update in the future should a change in practice be recommended. 

​ The property of embodiment of standards is when a system gets incorporated into an 

infrastructure in a way that becomes standardized. With HVAC technology being common for 

the past century, every newly constructed building has been designed in tandem with the 

infrastructure of HVAC systems. Space in the walls, ceilings, and utility rooms have been 

reserved for standardized ducts that spread the cooled/heated air to different rooms (U.S. 

Department of Energy, 2024). The controls for different electronic components have been 

standardized to connect to a control panel that is used by technicians to troubleshoot areas of 



failure in design. If the technologies change, like an ESP, the electric technicians will have to 

learn a whole new concept and system connected to the controls of HVAC. This would put a 

financial and educational burden on hundreds of thousands of workers and institutions. 

​ A more tangible property of infrastructures is when it is visibly broken. There are many 

invisible avenues for HVAC dust filtration systems to be diagnosed as broken that signify how 

the current method of filtration needs to be innovated to account for this problem. The discussed 

issues that come with this industry is the spreading of harmful dusts, which are oftentimes not 

visible to the naked eye. These issues can be observed through their symptoms: coughing, 

sneezing, breathing issues, etc. Once this is observed, the problem can be attributed to a fault in 

the air filtration system. When dust builds up in the air it becomes apparent when light is shined 

on it in the day and an increased amount of dust can be found on appliances. There would also be 

visible signs of the air filter being coated in dark grey dust particles. If the building that these 

issues occur in are old, the ducts may need to be inspected for asbestos. This contaminant is not 

easily identifiable through looks and must be tested in a lab (Whitmer, 2024). 

​ The final property that is being investigated is how the infrastructure is fixed in modular 

increments. This is when changes must be made bit by bit, by different organizations and over 

some time. The scope of this technology only keeps growing while there is a finite amount of 

workers and a multitude of leading companies. Although at the moment there is a general 

standardization of practices, different companies may use different materials or have different 

wiring schematics (Dhumne, 2023). This goes to show that changes made are not done as a 

whole, and should a change be made in the air filtration system it would be done unilaterally. 

Therefore, a convincing difference between HEPA filters and ESPs in mitigating harmful dust 



particles must be observed. With all these obstacles involved in such a big technology, we must 

ask; is the current infrastructure for HVAC systems inadequate in filtering dust? 

Methods 

​ The effectiveness of dust filtration in residential HVAC units is both a technical dilemma 

as well as a social concern. The advantage of EPs in collecting dust particles is known through 

experimental data, however, it is a much more complicated mechanism than a mesh air filter. 

Another filtration technology is the HEPA filter which is already used sometimes in households 

and yields better results than MERV filters. If the effectiveness of the newer technology has a 

significant impact on the mitigation of harmful dust particles, then there is an argument for its 

implementation regardless of the resources required for the change. One of the main reasons the 

MERV filter spreads dust is due to the negligence of the homeowner either forgetting or never 

knowing the frequency it should be checked. It is also imperative to gather the extent of damage 

that can be caused to humans from household dust particles, such as a numeric death toll.  

​ In order to ascertain the differences in MERV, HEPA and EP filtration, research papers 

will be a primary source of gathering information. Data on each filtration system will be 

collected to get a more accurate representation of the dust mitigation of both technologies from 

cross-referencing multiple research studies (Mizuno, 2002). Prior literature will be scoured to 

gain an extensive list of all the different types of contaminants that can build up and spread in 

HVAC systems as well as their harmful effects (Christian, 2021). From researching the effects of 

dust particulates, a preventative solution such as HEPA or EP filtration can be recommended or a 

responsive solution such as adding dust sensors (Ahn et al, 2020). The properties of technology 

laid out by Star will also need to be evaluated for each solution to check if it solves the inherent 

problems. 



Results 

​ The outcome of the research conducted on the current infrastructure of HVAC and its 

many components resulted in some very surprising results. The significance of the problem at 

hand is staggering. The World Health Organization (WHO) estimates an annual death toll of 3.8 

million to indoor air pollution (Tran, 2020). The most common air filter in houses, MERV, only 

has an effectiveness of 70% for particles between 3 and 10 microns wide. With many pollutants 

even being below this range, it can be seen how there is a significant death toll. HEPA filters are 

very good at collecting particles .01 microns and larger, which is small enough to collect most 

gases. EPs can collect particles below .1 micron with a 95% effectiveness rate. The analysis on 

the effectiveness of MERV filters has yielded the answer that current HVAC infrastructure is not 

adequate in mitigating household deaths, and better solutions should be implemented. Through 

Star’s framework, it is hard to see that the current system is visible when broken and therefore 

should be fixed in modular increments especially as its reach and scope along with its standard 

practices are expanding. 

​ There are health risks to the respiratory system that come from toxic tiny particles in the 

air. These are more than just the large visible dust particles commonly categorized as allergens, 

Table 1. Smaller particulate matter found in gases come in sizes 1 micron diameter across or 

smaller which MERV filters are less effective at reducing (IQAir, 2018). All of these pollutants 

combined have led to a yearly death rate of 3.8 million, which highlights the problem and why it 

should be addressed. Most of the larger particles get caught by all filtration systems, however 

90% of indoor air particles are under 1 micron wide (California Air Resources Board, 2025). 

Most filters cannot mitigate pollutants of this size, which is why there are already smoke/carbon 

monoxide detectors in houses. The property of visible when broken is the most important drive 



of this research and when these particles making it through the filters are on the scale of microns, 

it is apparent that the infrastructure is not ideal. Dust sensors are not commonly used in houses, 

however alongside smoke detectors it can help detect larger particulate matters to successfully 

recognize unhealthy air. 

Table 1. Information of indoor pollutants with their causes and effects 

Pollutants Causes Effects 

Particulate Matter (PM) Outside air, cooking, 
combustion, cleaning 

Premature deaths for those 
with existing heart/lung 

diseases, increased 
respiratory systems 

Volatile Organic Compounds 
(VOCs) 

Paints, pesticides, woods, 
waxes, lubricants, dyes, fuels, 

plastics, tobacco, perfumes 

Eye/nose/throat irritation, 
headache, nausea, 

liver/kidney/central nervous 
system damage, cancer 

Nitrogen Dioxide (NO2) Gas-fueled cooking and 
heating 

Asthma attacks, respiratory 
damage 

Ozone (O3) Outdoor air, air purifying, 
disinfectants 

DNA/lung damage, asthma 
attacks, decreased respiratory 

functions 

Sulfur Dioxide (SO2) Cooking, fireplaces, outdoor 
air 

Decreased respiratory 
functions, asthma attacks 

Carbon Oxides (COx) Cooking, tobacco, fireplaces, 
gas powered equipment, 

outdoor air 

Fatigue, chest pain, impaired 
vision, reduced brain function 

Heavy Metals Outdoor air, fueled products, 
incense, smoking 

Cancer, brain damage, 
respiratory illnesses 

Aerosols Tobacco, building materials, 
consumer products, incense, 

cleaning, cooking 

Cardiovascular/respiratory 
diseases, allergies, lung 

cancer, irritation 

Radon Soil gas, building materials, 
tap water, outdoor air 

Lung cancer 

Pesticides Insecticides, disinfectants, Eye/nose/throat irritation, 



building materials, outdoor 
air 

kidney/central nervous 
system damage, cancer 

Allergens House dust, pets, mold, 
pollens, insects, plants 

Asthma/allergy attacks, 
respiratory infections 

Microorganism Bacteria, viruses, fungi Fever, digestive problems, 
infections 

 

​ MERV filters are the most common filtration system used in household HVAC systems. 

They are designed to balance dust mitigation and high airflow to reduce issues arising in low 

circulation of air. The median effectiveness of a MERV filter in mitigating particles from 1-3 

micron is 72% (Jones et al, 2021). MERV filters have ratings, where the higher the number the 

more effective it is at reducing dust. For example, a MERV 13 filter can prevent 85% of dust 

particles in this range. The standard healthy amount of dust in the air is suggested to be 9 µg/m3. 

The statistics for these filters are clearly not ideal, however due to the reach and scope as well as 

existing standards practiced by technicians, this technology has remained the standard regardless 

of its inefficiencies. A solution to this dust problem can then be to keep using these filters and 

pair it with a dust sensor to detect when the filter is no longer mitigating the dust to this standard 

level. This would be the most promising method to have a visible cue that there is a problem as 

dust sensors would start an audible alert showing that dust levels in the house are too high. 

Upon reviewing research on the technology of HEPA filtration, it is apparent that they are 

extremely effective at filtering dust particles of a wide range. Many manufacturers advertise a 

99.97% effectiveness for particles with .3 micron diameters, see Fig. 2 for experimentally 

determined data supporting this statistic (Bahnfleth, 1999). This is not the minimum size for 

effectiveness but rather the minimum effectiveness for particles .01 microns and above 

(Donaldson, 2014). Therefore this would be an effective filter in reducing many gaseous 



pollutant particles. An upside to these filters is that they are commonly found in the same 

dimensions as the MERV filters, making them easily replaceable in current HVAC infrastructure. 

A downside to this technology is that it is more restrictive on airflow which can lead to more 

maintenance and potential failures. The reduced airflow will cause the HVAC system to work 

less efficiently, taking longer to circulate air and more money and energy to achieve the same 

climate control as MERV filters. This issue could hinder the infrastructure’s ability to comply 

with certain standards and thus is possibly not the best solution. 

 

Figure 2: HEPA filtration efficiency for different particle sizes 

​ EPs are an advanced form of dust mitigation commonly used in coal mines to clean up 

the air of ultrafine particles, .1 micron or less (Afshari, 2020). They are 95% effective with 

collecting particles in this range and 99-100% effective with larger particles. When directly 

compared with HEPA filters, this rate is actually worse at collecting ultrafine particles. This 

technology requires the use of high voltage power which is more dangerous and harder to 



maintain than mesh filters. On top of this, they produce and emit ozone gases which add on to 

pollutants in the air. This technology does not improve upon the current infrastructure mainly as 

it would decrease the reach and scope of HVAC due to its complexity and high cost. It would 

also not be a solution that resolves the issue of visibility when broken, in fact worsening it as the 

dust collection plates would be hidden unless manually accessed. This would also be hard on 

technicians to learn the safety and installation processes of it, largely changing the standards of 

the industry. It would also not be a modular process for change and would require a very large 

change in design and practice. So overall this technology is rightfully not being used in 

residential buildings as it shows no social or technical benefits. 

Discussion 

This research dives into the functionality of three existing dust mitigation technologies as 

well as an observation of unaddressed issues with household HVAC systems. When looking at 

the problem and solutions through Star’s framework, the responsive solution of adding dust 

sensors seems to be the best approach to improve social concerns with the technology. The 

motivation behind this research was that people often do not change out their dust filters, and this 

stems from the fact that there are no clear visible cues that would remind them to. The 

preventative solutions offered no benefit in this regard, as well as adding some negative social 

issues. The HEPA filters would contradict with the embodiment of standards as it would 

indirectly cause problems with airflow in HVAC systems. EPs failed to improve any of the social 

concerns as well as being less effective in reducing household dust compared to HEPA filters 

regardless. Through the research and analysis with the aid of Star, it can be seen why the industry 

has stuck with MERV filters as opposed to these other options. 



A significant limitation in this research is data on the average frequency that household 

HVAC systems’ filters are replaced. There has been no study conducted that polled a sample 

size, however, this paper is assuming that many households do not change their filters within 3 

months. An experiment would also need to be conducted to measure the effectiveness drop of an 

air filter that has become dirty. It is a known fact that the airflow becomes restricted and filtration 

becomes less reliable, however there is no quantitative data that shows a trend of time to filter 

effectiveness. This paper also did not extensively research the cost for consumers to switch their 

HVAC systems, like adding an EP to the house. Dust sensors and HEPA filters would however 

be relatively inexpensive with dust sensors costing under $10-$50 and HEPA filters costing 

slightly more but requiring less frequent replacement. 

Following up on the limitations outlined, a poll would be very beneficial to understand 

the extent of the issue. It would be imperative to poll UVA faculty as they would be more likely 

to take care of household chores and be more representative of average homeowners. Ideally 

having experimental data on the effectiveness of used air filters would be beneficial in 

understanding the decrease in performance over time. It would help justify the need to be more 

cautious with the MERV filtration system that does not have safety guards for improper 

maintenance. An analysis on the financial costs of each three systems in a household would have 

been a good way to objectively compare each method. Restrictive airflow from HEPA filters 

would indirectly increase the energy used by the HVAC system and add an additional financial 

burden, however it’s unknown if that effect would be significant. 

This research on HVAC systems has helped me advance my skills at conducting literature 

reviews. The subject matter of research is also relevant to the work I could do in the future in the 

field of HVAC. In my previous internship, I learned a lot about how HVAC systems work in 



regard to temperature control and airflow, therefore this additional knowledge on the differing 

dust mitigation systems is beneficial information. Conducting research like this has helped me 

further my ability to extensively learn about issues related to engineering fields and how to list 

pros and cons of different solutions to a problem. Especially with the results of this research 

yielding two good solutions, it shows that when tackling a problem in engineering there is not 

always one objectively correct avenue, and multiple methods will yield large benefits and some 

consequences. 

Conclusion 

The results of this research are relevant to the general realm of engineering solutions 

where there is no one ultimate solution to a problem. When looking from a technical lens, all of 

the filtration systems have their benefits, however when adding in a social analysis the 

differences become more apparent. I believe the next steps for HVAC in households would be 

the widespread recommendation and application of dust sensors as they are simplistic, cheap, 

and would alert many people of immediate faults in their systems. This would require minimal 

altering to HVAC infrastructure as it is a commercial product that does not need to be adapted to 

buildings and can be installed in any part of the house one is most concerned with having dust. 

From there, HEPA technology should then be advanced to allow more airflow without reducing 

efficiency greatly and potentially adapted to HVAC infrastructure. These findings highlight the 

fact that the current implementation of dust filtration systems has some room for improvement. 

A broader variety of solutions working in tandem can decrease the negative health consequences 

of the current design which relies on the responsibility of the user for satisfactory results.
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