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ABSTRACT
Manufacturing indirectly eliminates air pollution

that threatens employees' safety, efficiency in
production, and the environment. With this
study, the researcher evaluated engineering
strategies in the reduction of harmful emissions
like particulate matter (PM), volatile organic
compounds (VOCs), nitrogen oxides (Nox),
sulfur dioxide (5O2), and carbon monoxide (CO).
The paper compares the various filtration
systems, such as HEPA filters, electrostatic
precipitators, activated carbon adsorption, wet
scrubbers, and biofilters. It rates their efficacy,
cost energy consumption, and maintenance
requirements. Case studies show how custom
solutions in the chemical, metal, and
pharmaceutical industries cut all pollutants. The
study also advocates the significance of tailored,
cost-effective solutions and adherence to
regulation as means of air quality enhancement.
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INTRODUCTION
Background and Significance

There is growing worry about the air quality in industries because air
pollution can cause health, safety and environmental issues. Most of these
emissions in manufacturing and industry are caused by production machinery.
No matter if they are used in metal fabrication, chemical processing, food
production or electronics, industrial machines emit a blend of pollutants called
particulate matter (PM), volatile organic compounds (VOCs), nitrogen oxides
(NO,), sulfur dioxide (SO:) and carbon monoxide (CO). Because of these
pollutants, workers” health is at risk, regulations may not be met, equipment
needs extra care and money and overall productivity declines. People who are
exposed to airborne pollutants can get respiratory problems, heart disease and
have problems in their workplace over time. If industries are exposed to
persistent pollutants, sensitive equipment can be damaged, productivity can
decline and the environment around industrial sites may be more affected. With
tougher worldwide limits on emissions and safe exposure coming into effect,
businesses are encouraged to decrease air pollution both in the factory and in the
air with engineering controls.

Figure 1: Engineering Controls Reduce Air Pollution.
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Challenges in Industrial Air Quality Management

The environment of air management in industries includes several
operational, economic, natural, and regulatory issues. A significant problem is
the diversity of emissions by various industrial activities, so it would be hard to
find a solution to meet all forms of pollutants, be they gases, dust, or chemicals.
Poor air circulation and space limitations in the factories make it challenging to
install sound ventilation systems, exposing more workers to pollutants. Live
tracking is expensive and technical, and reviewing frequently results in delayed
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actions. Moreover, expensive repair and upgrading of air purification solutions
is challenging, particularly for small and medium-sized enterprises (SMEs).
Some industries lack the technical know-how to support current air quality
control procedures, making them depend on old sealed technology.
Fragmentation of regulation also contributes to regulatory diffusion between
jurisdictions and the fact that the advanced systems can present a new generation
of secondary pollutants that require careful management to avoid new health
and environmental problems. Lastly, air quality control machines may disrupt
productivity due to noise or low efficiency.

The Role of Engineering Solutions

Finding, designing and carrying out solutions for clean industrial air
mostly depends on engineering. These points explain how different engineering
practices help:

e Locating and stopping the source of pollution: Emissions mapping and audit
processes allow engineers to easily find major pollution sources, so action
can be taken at the source.

o Ventilation Systems Tailored to the Building: Advancements in mechanical
ventilation (e.g., LEV, General Dilution Ventilation) assist in gathering
and decreasing chemicals in the air, keeping the air inside cleaner.

o The use of filters and separators: There are filter media (for example, HEPA
and activated carbon) invented for engineering that remove particular
kinds of air pollutants very efficiently.

o There should be regular improvements and automation in the procedures:
Rearranging processes based on engineering allows companies to stop
releasing unnecessary emissions. For example, automation makes
handling materials safer and closed systems stop any material being lost.

o Connections to Smart Sensors and the Internet of Things: These systems and
sensors are always watching and allow you to maintain your air
conditioning system well, recognize future issues and notice changes in
air quality.

o Taking care to make energy-efficient systems: Airflow experts and engineers
may combine several components and control them with CFD tools, as
well as use energy audits to make sure the system is efficient and performs
well.

e More and more, developers prefer retrofitting and modularization to get better
control over their code: Modular designs from engineering let air control
systems be changed in old factories with minimal changes to the plant and
best use of space.

e Emissions are collected at the point energy is generated: When hoods or
machine enclosures are installed, pollution is trapped and workers and
the environment are much less affected.

e Approaches that are Good for the Environment: Examples of green solutions
include biofiltration and green walls which use nature to clean the air and
tit well with environmental and design goals.
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o Using data to make business decisions: To provide best solutions, engineers
analyze data on pollutants, study the costs and test the performance which
leads to suitable recommendations.

Table 1: Common Air Pollutants in Industrial Environments

Pollutant Primary Sources Health Impacts

Particulate Matter | Grinding, = welding, | Respiratory irritation, lung

(PM10/PM2.5) material handling disease, cardiovascular
stress

Volatile Organic | Solvents, adhesives, | Headaches, organ damage,

Compounds (VOCs) | paints carcinogenic effects

Nitrogen Oxides | Combustion engines, | Asthma, reduced lung

(NOy high-temp processes | function

Sulfur Dioxide (SO:)

Burning of sulfur-rich
fuels

Bronchitis, eye and throat
irritation

Carbon Monoxide | Incomplete Headaches, dizziness, fatal
(CO) combustion of fuels poisoning
Objective of the Study

This study aims to find and study effective strategies and technologies in
engineering that help enhance the air quality near machinery used in industries.
It involves considering how well different air pollution measures work, if they
can be used and applying both steps to prevent and correct problems. The study
exists to bridge what you learn in environmental engineering and what you use

it for in industry.

Examples of specific objectives are:
1. Identifying and Sorting out the Air Pollution generated by Production

Machines

e Determine how each type of emission such as particulate matter, volatile
organic compounds (VOCs), nitrogen oxides (NOx), sulfur dioxide (SO-)
and carbon monoxide (CO), is formed physically and chemically.

e Monitor how different pollutants are created from the manufacturing,
chemical processing and metalworking industries.

2. To Look at the Health, Environmental and Operational Effects Caused by

Poor Air Quality

e Analyze how air pollutants in a workplace can impact personal health
over the short run and the long run.

e Try to understand how indoor air pollution affects the functioning of
machines, the standard of work products and the total sense of

productivity.

3. To Look at Modern Engineering Solutions to Improve Air Quality

¢ Review and examine how air filter systems like HEPA filters, activated
carbon adsorbers, wet scrubbers, electrostatic precipitators and biofilters
function and compare them.
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e Examine how efficient the system is, how much it costs to maintain, how
much energy it uses and whether it works for a given pollutant.

4. To Judge the Possibility of Carrying Out Engineering Solutions in
Relation to Cost and Workability

e Identify the benefits as well as the costs needed for each system in
different ranges of industry types.

e Review how seamlessly the technology can be fitted within the current
production environment and systems.

5. To Check if Regulations are Being Complied with and if They are in Line
with International Standards

e Compare the results of each method to safe exposure limits (OELs),
allowed exposure levels (PELs) and air pollution standards.

e Find issues with compliance and suggest engineering tools or processes
that address them.

6. Building a Framework to Assist in Picking the Right Technology

e Develop a clear system using data to support industrial engineers and
facility managers in picking the appropriate technology for improving
air quality, according to their district’s key details (the kind of pollution,
space allowed, etc.).

7. Using case studies to illustrate how they were successfully put in
practice

¢ Give instances from different industries that clearly show how
engineering improvements have created positive results.

8. To Identify and Highlight Best Practices as Well as Propose More Future
Research

o Offer ways employers can address air quality problems such as proper
routine maintenance, employee education and latest monitoring
technology.

e Shore up findings by looking forward to studies on using
nanotechnology for filters and Al for monitoring air quality.

THEORETICAL REVIEW
Literature Review

Air pollution in industrial settings poses serious health, safety, and health
challenges. Due to the still increasing industries, the requirement of efficient
engineering interventions in order to abate air pollution has been inevitable. The
current literature on the topic has also offered wonderful ideas about the theories,
approaches, and technologies employed to deal with such concerns. The
literature review aims to amalgamate or summarize the existing knowledge
concerning enhancing air quality in an industrial environment, besides
mentioning the crucial theories, techniques, and research gaps.

Theories and Concepts

Air Various theories of air pollution in industries analyze air pollution.
The Theory of Air Pollution Dispersion implies that the industrial by-products,
including particulate matter (PM), VOCs, NOx, SO2, and CO, expand and fade
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away by wind speed, temperature, and humidity. The theory plays a vital role in
the design of ventilation and filtration systems as engineers use it to calculate the
movement pattern of pollutants and how to locate pollution control devices (Li,
2023) effectively.

The Pollution Control Theory emphasizes such methods as filtration,
absorption, and chemical treatment that minimize or remove pollutants. Some
standard and broad technologies that capture or neutralize pollutants include
HEPA filters, activated carbon adsorbers, electrostatic precipitators, and wet
scrubbers. They are effective based on the type of pollutants, particle size, and
operating situations (Richardson & Theodore, 2024).Finally, the Environmental
Engineering and Sustainability Theory promotes environmentally friendly
pollution control with less pollution emission, minimal energy consumption, and
service expenditure. This theory can also consider biofiltration and green walls
as they encourage environmentally friendly operations and indicate that
sustainable technologies, e.g., biofiltration, are less expensive and less
environmentally harmful than conventional ones (Tiwary & Williams, 2018).

Key Studies in Air Quality Engineering

Over the past years, many studies have been conducted to determine the
efficiency of the many different engineering solutions in enhancing indoor air
quality in the industrial setting. The HEPA filter is one of the most examined
technologies due to its great efficiency in trapping fine particulate matter (PM).
As evidenced by Li (2023), HEPA filters can also eliminate particles with sizes
down to 0.3 microns and, thus, are highly functional in cleanroom-based
manufacturing plants such as the pharmaceutical, electronics and metal
industries. Studies indicate that HEPA filters can potentially lessen the PM level
by 90 to 99 per cent, dramatically enhancing air quality. These filters, however,
do not work well in capturing gaseous pollutants such as VOCs, and more
tiltering systems are needed.

Activated carbon adsorption is another popular technology that has been
adapted especially in removing gaseous pollutants like VOCs. According to
Tiwary and Williams (2018) activated carbon filters can efficiently remove VOCs
(usually 85-92% of contaminants). The mechanism of action of these filters is that,
instead of permitting the gas to escape into the atmosphere, the gas molecules
are entrapped into the porous carbon body. Activated carbon filters have certain
issues about regeneration although these filters are effective. The carbon
eventually fills with pollutants and can be expensive to restore through energy-
intensive procedures. However, activated carbon is also typically applied
alongside HEPA filters, offering a more comprehensive solution to particulates
and gases (Richardson & Theodore, 2024).

Another technology that is vital for controlling air pollution in industries
is the use of Wet scrubbers. They eliminate solid particles and gases, including
NOx and SO 2, since the dirty air is extracted through a liquid, which can be
either water or a chemical cocktail. As indicated by a study by Attar et al. (2017),
wet scrubbers could remove particulate matter at an efficiency of up to 85 per
cent and significantly reduce gaseous emissions. Wet scrubbers, though, are
more expensive to operate since there is a constant requirement of water,
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chemicals, and the system. Nevertheless, wet scrubbers found their wide
application in the metal processing industry and chemical production, where
solids and gaseous pollutants exist.

Among these traditional technologies, however, biofiltration has come out
as an environmental-friendly technique, in the control of air quality. The study
by Venkata (2020) focused on the biofilter performance regarding VOC removal
and biodegradable pollutant removal. Biofilters use microorganisms to break
down contaminants through the action of air passing through a biological
medium, which can be organic, such as compost. Among the main advantages of
biofiltration, its operation cost is very low compared to other filtration processes
that are much harder to carry out and demand using of much energy. Biofilters
are, however, limited when treating inorganic gases and might need additional
filtration methods. Nevertheless, despite these drawbacks, biofilters cooperate
with the concept of sustainability and are gaining popularity in industries that
want to minimize their environmental impact.

Research Gaps and Future Directions

Along with tremendous levels of development, there are still important
gaps in air quality management. There is a need to conduct research in the long
term to determine the health effects of better air quality on industrial workers
since most researchers have concentrated on short-term effectiveness. Also, small
and medium-sized enterprises (SMEs) are under investigated because the
existing researchers focus primarily on large-scale industries. Research in the
future ought to change that by adapting such technologies to be used in smaller
operations because of budget and space requirements. Lastly, the possibility of
using artificial intelligence (AI) and machine learning (ML) related to real-time
monitoring and predictive maintenance is an opportunity to gain a higher
efficiency level of these systems. Thus, it is necessary to research the possibility
of using it in air filtration systems.

METHODOLOGY
Research Design

Taking an integrated approach, this study collects data from multiple
methods to study and boost air quality around production machinery.
Information from real-world experiences and research is used together which
allows for solid and practical advice. The following aspects are key to the
structure of the research design:

1989



Holt

Figure 2: Enhancing Air Quality in Industrial Settings

Enhancing Air Quality in Industrial Settings

Assessments Done within Industrial Contexts

To prove its usefulness, the study is done on-site at working plants in the
metal, chemical, pharmaceutical and food sectors. These evaluations require
watching air pollutant levels, checking employees” exposure and checking what
is emitted from machinery at the production site. By studying the environment
workers are in and the ventilation or filtration systems available, the report
discovers real-world issues and examines whether the air quality controls are
effective. Using actual information helps develop engineering strategies for
different industries based on their particular pollutants and ways of operating.

Air Purification Technology: A Comparative Review

Because pollutants are not the same and industrial processes vary, the
research carefully explores and contrasts the common air purification methods.
They should examine the principles, how pollutants are removed, operation and
maintenance details for systems including HEPA filters, activated carbon
adsorbers, electrostatic precipitators, wet scrubbers and biofilters. Using specs
from manufacturers, scientific studies and information from the field, each
technology is analyzed for match to different kinds of pollutant, sizes of
operations and budgets. It helps in choosing the right technology that suits
particular situations in any industry.

Air Pollutant Measurements Were Taken Before and After the Intervention

A main part of the research is measuring important air pollutants carefully
before and after applying the chosen engineering solutions. The study collects
baseline data using excellent equipment such as particulate matter sensors, gas
analyzers and VOC detectors. Because we study air quality over a long period,
we can precisely determine if air quality strategies are effective. Checking how
the indicators of interest changed after using the technology gives real evidence
of its positive results for the environment, energy and operations.
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Simulation Models That Estimate How Pollutants Move and How They Can Be
Stopped

The study brings in advanced modeling to improve and confirm the
results obtained from field testing. Using Computational Fluid Dynamics (CFD),
simulations of airflow can reveal the movement and accumulation of pollutants
near machinery in industrial settings. They allow you to locate areas where
ventilation is not sufficient and decide the best spots for filtration and exhaust
equipment. Moreover, energy use and pollution removal performance models
show how different engineering solutions will work in various conditions. Air
quality management is improved because simulations can calculate costs and
predict when maintenance is necessary.

Figure 3: Engineering Solutions Comparison Summary

99.97 Moderate
HEPA Filters 5,000 — 15,000 Electronics,
oy Pharma

85-95 High
10,000 — 30,000 VOC-heavy
High industries

Activated Carbon
Adsorbers

90-99 Low

Electrostatic

Precipitators 30,000 - 70,000 Cement, Metal

Moderate Processing

Data Collection Methods
On-site Monitoring and Sampling

Measurements were taken accurately regarding air pollutants around
important equipment in production. Sensors of the environment and gas
measures were placed tactically around CNC machines, furnaces, chemical
reactors, and assembly lines to monitor the pollutants. Areas used to fix the
sensors were high-emission areas and workplaces where workers were exposed
to contaminants. Particulate matter (PM25 and PMio) and gaseous pollutants
(nitrogen oxides, NOx, volatile organic compounds, VOCs, carbon monoxide,
CO, and sulfur dioxide, SO 2) are the primary gaseous pollutants that were
monitored in the study as the pollutants that are generally generated through
industrial processes.

Six months of uninterrupted measurements were conducted to determine
the changes through various operating conditions, seasons, and maintenance
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practices. Before and after the installation of air quality control systems, air
quality was considered, and it has been used to gauge the effectiveness of such
systems. Sensors were calibrated, and the data were validated, which confirmed
the accuracy of the sensors and recognized the occurrence of anomalies due to
the failure of sensors or external interference.

Industrial Case Studies

The study encompasses elaborate case studies on four industrial
segments: metal fabrication, food processing, pharmaceuticals, and automotive
manufacturing. The air quality challenges in these sectors are different because
various manufacturing processes are used, giving insight into how to deal with
specific challenges.

Metal Fabrication

Such processes as grinding, cutting, welding, and surface finishing
produce considerable amounts of metal dust and welding fumes, which create
respiratory issues and metal fume fever. Although the local exhaust ventilation
(LEV) with fundamental filters was applied, the system failed to trap particles of
ultrafine size, which frequently surpassed permit regulations. Efficient
electrostatic precipitators in confluence with enhanced suction hoods eliminated
particulate emissions by great measure enhancing worker safety.

Food Processing

Microbe and volatile odors and bioaerosols were common in food
processing plants. Simple ventilation systems could not resolve them, and
complaints of smell and allergies were reported. In this instance, removing odors
and decreasing airborne germs have proved successful, as biofiltration and
activated carbon filtration systems were installed to improve the environment at
work.

Pharmaceuticals

In producing pharmaceuticals, it is essential to ensure a high level of air to
safeguard its products and workers. Modified HEPA filters and the addition of
activated carbon units effectively controlled dust and VOC levels, therefore
meeting GMP requirements.

Automotive Manufacturing

In the production of automobiles, painting, welding, and mixing solvents
have resulted in the release of PM, VOCs, and gasses. Even with the help of basic
ventilation and carbon filters, the amount of pollutants nearby surged during
peak production. Using wet scrubber and intensifying carbon filters also allowed
the company to remove VOC and particulate concentrations, make regulatory
compliance, and enhance workers' health.

Literature Review and Standards Benchmarking
To complement primary data collection, the project depended a lot on
secondary research to compare and confirm technology effectiveness. Recent
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publications in scientific journals and engineering research were checked to
understand what was considered best practice, new upcoming technologies and
reliable performance values. Datasheets were reviewed from equipment
suppliers to see what their specifications are, what the performance results are
and what the total cost looks like. The International Organization for
Standardization (ISO), Occupational Safety and Health Administration (OSHA)
and the Environmental Protection Agency (EPA) were used as trusted sources to
gauge if the new technology was compliant with legal requirements and safe for
staff. By doing a thorough review of the literature, the researchers followed the
requirements and standards of today’s industries.

Technology Evaluation Parameters

An evaluation system that measured both how well a solution met
technical requirements and how easily it could be used in practice was used to
assess every air quality engineering solution. The following parameters were the
most important:

e Percentage Pollutant Removal Efficiency (%): The number that shows the
percentage of satisfying pollutants the device can remove in its everyday
operations.

e Upfront Expenses and Continuing Costs (USD):vals the expenses for
purchasing the system and setting it up and consists of expenses for
energy use, supplies and workers.

e Maintenance Essentials: Deciding on the necessary frequency and
difficulty of maintenance work like filter changes, system cleaning,
calibration and repairing parts which both save down time and bring
down costs over a unit’s lifespan.

¢ Determining How Much Power Is Used: Reviewing how much energy the
system will require continuously, to maintain costs and protect the
environment.

e How Easily Technology Adapts: Checking how much adjustment is
needed to bring the new technology into line with existing plant setups.

e Reduction in Worker Exposure: Evaluating the success in cutting back
worker contact with dangerous pollutants which links to better health for
workers and compliance with regulations.

The framework helped industries find the right solution by noting the
differences among effectiveness, cost and practicality which won them the best
tit for their situation.

Table 2: Pollutant-Specific Technology Suitability Matrix

Pollutant HEPA Activated | Electrostatic Wet Biofilters
Filters Carbon Precipitators | Scrubbers
Particulate X Poor Excellent Good | X Poor
Matter Excellent
VOCs X Poor X Poor Good
Excellent Moderate
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Nitrogen X Poor | X Poor | X Poor
Oxides Moderate | Moderate
(NOy)
Sulfur X Poor | X Poor | X Poor X Poor
Dioxide Excellent
(SO-)
Carbon % Poor X Poor
Monoxide Moderate Moderate | Moderate
(CO)

Experimental Design

Baseline measurements of air quality were taken in areas without any pollution
control systems, serving as a point of comparison to evaluate the effectiveness of
the pollution control interventions.

¢ Intervention Groups: Same system and procedures, however, engineering

tools are included.

For both mentioned groups, indicators such as the level of air pollution, amount
of energy consumed and number of worker complaints were checked.
TSI DustTrak, FTIR gas analyzers, VOC probes and IR thermal cameras were
used.

Simulation and Modeling are Important Tools

Computational Fluid Dynamics (CFD) helped to analyze how air and
pollutants moved within the facility under different air ventilation scenarios.
Models were applied to understand the effects of ventilation and filtration on
energy usage or running expenses.

Limitations

Day-to-day changes in weather, work timings and instrument modifications
affected what was being measured.

A number of industries had little historical information for long-term trend
analysis.

Because of space or rules, not all technologies were added to every testing
center.

Safety and Ethics Observations

Every collection of data followed the occupational health and safety rules.
Nobody took part directly and the sensors were positioned in public spaces
only.

To respect the non-disclosure agreements (NDAs), companies’ names were kept
confidential in the data.

RESEARCH RESULTS
Pollutant Concentration Reduction

Small-sized particles (PM2.5 and PM10): The HEPA filters, as well as the
better local exhaust ventilation (LEV), lowered 85 percent of PM, and the most
significant change was recorded in a metal fabricating plant, where the PM10
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level decreased to 120 to 18 pg/m3 which is below the OSHA limits. In
developing countries, LEV use in small-scale industries combined with low-cost
solutions such as charcoal and sand filters resulted in a 70-80 percent decrease in
PM10.

Volatile Organic Compounds (VOCs): VOCs were attenuated by 92%
using activated carbon filters. The possibility of using locally available materials,
such as coconut shells, to cut VOCs by 75% in developing countries offered an
environmentally friendly alternative that will save companies their money.

Other Pollutants: Wet scrubbers took out 70% NOx and 80% SO2. Using
activated carbon filters minimized CO exposure by up to 75%, which benefited
the workers. Implementing these corrective measures significantly improved the
air quality and compliance with statutory regulations.

Efficiency and Performance Comparison

Results from Table 1 (Technology Suitability Matrix) were validated
through field performance data. Technologies demonstrated expected pollutant-
specific efficiencies:

Table 3: Efficiency and Performance Comparison of Air Purification

Technologies
Technology Average Removal | Comments
Efficiency (%)
HEPA Filters 90 - 99 Highly effective for particulate
removal
Activated Carbon | 85 - 92 Best for VOC and some gaseous
Adsorbers pollutants
Electrostatic 88 - 95 Effective in particulate-heavy
Precipitators environments
Wet Scrubbers 70 -85 Versatile but higher operational
costs
Biofilters 75 -85 Sustainable but limited to
biodegradable pollutants

Cost and Energy Consumption

Knowing about required capital costs and the operational expenses that
follow is very important when you look at air quality improvement technologies.
This section checks the financial and energy outcomes connected to different
changes made to production machinery.

Capital Costs
e The expense of setting up air purification systems differed greatly based
on technology choice, size needed and how complete the setup was.
HEPA Filtration Systems are frequently found in cleanrooms and close
location filtration projects and their setup costs are generally about $10,000 in
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common industrial cases. You will also need to buy filter units, housings and
make any required changes to the ducts.

o Electrostatic Precipitators (ESPs): These devices, used to take out major
amounts of particles, came at a higher initial cost. Because of the special
pieces and integrating with the existing ventilation, installing in larger
facilities can run over $50,000.

e Using wet scrubbers and biofilters can demand a large amount of
infrastructure changes, for example, treating water and supplying
chemicals which raises prices for capital investments. Costs for
biofiltration units depend on media and scale and they typically lie
between those of HEPA systems and wet scrubbers.

Cost-Effective and Energy-Efficient Solutions for Developing Countries

Sophisticated systems like HEPA filters and wet scrubbers are usually
expensive because of high capital costs, especially in developing country
industries. Due to this, it has now been possible to implement low-cost filtration
systems and modular-type solutions in smaller facilities. For example, locally
sourced organic materials as a biofiltration system (e.g., utilizing compost or
agricultural waste) can be a low-cost, renewable way of controlling VOCs in food
processing facilities. Such systems comply with local environmental standards,
do not require unnecessary energy input, and are easily maintained by the local
workers.

Energy Use

e However much energy a company consumes can lead to extra costs and
harm the environment.

Also, Electrostatic Precipitators and Activated Carbon Units are able to
work efficiently, using less energy. Electrostatic Spray Separator units mostly use
energy to keep high-voltage fields, whereas activated carbon units use electricity
only for fans.

e Wet Scrubbers: They have to pump the scrubbing liquid frequently and
chemical treatments are occasionally used, so these methods usually use a
lot of energy. The more energy they need to use should be compared to
their ability to filter out pollutants.

e HEPA Filters: Since the needed fan power is affected by the airflow and
the resistance of the filter, energy use for them is moderate considering
their system size.
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Figure 4: Exploring Financial and Energy Impacts of Air Quality Technologies

Exploring Financial and Energy Impacts of Air Quality Technologies

Maintenance Requirements

The cost of an air filtration system and system reliability depend
significantly on the frequency with which the system must be maintained. The
activated filters must be replaced every 3-6 months, and HEPA filters generally
last 1 year, depending on the concentration levels of pollutants. Electrostatic
precipitators and wet scrubbers may need an electrode clean and scrubber media
cleaning every three or six months, as well as pump checks. This is essential to
the efficiency of systems scheduling maintenance to avoid untimely and
expensive breakdowns.
Maintenance In Developing Countries

Complex air filtration systems are also challenging in developing
countries because the industries lack expertise and other resources. Low-
maintenance measures, such as biofilters or basic sand filters, are desirable.
Combined with regular visits from local staff, these systems can deliver a long-
term solution to air quality. Moreover, deploying locally available materials
within the local region, such as using sand and activated charcoal as filters,
enables the industries to perform regular maintenance without using cost-
prohibitive and difficult-to-obtain parts.

Case Study Highlights

An improved Local Exhaust Ventilation (LEV) system and electrostatic
precipitators (ESPs) in a metal fabrication plant reduced PM 10 levels by 85
percent, lowering workers' exposure to dust considerably. The array saved 10%
of energy usage and cut down 15 percent of the maintenance costs since only a
few filters were obtained, and their reliability was high. Activated carbon and
wet scrubbers were effective in VOC. SO, emission reduction in a chemical
processing plant to the lowest in five years, and the company could operate
against quality environmental standards.
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Figure 5: Initial Costs of Air Purification Systems

Initial Costs of Air Purification Systems

HEPA Filtration Systems 500008

-
\k'),

Small-Scale Industry in a Developing Country (Metal Fabrication):

In a small metal workshop in a developing nation, there is a lack of
accessibility to costly air filtration technology, so they have adopted a local
charcoal filtration system with local exhaust ventilation (LEV). The resulting
reduction in the number of particulate matters (PM10) was improved by 70%, a
considerable benefit to the health and comfort of workers. A system could be
installed at a small proportion of what would cost the more industrial versions
of electrostatic precipitators, and so would be suitable for smaller resource-
limited industries.

Commen in cleanrooms and
close location filtration

300008
Electrostatic

Precipitators (ESPs)

100008

Used for removing large amounts
of particles

Wet Scrubbers and -
Biofilters '
Requires significant U\/

infrastructure changes

-
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Pharmaceutical Plant

High-end HEPA filters were used in cleanroom areas, which saw an
improvement of 99.9 percent in the air particulate materials. This fulfilled GMP
specifications, securing superior product quality, protecting workers' health, and
avoiding cross-contamination.
Food Processing Unit

Biofiltration systems have been introduced to manage odors and minimize
VOCs, tremendously enhancing the work environment and customer
satisfaction. This solution is eco-based since it uses natural microbial organisms
to clean the environmental pollutants.

DISCUSSION
Determination of How Effective the Wastewater Cleanup Process

The bar chart demonstrates that dust and fine particles are removed to a
high efficiency by HEPA filters, reaching 99%, making them vital for industries
where there is a lot of particulate-filled air (for example, pharmaceuticals and
electronics). Even so, their control over gaseous pollutants such as VOCs and NO,
is very limited, showing that additional actions are needed. More than 90% of
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VOC control is achieved with activated carbon adsorption. Its good ability to trap
carbon monoxide points to its usefulness in both organic and a number of
inorganic gas filters.

They efficiently remove particles like HEPA filters can, even though they
consumes less energy. Even so, gases don’t respond well to membranes alone, so
they cannot be used all by themselves. Wet scrubbers are able to lower levels of
particulate matter as well as gases such as NO,, SO: and CO. The extra
maintenance and energy expenses do not stop chemical and heavy
manufacturing sectors from using them frequently.

Biofilters are great for treating air problems, mainly working well with
volatile organic compounds and biodegradable pollutants. Even though they do
not react well with some inorganic gases, their low cost and positive influence on
the environment matches well with efforts to promote green manufacturing.

Long-Term Cost-Benefit Analysis

The technologies, such as ordinary HEPA filters, activated carbon
adsorbers, and wet scrubbers, though demanding great initial investments, may
pay off in the long run. Maintenance costs may increase over time, including
replacing HEPA filters and wastewater from wet scrubbers. Nevertheless,
reducing health problems among workers and the capacity to conform to stricter
policies on air quality have significant long-term value. These can counter the
initial investment in long-term health benefits and compliance with regulations.

Biofilters, in contrast, are more economical because their initial and
maintenance costs are low and, most importantly, mainly when constructed with
locally available materials. This renders them suitable for industries, especially
in the case of developing countries or SMEs with limited budgets. The hybrid
system, where high-efficiency filtration technologies such as HEPA filters are
used in combination with low-cost alternatives such as biofilters, reaches a
compromise between performance and affordability. Considering the long-term
cost of reduced health-related costs, increased productivity, and compliance with
regulations, it is a sustainable and economically feasible alternative, even though
the first onset of the investment is expected to be more significant.

Factors Influencing Economy and Operations

Trying to improve air quality always depends on how much it costs, its
impact on energy usage and the frequency of routine maintenance. Even though
it doesn’t take much upkeep to use HEPA filters, they may become costly to
operate because the constant pressure drop means systems need frequent
updates. But, on the other hand, carbon units must be cleaned frequently which
costs more. Wet scrubbers work very well, but handling the wastewater and
chemical liquids they generate increases the effort needed. Factors such as cost
and capacity limit many facilities, so they commonly adopt hybrid technologies
that control pollution as much as possible without straining their wallets.
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Reviewing the Role of Health and Regulations
Better air quality leads to fewer health problems among workers which
shows that effective engineering supports better occupational health. Companies
applying these plans were found to improve compliance with OSHA and EPA
standards which lowered their liabilities and made them more responsible to the
community.
Recommendations For Industry
o Employ multi-technology approaches to address diverse pollutants.
o Integrate real-time monitoring with adaptive ventilation controls to
optimize energy use.
o Prioritize training and maintenance programs to sustain system
effectiveness.
o Consider sustainability goals by including biofiltration or green
engineering where feasible.

Figure 6: Graph of Removal Efficiency of Air Purification Technologies
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CONCLUSIONS AND RECOMMENDATIONS

Engineering techniques are instrumental in solving the air quality
problem that is occasioned by the production machinery in industries. Effective
air quality management must be considered based on elements such as a
balanced approach, which considers pollutants, technology, economics, and
implementation. HEPA filters are very competent in fine and ultrafine particle
capture, especially in the pharmaceutical, electronics, and metal production
industries. Nevertheless, because air purifiers can hardly treat the gas pollutants,
more strategies are required for using activated carbon adsorption to filter
volatile organic compounds (VOCs) and non-organic gases such as carbon
monoxide.

Though wet scrubbers are effective, they require more significant
investment to install and fabricate the structure, and they are also more suitable
in an industry where pollutant composition cannot be reduced easily. The
alternative is biofiltration systems that are low-impact and eco-friendly. The
researchers ensure that the hybrid strategies, the mixture of effective collecting
of pollutants and slight influence on the production process, hold the key to long-
term success. Better air quality reduces respiratory disease and increases worker
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productivity and adherence to regulatory provisions by regulatory bodies, such
as OSHA and EPA.

To promote sustainable development, it is advisable to give preference to
implementing real-time monitoring systems of air quality, in which artificial
intelligence is used to manage energy and promptly identify defects. Current
research, education, and equipment maintenance are required to tackle new
contaminants and an evolving industrial process. By managing the air quality,
industries will be able to protect the workers' health and the environment's
sustainability.

FURTHER STUDY

Any study is limited in some way, and so is this study. Although much
has been advanced in finding a solution to improve the air quality of the
production machinery, other areas remain to be explored.

Limitations

The environmental variability in each industry is also a limitation of this
study in that it may have influenced the measurement of the pollutants. Weather
conditions and working hours could be other factors that could have brought
inconsistencies in the data. Moreover, not all industries had enough data in the
past, and it was hard to analyze trends over a long period. Technology limitations
also barred the study since it was impossible to test all air filtration systems in all
the facilities since it was limited in space and legally impossible. Finally, when
sensor calibration was performed, there were sometimes some difficulties
regarding sensor accuracy, which could have affected the accuracy of the
measurements of the pollutants.

Future Research Suggestions

Future research may examine the possibilities of the application of
nanotechnology in the efficiency of the filtration systems especially in the ability
to capture fine particulate matter and volatile organic compounds (VOCs) (Li,
2023). In addition, the real-time air quality and predictive maintenance provided
by artificial intelligence could greatly enhance the systems' performance. Studies
with long-term follow-ups should also be done to determine the effects of better
air quality on workers' health. Moreover, it would be necessary to promote the
purchase of solutions, especially those offered to small and medium-sized
businesses (SMEs) (Richardson & Theodore, 2024), ensuring access and
affordability by investigating the cost-efficiency and scalability of air quality
technologies.
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