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Abstract

HVAC air filtration systems can be designed as either disposable or reusable units, with
each approach involving different material, operational, and end-of-life requirements.
However, the environmental performance of reusable HVAC filtration systems remains
insufficiently characterized. This study conducted a cradle-to-grave Life Cycle Assess-
ment (LCA) comparing reusable and disposable HVAC air filters under equivalent service
conditions using the TRACI 2.1 impact assessment method in accordance with ISO 14040
and ISO 14044 standards. The analysis compared one reusable Delta M filter with eight
equivalent disposable filters over the same filtration service period. Initial single-cycle
comparisons showed that the reusable filter exhibited higher impacts due to increased
structural material requirements associated with durable design. However, repeated refur-
bishment and reuse substantially reduced overall life cycle environmental burdens. At the
defined functional unit, the reusable filtration system reduced global warming potential by
approximately 69% (6.20 vs. 20.27 kg CO;, eq) while also reducing ozone depletion, smog
formation, acidification, eutrophication, respiratory effects, ecotoxicity, fossil fuel depletion,
and non-carcinogenic impacts relative to the disposable filtration system. Environmental
break-even analysis indicated that the reusable system began outperforming the disposable
alternative after approximately two operational filtration cycles, while end-of-life material
recovery further improved environmental performance beyond the baseline landfill sce-
nario. Contribution analysis identified PVC frame production, polyester filtration media
manufacturing, and galvanized steel mesh production as the dominant environmental
hotspots. The results demonstrate that combining durable product design, repeated reuse,
and end-of-life material recovery can substantially improve the long-term environmental
performance of commercial HVAC filtration systems while supporting circular economy
and sustainable building objectives.

Keywords: Life Cycle Assessment (LCA); HVAC air filtration; reusable air filters; disposable
air filters; sustainable buildings; circular economy

1. Introduction

Contaminant control and indoor air quality (IAQ) management are critical components
of sustainable building operation, particularly as global efforts intensify toward net-zero
and resource-efficient systems. Heating, ventilation, and air conditioning (HVAC) systems
play a central role in maintaining indoor environmental quality while simultaneously
contributing significantly to building energy consumption and associated environmental
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impacts. Buildings account for a substantial portion of global energy demand and green-
house gas (GHG) emissions, with HVAC systems representing one of the largest operational
energy uses within the built environment [1]. Within these systems, air filtration technolo-
gies are essential for removing particulate matter, allergens, and airborne contaminants
while protecting mechanical equipment and improving occupant health. However, despite
the critical role of HVAC filtration systems, their environmental implications across the full
product life cycle remain insufficiently characterized.

Conventional HVAC filtration systems typically rely on disposable fiberglass, pleated
paper, or polymeric filters that require replacement every one to three months [2]. These
systems generate recurring environmental burdens associated with raw material extraction,
manufacturing, transportation, and landfill disposal. In response to increasing environmen-
tal concerns and growing interest in circular economy strategies, reusable HVAC filtration
systems have emerged as a potential alternative by extending product lifespan, reducing
material throughput, and supporting end-of-life material recovery. However, reusable
filtration systems additionally introduce environmental impacts associated with washing
operations, water consumption, operational maintenance, and energy use. Consequently,
the overall environmental performance of reusable and disposable HVAC filtration systems
cannot be assumed without a comprehensive life cycle perspective.

Previous research related to air filtration technologies has largely focused on op-
erational performance and Life Cycle Costing (LCC), particularly in relation to energy
consumption, maintenance requirements, pressure drop optimization, and total cost of
ownership [3]. While these approaches provide valuable insights into system efficiency and
operational economics, they do not capture the complete environmental profile associated
with material production, manufacturing, transportation, reuse cycles, and end-of-life
treatment. Despite the growing body of literature associated with HVAC sustainability and
air-conditioning systems, relatively limited research has specifically evaluated reusable
HVAC filtration technologies using cradle-to-grave life cycle assessment (LCA) frameworks.
Existing studies have applied LCA to a variety of filtration and pollution control systems,
including automobile air filters [4], air scrubbers for ammonia abatement [5], and biochar
filtration systems for wastewater treatment [6]. Previous HVAC-related LCA studies have
additionally examined environmental impacts associated with ventilation systems, chilled
ceiling systems, heating systems, and air-conditioning technologies [1,7-9]. These studies
collectively demonstrate the importance of considering full life cycle environmental impacts
rather than focusing solely on operational energy performance.

Recent studies have additionally demonstrated growing technical interest in reusable
and washable air filtration technologies. Kim et al. [10] developed a reusable nanofibrous
air filter with water droplet cleaning capability that maintained PM2.5 removal efficiency
above 99.8% following repeated cleaning cycles. Lim et al. [11] similarly reported a water-
washable reusable air filter utilizing electrospun nanofiber structures designed to improve
washing durability and repeated-use performance. Other recent research has explored
multifunctional reusable filtration systems incorporating antibacterial and antiviral heating
capabilities for enhanced contaminant control applications [12]. While these studies demon-
strate increasing innovation in reusable filtration materials and operational performance,
they primarily focus on filtration efficiency, durability, and material functionality rather
than comparative cradle-to-grave environmental assessment.

More broadly, recent advances in air filtration technology have demonstrated that
novel material designs can simultaneously improve filtration efficiency, reduce pressure
drop, and enhance long-term operational performance. For example, recent studies have
developed advanced fibrous filtration materials with improved particulate capture effi-
ciency and optimized airflow characteristics through innovative material architectures and
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fabrication techniques [13,14]. These studies further demonstrate the rapid technological
advancement of air filtration systems; however, their primary emphasis remains on ma-
terial development and filtration performance rather than evaluating the environmental
implications of these technologies across their complete life cycles.

Sustainable building design increasingly requires environmental decision-making that
extends beyond operational energy performance to encompass the full life cycle impacts
of building products and infrastructure. Within this context, circular economy principles
emphasize reducing material consumption, extending product service life, promoting reuse,
and maximizing material recovery at end-of-life. HVAC air filtration systems represent
an important opportunity to implement these principles because they require regular
maintenance and replacement throughout the operational life of a building. LCA pro-
vides a systematic framework for quantifying the environmental trade-offs associated with
alternative filtration strategies by evaluating impacts across raw material extraction, manu-
facturing, transportation, use, refurbishment, and end-of-life management. Consequently,
integrating LCA with circular economy concepts provides an evidence-based approach for
assessing whether reusable HVAC filtration systems can contribute to more sustainable
building operation and support broader net-zero infrastructure objectives.

Recent advances in HVAC life cycle assessment have also emphasized the impor-
tance of improving foreground inventory quality and component-level environmental
modelling for building products. Goswein et al. [15] demonstrated that simplified in-
ventories may substantially overestimate the embodied environmental impacts of HVAC
systems, highlighting the importance of developing detailed life cycle inventories using
manufacturer-specific data, Environmental Product Declarations (EPDs), and component-
level inventories. Nevertheless, comparable cradle-to-grave LCAs of commercial reusable
HVAC filtration systems remain unavailable.

To better position the present study within the existing literature, Table 1 summarizes
representative studies related to HVAC life cycle assessment and reusable filtration tech-
nologies, highlighting their primary focus, key contributions, identified limitations, and the
research gap addressed by the present study. While previous research has demonstrated
the environmental importance of HVAC system operation and the technical feasibility of
reusable filtration materials, no identified study has conducted a cradle-to-grave compara-
tive life cycle assessment of commercial reusable and disposable HVAC air filters using
primary manufacturing inventory data under equivalent filtration service conditions.

As summarized in Table 1, previous studies have established the importance of life
cycle thinking for HVAC technologies and demonstrated promising advances in reusable
filtration materials. However, no identified study has conducted a cradle-to-grave compar-
ative life cycle assessment of commercial reusable and disposable HVAC air filters using
primary manufacturing inventory data under equivalent filtration service conditions. This
represents an important research gap given the increasing adoption of reusable filtration
technologies within sustainable building operation.

Accordingly, the objective of this study is to conduct a cradle-to-grave LCA comparing
reusable and disposable HVAC air filtration systems under equivalent filtration service
conditions. Using primary manufacturing data obtained from Delta M, Ontario, Canada,
the study quantifies the environmental trade-offs associated with repeated filter reuse
and end-of-life material recovery. The theoretical contribution of this research is the
advancement of LCA knowledge for commercial HVAC filtration systems by providing one
of the first cradle-to-grave comparative LCAs of reusable and disposable HVAC air filters
using primary manufacturing data under equivalent service conditions. The study also
demonstrates how repeated reuse and material recovery influence long-term environmental
performance within a circular economy framework. The practical contribution of this
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research is the provision of evidence-based guidance for manufacturers, facility managers,
and building owners considering reusable HVAC filtration technologies. The findings
identify environmental hotspots, quantify the benefits of repeated reuse, and support
decision-making aimed at improving sustainable building operation and reducing life cycle
environmental impacts.

Table 1. Summary of representative studies related to HVAC life cycle assessment and reusable air

filtration technologies.

Study

System Evaluated

Main Contribution

Identified Limitation

Gheewala and Nielsen
(2003) [7]

Central vs. split
air-conditioning systems.

Compared life cycle environmental
impacts of alternative HVAC
system configurations.

Focused on building-scale HVAC
systems rather than commercial
filtration products.

Heikkila (2004) [8]

Alternative
air-conditioning systems

Applied LCA to evaluate
environmental impacts of different
HVAC system designs

Did not assess commercial air
filtration technologies.

Liu et al. (2016) [9]

Chilled ceiling vs. variable air
volume systems

Demonstrated operational electricity
dominates HVAC life cycle impacts.

Focused on cooling system selection
rather than air filtration products.

Kim et al. (2023) [10]

Reusable nanofibrous air filter

Developed reusable nanofiber filter
with high filtration efficiency and
water-cleaning capability.

Evaluated material performance only;
no cradle-to-grave LCA performed.

Lim et al. (2025) [11]

Reusable molten-nanonet air filter

Demonstrated durable washable filter
maintaining high-efficiency
particulate air (HEPA)-level
performance after repeated washing.

Focused on filtration durability and
material engineering without
environmental assessment.

Goswein et al. (2025) [15]

Building HVAC systems

Demonstrated that simplified HVAC
inventories can overestimate
embodied impacts by approximately
17% and highlighted the importance
of detailed component-level

Focused on whole-building HVAC
systems rather than commercial air
filtration products.

inventories using manufacturer data
and EPDs.

Present study

Commercial reusable vs.
disposable HVAC filters

Provides one of the first
cradle-to-grave comparative LCA of
commercial reusable and disposable
HVAC air filters using primary
manufacturing inventory data under
equivalent filtration

service conditions.

Comparative cradle-to-grave LCA
using primary manufacturing
inventory data under equivalent
filtration service conditions.

2. Materials and Methods
2.1. Goal and Scope Definition

This study applies a cradle-to-grave LCA framework to evaluate the environmental
performance of a reusable HVAC air filtration system manufactured by Delta M Inc. (Milton,
ON, Canada). The assessment was conducted in accordance with ISO 14040 and ISO 14044
standards for life cycle assessment methodology [16,17]. The study additionally aligns
with ISO 21930:2017 core rules for EPD for building products and the UL Solutions Product
Category Rule (PCR) for building-related products and services under ULE 10010 Part
A [18,19].

The primary objective of this study is to quantify the environmental impacts associ-
ated with reusable HVAC air filtration systems and compare their performance against
conventional disposable HVAC filters under equivalent operational service conditions. The
assessment evaluates environmental impacts associated with raw material extraction, man-
ufacturing, transportation, operational maintenance, repeated washing and reuse cycles,
and end-of-life management. In addition to establishing a baseline environmental profile
for the reusable filtration system, the study investigates the influence of reuse cycles and
maintenance operations on overall environmental performance.
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2.2. Functional Unit

The functional unit provides a common basis for comparing reusable and disposable
HVAC filtration systems under equivalent operational performance conditions. Unlike
EPDs, which commonly utilize declared units based on a single product, the present study
applies a performance-based functional unit to support direct comparison between reusable
and disposable filtration technologies. The functional unit for this study was defined as:
“Provision of equivalent HVAC air filtration service over eight operational filtration cycles.”

The selection of eight operational filtration cycles was based on manufacturer guidance
provided by Delta M regarding the expected service life of the reusable HVAC filtration
system under normal commercial operating conditions. According to the manufacturer,
the filter is designed to undergo an initial filtration cycle followed by approximately seven
refurbishment and reuse cycles prior to replacement, assuming appropriate inspection,
cleaning, and routine maintenance procedures are followed. Although the actual service life
may vary depending on operating conditions, contaminant loading, maintenance practices,
and physical handling, eight equivalent operational cycles were considered representative
of the intended design life for the product evaluated in this study. This assumption
establishes a consistent functional basis for comparing reusable and disposable filtration
systems under equivalent filtration service conditions. Because the assumed service life
directly influences the comparative environmental performance of reusable systems, the
influence of reuse frequency is further evaluated in Section 3 through comparisons of
the initial single-cycle scenario, the defined eight-cycle functional unit, and alternative
end-of-life management scenarios.

Under this functional unit, one reusable Delta M HVAC filter was modeled over
its expected design service life, consisting of one initial operational cycle followed by
seven refurbishment and reuse cycles before end-of-life management. The corresponding
disposable filtration scenario consisted of eight conventional disposable HVAC filters
providing equivalent filtration performance over the same cumulative operational service
period. Accordingly, the reference flow for the reusable filtration system consisted of one
reusable HVAC filter, associated washing and refurbishment operations, reverse logistics
transportation activities, and final end-of-life disposal or recovery following completion of
the eighth operational cycle.

The reference flow for the disposable filtration system consisted of eight individual
disposable HVAC filters undergoing repeated manufacturing, transportation, installation,
replacement, and landfill disposal throughout the equivalent operational service period.
The reusable filter evaluated in this study consisted of a rigid Polyvinyl Chloride (PVC)
outer frame, galvanized steel mesh backing, pleated polyester filter media, and associated
packaging materials. The product was designed to meet minimum efficiency reporting
value (MERV) 11 filtration performance requirements while supporting repeated washing
and reuse operations.

The present study assumes that the reusable HVAC filtration system maintains equiv-
alent MERV 11 filtration performance throughout the defined eight operational filtration
cycles, consistent with manufacturer guidance regarding the intended service life of the
product. However, the present study did not experimentally evaluate changes in filtration
efficiency or pressure drop following repeated washing and refurbishment. Consequently,
equivalent filtration performance was assumed throughout the comparative assessment
to provide a consistent functional basis for evaluating environmental impacts. Future
research should experimentally investigate the influence of repeated washing on filtration
efficiency, pressure drop, and service life to further validate the environmental performance
of reusable HVAC filtration systems under long-term operating conditions.
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2.3. System Boundary

The system boundary follows a cradle-to-grave approach and includes all major life
cycle stages associated with the reusable and disposable filtration systems. The system
boundary for the comparative LCA is illustrated in Figure 1. The assessment includes both
reusable and disposable HVAC filtration pathways and captures all major foreground and
background processes associated with material production, manufacturing, transportation,
operational maintenance, and end-of-life management.

A. Delta M Reusable HVAC Air Filter System (One Operational Cycle)

———————————————————————————————————————————————————————————————————————————————————————————————————————————————————— &
1. Raw Material 2. Transportation 3. Assembly of 4, Distribution 5. Use Phase 6. Reverse Logistics 7. Washing Process 8. End-of-Life 9. Waste Processing | | 10. Final Disposal
Production and to Assembly HVAC Filter to Client (One Cycle) After Use Disassembly & Material Recovery
Manufacturing Facility (After 7 Cycles)

+ Pleating + Manual installation + Washing water use: « PVC frame recycling | | * Landfill disposal of
* PVC frame « Truck transport of « Truck transport of « Return transport to + Manual disassembly

* Polyester media

v

raw materials to

« Thermal bonding (o installation 5871 (where available) resicual manerials

finished filter

v
k2
v

facility for cleanin i .3 (non-recovered)
« Frame assembly impacts) . 5 o Detergent use: Component + Steel mesh recycling || ¢ J

« Fiberglass media

» Polypropylene mesh
« Fibreboard (frame)
+ Adhesives

« Packaging materials

o Truck transport of

raw materials to

_J o Pleating

o Frame assembly
s Adhesive application

 Truck transport of >

finished filter

* Manual installation
(no installation
impacts)

>

« Direct transport of

used filter to waste

13> * No recycling or material
recovery; used filter

—

o Landfill disposal of

used filter

o Galvanized steel mesh assembly facility 3 (100 km) (100 kim) " . i - baseline.
s Girmpresssd ek use: s 0.000208 kg separation {where available) =
* Adhesives 0.088 m” per cycle reseiRe * Wastewater o Pobesermedabndill | ae
« Packaging materials o Electricity use: sasvica Al generation: 5.87 L © Other materials landfil] | 1o ciod in reality
1.483 kWh per cycle next cleaning at Delta M.
i
|
e e e e e e e e e T e e e J
B. Disposable HVAC Air Filter System (One Operational Cycle)
PR S, SR S R e P e S Sl R e Tl G R S i~ ST P s~ Y s W R SRR e ¥
1. Raw Material 2. Transportation 3. Assembly of 4. Distribution 5. Use Phase 6. End-of-Life 7. Waste Processing 8. Final Disposal i
Production and to Assembly HVAC Filter to Client (One Use) Management
Manufacturing Facility « Media formation

assembly facility

(100 km) management facility sent to landfill

(100 km) [

o Compressed air use: * No use phase

0.044 m® per cycle impacts; filter in
 Electricity use: service until

0.250 kWh per cycle

replacement

Figure 1. System boundary for reusable and disposable HVAC filters.

For the reusable filtration system, included stages consist of raw material extraction
and processing, filter assembly, packaging, transportation to the client, periodic washing
and maintenance operations, reuse cycles, reverse logistics associated with refurbish-
ment, and final end-of-life disposal. Washing operations included water consumption,
biodegradable detergent use, transportation associated with return logistics, and packaging
replacement requirements.

For the disposable filtration system, the assessment included raw material extrac-
tion, manufacturing, transportation, installation, repeated replacement cycles, and landfill
disposal after each operational use period. Disposable filters were modeled using represen-
tative fiberglass and polymeric HVAC filtration materials based on commercially available
MERV-rated filtration products.

Excluded processes from the assessment include facility infrastructure, administrative
activities, capital equipment manufacturing, and human labor. Additionally, operational
electricity associated with HVAC fan energy resulting from filter pressure drop was ex-
cluded from the present system boundary. The objective of this study was to compare the
life cycle environmental impacts associated with reusable and disposable HVAC filtration
products rather than the operational performance of complete HVAC systems.

Furthermore, representative pressure drop data for the reusable filtration system fol-
lowing repeated washing and refurbishment were not available. Inclusion of fan energy
would therefore require additional assumptions regarding airflow rates, fan efficiencies,
operating schedules, building characteristics, and pressure drop evolution throughout the
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service life. To maintain methodological consistency, both filtration systems were assumed
to provide equivalent MERV 11 filtration performance under comparable operating condi-
tions. Future research should integrate experimentally measured pressure drop data with
operational energy modeling to evaluate the combined environmental impacts of filtration
performance and HVAC energy consumption. These exclusions are consistent with ISO
14040/ 44 cut-off criteria and are not expected to significantly influence overall results.

2.4. Life Cycle Inventory Analysis

Primary life cycle inventory (LCI) data for the reusable HVAC filtration system were
collected directly from Delta M manufacturing operations in Ontario, Canada. Inventory
data included material composition, manufacturing and assembly operations, transporta-
tion distances, packaging materials, washing and refurbishment activities, and end-of-life
management assumptions. Secondary background datasets representing upstream material
production, electricity generation, transportation, and waste management processes were
obtained from the Ecoinvent 3.9.1 database and modeled using SimaPro v9.5 software.

2.4.1. Reusable HVAC Filtration System

The reusable HVAC filtration system evaluated in this study was based on the Delta
M DME11 4043 (Delta M Inc., Milton, ON, Canada) reusable HVAC air filter designed for
commercial and industrial HVAC applications. The reusable filter consisted primarily of a
rigid PVC outer frame, galvanized steel mesh support structure, pleated polyester filtration
media, adhesive compounds, rivets, labels, and corrugated cardboard packaging materials.
The filtration system was designed to provide MERV 11 filtration performance while
supporting repeated washing and refurbishment cycles throughout its operational lifespan.
Representative views of the reusable Delta M filtration system evaluated throughout the
present study are shown in Figure 2.

Delta M DME11 4043 Reusable HVAC Air Filter
: Summary Specifications

Parameter Specification / Value |

Filter Model DME11 4043

Filtration Rating MERV 11
Nominal Dimensions 24 x21.75 x4 in
(HxW xD) (610 x 552 x 102 mm)
Filter Type Reusable HVAC Air Filter

Frame Material Rigid PVC

Galvanized Steel Mesh
(Mesh, Rivets)

Support Structure

Filtration Media Pleated Polyester
Adhesive Synthetic Adhesive

Washable and Reusable
Average Service Life:

Operational Design

~7 Reuse Cycles (Facility Dependent)

purECOgreen
Recroaba e Fi
AN e e o Rate.
it ARFLOW

DME11 4043
MERV 11

(8 Filter Uses Total in Reference Flow)

Reference Flow (Reusable) 1 Filter x 7 Reuse Cycles
(8 Filter Uses Total)

Equivalent Di 8D Filters

24 x21.75x 4 Reference Flow (One per Operational Cycle)
QrTY:8 OP DME11 End-of-Life Pathway

Landfill (Base Scenario)
Recycling (Steel and PVC
Recovery Scenarios)

Packaging Corrugated Cardboard

—— C and Industrial
HVAC Systems

Figure 2. Delta M DMEL11 4043 reusable HVAC air filter and specifications.

Foreground manufacturing inventory data for the reusable HVAC filtration system
were collected directly from Delta M manufacturing operations in Ontario, Canada. Primary
data collection included material quantities, transportation distances, electricity consump-
tion, assembly activities, packaging requirements, washing operations, and reverse logistics
associated with refurbishment activities.

Raw material production processes included PVC resin production and extrusion,
polyester filtration media production, galvanized steel mesh fabrication, adhesive produc-
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tion, tape production, label manufacturing, and corrugated cardboard packaging man-
ufacturing. Secondary background datasets representing upstream material production
were obtained from the Ecoinvent 3.9.1 database and modeled using SimaPro v9.5. Table 2
summarizes the primary raw material manufacturing inventory inputs associated with the
reusable HVAC filtration system.

Table 2. Reusable filter raw material manufacturing processes and amounts.

Material/Process Quantity Unit Representative Dataset/Manufacturing Process

PVC frame resin 0.616 kg /filter Polyvinylchloride, bulk polymerised {RoW}

PVC frame extrusion 0.616 kg /filter Extrusion, plastic pipes {CA-QC}

Polyester filtration media and gasket 0.350 kg /filter Polyethylene terephthalate, granulate, amorphous {CA-QC}
Polyester media extrusion and film production  0.350 kg /filter Extrusion, plastic film {CA-QC}

Galvanized steel mesh support 0.201 kg /filter Steel, low-alloyed {CA-QC}

Steel mesh fabrication 0.201 kg /filter Metal working, average for steel product manufacturing {RoW}
Steel rivets 0.002 kg /filter Steel, low-alloyed {CA-QC}

Rivet fabrication 0.002 kg /filter Metal working, average for steel product manufacturing {RoW}
Polylactic Acid (PLA) labels 0.003 kg /filter Polylactide, granulate {GLO}

Label film extrusion 0.003 kg /filter Extrusion, plastic film {CA-QC}

PLA adhesive compounds 0.044 kg /filter Polylactide, granulate {GLO}

Adhesive film extrusion 0.044 kg /filter Extrusion, plastic film {CA-QC}

Packaging tape 0.028 kg /filter Polypropylene, granulate {RoW}

Tape extrusion 0.028 kg /filter Extrusion, plastic film {CA-QC}

Corrugated cardboard packaging 0.233 kg /filter Corrugated board box {CA-QC}

Packaging printing 0.233 kg /filter Carton board box production, with gravure printing {CA-QC}
Electrostatic treatment 0.030 kg /filter Tap water {CA-QC}

Raw material transportation for the reusable HVAC filtration system included repre-
sentative supplier transportation activities associated with procurement of PVC framing ma-
terials, polyester filtration media, galvanized steel mesh, adhesive compounds, packaging
materials, and ancillary assembly components. Material suppliers were located throughout
Ontario and North America, and transportation activities were modeled using the Ecoin-
vent 3.9.1 dataset Transport, freight, light commercial vehicle {RoW} | processing | Alloc Def,
S within SimaPro v9.5.

Specific supplier identities and exact transportation routes are not disclosed due to
proprietary manufacturing considerations. However, all transportation distances and ma-
terial quantities were derived directly from primary operational data provided by Delta
M and reflect representative regional HVAC filtration supply chain conditions. Trans-
portation inventories included delivery of raw materials and packaging components to
the Delta M manufacturing facility in Ontario, Canada. The cumulative transportation
demand associated with raw material delivery to the manufacturing facility was approxi-
mately 0.169 tonne-kilometers (tkm) per reusable filter. All transportation activities were
modeled consistently using equivalent freight vehicle assumptions, fuel consumption
profiles, emission factors, and load characteristics available within the selected Ecoinvent
transportation datasets.

Manufacturing and assembly operations at the Delta M facility included PVC heat-
forming and extrusion activities, polyester filtration media pleating, pneumatic riveting
and tabbing operations, adhesive application, assembly activities, packaging preparation,
and compressed air utilization associated with assembly equipment.
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Primary operational data collected from Delta M included electricity consumption
associated with pleating equipment, pneumatic systems, heat-forming operations, adhesive
heating activities, and compressed air utilization. Manufacturing electricity was modeled
using the Ontario electricity grid available within Ecoinvent 3.9.1. Table 3 summarizes
representative manufacturing and assembly inventory assumptions for the reusable HVAC
filtration system.

Table 3. Reusable filter assembly processes and amounts.

Manufacturing Activity Quantity Unit Notes
Pleating electricity 1.459 kWh/filter Polyester pleating process
PVC heat-forming electricity 0.013 kWh/filter PVC frame forming
Adhesive heating electricity 0.010 kWh/filter Glue heating operations
Tape heating electricity 0.001 kWh/filter Tape application
Compressed air utilization 0.088 m? /filter Pneumatic assembly equipment
Final packaged filter mass 1.49 kg/filter Including packaging materials

A representative transportation distance of 100 km was assumed between the Delta
M manufacturing facility and commercial clients located within the Greater Toronto Area
(GTA). Transportation to clients was modeled using light commercial freight vehicle
datasets available within Ecoinvent 3.9.1. Installation activities were assumed to require
negligible operational energy inputs and therefore no installation electricity consumption
was included within the system boundary. Minor packaging tape disposal associated with
installation activities was included within the inventory assessment.

Operational maintenance activities associated with the reusable filtration system
were incorporated into the assessment throughout the operational lifespan represented
by the study functional unit. Washing operations included municipal water con-
sumption, biodegradable detergent use, wastewater generation during cleaning cycles,
tape replacement requirements, and reverse logistics transportation associated with
refurbishment activities.

These maintenance processes were modeled repeatedly throughout the operational
lifespan represented by the study functional unit in order to achieve equivalent air fil-
tration service performance relative to the disposable filtration scenario. Table 4 summa-
rizes representative washing and refurbishment inventory assumptions for the reusable
filtration system.

Table 4. Reusable filter reuse washing processes and amounts.

Washing/Refurbishment Activity Quantity Unit Notes
Washing water consumption 5.87 L/wash cycle Primary Delta M data
Biodegradable detergent use 0.000208 kg/wash cycle Detergent estimate
Wastewater generation 5.87 L/wash cycle Municipal wastewater
Reverse logistics transportation 100 km/wash cycle Transportation back to facility
Packaging tape replacement 0.028 kg/wash cycle Reapplication after cleaning

The cleaning inventory included municipal water consumption, biodegradable deter-
gent use, municipal wastewater generation, reverse logistics transportation, and packaging
replacement activities associated with each refurbishment cycle. Wastewater generated dur-
ing cleaning was modeled using representative municipal wastewater treatment datasets
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available within Ecoinvent 3.9.1. The cleaning process implemented by Delta M does
not involve specialized industrial wastewater treatment or hazardous waste management
operations. Consequently, advanced wastewater treatment processes were not modeled
separately. Although detergent production and wastewater treatment contribute to the
environmental profile of the cleaning stage, preliminary contribution analysis indicated
that these processes represented only a minor proportion of the total life cycle impacts
relative to raw material production and manufacturing.

The baseline end-of-life scenario for the reusable filtration system conservatively
assumed that the filter was utilized for eight operational reuse cycles prior to final disposal
through landfill management processes. End-of-life modeling included transportation
to waste management facilities, manual deconstruction assumptions, landfill disposal of
residual materials, and associated waste management activities.

Although incineration with energy recovery represents an alternative end-of-life path-
way for polymer-based materials in some jurisdictions, it was not evaluated in the present
study. The selected end-of-life scenarios were intended to represent the current operational
practices implemented by Delta M, including baseline landfill disposal and material recov-
ery of recyclable components. Future research should evaluate additional regional waste
management scenarios, including incineration with energy recovery, to further assess the
influence of alternative end-of-life strategies on reusable HVAC filtration systems.

However, additional sensitivity and circularity analyses were also investigated to
evaluate alternative end-of-life management strategies associated with material recovery
and recycling activities currently implemented by Delta M operations. These scenarios
considered the recovery and recycling potential of PVC framing materials, galvanized
steel mesh components, and other reusable materials in order to assess potential improve-
ments in circularity, waste diversion, and overall environmental sustainability performance
associated with the reusable HVAC filtration system.

2.4.2. Disposable HVAC Filtration System

The disposable HVAC filtration system evaluated in this study represented a conven-
tional single-use pleated air filter utilized in residential and commercial HVAC applications.
The disposable filtration system consisted primarily of fiberglass filtration media, cardboard
support framing, polymeric support mesh materials, adhesive compounds, packaging ma-
terials, and transportation activities associated with conventional HVAC filtration products.
The disposable filter system was modeled to provide equivalent MERV-rated filtration
performance relative to the reusable Delta M filtration system throughout the defined
functional unit.

The replacement interval assumed for the disposable HVAC filtration system was
based on typical manufacturer recommendations for commercial MERV-rated HVAC filters,
which generally recommend replacement every one to three months depending on operat-
ing conditions, contaminant loading, and maintenance requirements. Rather than assigning
a fixed calendar-based replacement interval, the present study defined the disposable refer-
ence flow to provide the same cumulative filtration service as the reusable system over the
functional unit. Consequently, eight disposable filters were modeled to provide filtration
performance equivalent to one reusable filter undergoing seven refurbishment and reuse
cycles, thereby ensuring a consistent functional basis for environmental comparison.

Due to the absence of publicly available proprietary manufacturing inventories for
commercial disposable HVAC filtration products, representative material compositions
and manufacturing assumptions were developed using commercially available product
specifications, literature sources, and equivalent filtration performance assumptions relative
to the reusable Delta M filtration system.
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Raw material production processes included fiberglass filtration media manufacturing,
cardboard frame production, polymeric support mesh production, adhesive manufacturing,
packaging material production, and packaging tape manufacturing. Secondary background
datasets representing upstream material production were obtained from the Ecoinvent
3.9.1 database and modeled using SimaPro v9.5. Table 5 summarizes representative raw
material inventory assumptions associated with the disposable HVAC filtration system.

Table 5. Disposable filter raw material manufacturing processes and amounts.

Material/Process Quantity Unit Representative Dataset
Fiberglass filtration media 0.250 kg/filter Glass fibre {GLO}
Cardboard support frame 0.000375 m? /filter Fibreboard, hard {GLO}
Adhesive compounds 0.049 kg/filter Phenolic resin {GLO}
Polymeric support mesh 0.050 kg/filter Polypropylene, granulate {GLO}
Polymeric support mesh extrusion 0.050 kg/filter Extrusion, plastic film {CA-QC}
Packaging tape 0.028 kg/filter Polypropylene, granulate {RoW}
Tape extrusion 0.028 kg/filter Extrusion, plastic film {CA-QC}
Corrugated cardboard packaging 0.233 kg/filter Corrugated board box {CA-QC}
Packaging printing 0.233 ke /filter Carton board box production, with gravure

printing {CA-QC}

Transportation assumptions for the disposable filtration system utilized representative
freight transportation datasets consistent with Ontario and North American HVAC supply
chain conditions. Transportation activities included delivery of fiberglass media, cardboard
framing materials, polymeric support materials, adhesive compounds, and packaging
materials to the disposable filter assembly facility.

Specific supplier identities and transportation routes were not available due to the ab-
sence of proprietary manufacturing inventory data; therefore, representative transportation
assumptions were developed using equivalent regional freight transportation conditions rel-
ative to the reusable Delta M filtration system. Transportation modeling utilized the Ecoin-
vent 3.9.1 dataset Transport, freight, light commercial vehicle {RoW} | processing | Alloc Def,
S within SimaPro v9.5.

A representative transportation distance of approximately 100 km was assumed for
major raw material inputs. Based on the modeled disposable filter material and packaging
mass, the cumulative transportation demand associated with delivery of raw materials to
the disposable filter assembly facility was approximately 0.091 tkm per disposable filter.

Disposable HVAC filter manufacturing operations were assumed to include fiberglass
media preparation, cardboard frame cutting and forming, polymeric support mesh integra-
tion, adhesive bonding operations, packaging activities, and assembly processes associated
with conventional commercial HVAC filtration products.

Due to the absence of publicly available proprietary manufacturing inventories for
disposable HVAC filtration systems, representative assembly assumptions were developed
using equivalent manufacturing operations and commercially available filtration product
specifications. Manufacturing electricity and assembly requirements for disposable filters
were conservatively assumed to be lower than the reusable filtration system due to the ab-
sence of rigid PVC forming operations, steel reinforcement fabrication, pneumatic riveting
activities, and refurbishment-oriented design requirements.

Manufacturing electricity was modeled using the Ontario electricity grid available
within Ecoinvent 3.9.1. Minor compressed air utilization and assembly electricity require-
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ments were included to represent representative cutting, forming, bonding, and packaging
activities associated with disposable HVAC filtration manufacturing. Table 6 summarizes
representative manufacturing and assembly assumptions associated with the disposable
HVAC filtration system.

Table 6. Disposable filter assembly processes and amounts.

Manufacturing Activity Quantity Unit Notes
Assembly electricity 0.250 kWh/filter =~ Representative disposable filter assembly assumption
Compressed air utilization 0.044 m?3 /filter Representative pneumatic assembly activities
Final packaged filter mass 091 kg/filter Including packaging materials

A representative transportation distance of 100 km was assumed between the dispos-
able filter manufacturing facility and commercial clients located within the GTA. Trans-
portation to clients was modeled using equivalent light commercial freight vehicle datasets
available within Ecoinvent 3.9.1.

Transportation impacts associated with disposable filter distribution were lower on
a per-filter basis relative to the reusable HVAC filtration system due to the lower final
packaged filter mass. However, transportation activities were repeated throughout the
operational lifespan represented by the study functional unit due to the repeated replace-
ment requirements associated with disposable filtration systems. Packaging tape disposal,
corrugated cardboard packaging disposal, and minor solid waste generated during each
disposable filter replacement were included within the inventory assessment. Installation
activities were assumed to require negligible operational energy inputs for both reusable
and disposable filtration systems and were therefore excluded consistently from the com-
parative system boundary.

The disposable HVAC filtration system was assumed to be discarded and replaced
following each operational service interval represented within the defined functional unit.
End-of-life management assumptions included transportation to landfill disposal facilities
and direct landfill disposal following each replacement cycle.

A representative transportation distance of 100 km was additionally assumed between
commercial clients and landfill disposal facilities, consistent with the reusable filter baseline
disposal scenario. Unlike the reusable filtration system, no refurbishment, washing, reverse
logistics, reuse operations, or material recovery activities were assumed for the baseline
disposable filtration scenario. Consequently, repeated material extraction, manufacturing
activities, packaging requirements, transportation demands, and landfill disposal processes
were modeled throughout the operational lifespan required to achieve equivalent filtration
service performance relative to the reusable filtration system.

2.4.3. Summary of Filtration System LCI Data

The reusable and disposable HVAC filtration systems were modeled to provide equiv-
alent filtration performance while accounting for differences in material composition,
manufacturing processes, transportation, maintenance requirements, and end-of-life man-
agement. Although the reusable system requires higher initial material inputs, it avoids
the recurring production and disposal burdens associated with disposable filters over the
study period. Representative life cycle inventory assumptions for both filtration systems
are presented in Table 7.
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Table 7. Summary of life cycle inventory assumptions for reusable and disposable HVAC

filter comparison.

Inventory Parameter

Reusable Delta M Filter

Disposable HVAC Filter

Notes

Functional equivalency

1 reusable filter

8 disposable filters

Based on equivalent HVAC filtration
service over eight operational cycles

Equivalent filtration

Filtration performance MERV 11 Equivalent MERV-rated filter
performance assumed
. Rigid reusable frame utilized
PVC frame 0616 kg/filter B throughout operational lifespan
Polyester filtration media 0.350 kg/filter - Pleated reusable polyester media

Galvanized steel mesh support

0.201 kg/filter

Structural reusable support layer

Representative disposable filtration

Fiberglass filtration media - 0.250 kg /filter media

Fibreboard support frame - 0.000375 m3 /filter Representative cardboard
support frame

Polypropylene support mesh - 0.050 kg /filter Disposable support structure

Adhesive compounds 0.044 kg /filter 0.049 kg/filter Bonding and assembly materials

Packaging tape 0.028 kg/filter 0.028 kg/filter Packaging and sealing materials

Corrugated packaging material 0.233 kg/filter 0.233 kg /filter Packaging repeated for

disposable replacements

Raw material
transportation demand

0.169 tkm/filter

0.091 tkm/filter

Representative North American
freight transportation assumptions

Representative manufacturing

Assembly electricity 1.483 kWh/filter 0.250 kWh/filter elecricity demand

Compressed air utilization 0.088 m?3 /filter 0.044 m3 /filter Pneumatic assembly operations

Final packaged product mass 1.49 kg /filter 0.91 kg/filter Including packaging materials
Distribution transportation 100 km 100 km per replacement cycle =~ Transportation to commercial clients
Reverse logistics transportation 100 km/wash cycle - Eirsl:glz riz;ii%jzfgceii:ed with
Washing water consumption 5.87 L/wash cycle - Municipal washing operations
Detergent usage 0.000208 kg/wash cycle - Biodegradable detergent estimate
Wastewater generation 5.87 L/wash cycle - Wastewater generated during cleaning

End-of-life management

Landfill disposal after 7 reuse
cycles

Landfill disposal after each
replacement cycle

Baseline conservative
disposal scenario

Background database

Ecoinvent 3.9.1

Ecoinvent 3.9.1

Common background datasets

LCIA software

SimaPro v9.5

SimaPro v9.5

Common modeling platform

2.5. Data Sources, Assumptions, and Data Quality Assessment

To improve methodological transparency and evaluate the quality and representa-
tiveness of the life cycle inventory, the primary and secondary data sources were assessed
in accordance with the data quality principles outlined in ISO 14040 and ISO 14044, in-
cluding temporal, geographical, technological, and completeness considerations. Primary
foreground inventory data were collected directly from Delta M manufacturing operations
during 2025 and represent current production practices for the reusable HVAC filtration
system. Secondary background processes were obtained from the Ecoinvent 3.9.1 database,
representing the most recent datasets available within the modeling platform at the time of
the study. These datasets are widely used for comparative LCA studies and were considered
appropriate for evaluating the environmental performance of HVAC filtration systems.

Primary inventory data represent manufacturing activities at the Delta M production
facility in Ontario, Canada. Canadian datasets (e.g., CA-QC) were applied whenever
available within Ecoinvent. Where Canadian-specific datasets were unavailable, Rest-
of-World (RoW) datasets were selected as representative proxies for upstream material
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production and transportation processes. These selections were considered appropriate for
the North American supply chain while acknowledging minor regional uncertainty.

Primary manufacturing and operational data were collected over a continuous
12-month period to capture representative production activities and seasonal variations in
electricity and water consumption. Although production rates and operational conditions
may vary between years due to changes in manufacturing demand or process improve-
ments, the collected dataset was considered representative of normal commercial operating
conditions during the study period. The objective of the present study was to evaluate
the environmental performance of the current commercial production system rather than
long-term operational trends. Future studies could incorporate multi-year operational
datasets to further evaluate the influence of interannual production variability on life cycle
environmental performance.

Background datasets were selected to represent manufacturing technologies consistent
with those used for polymer extrusion, galvanized steel production, polyester manufactur-
ing, freight transportation, electricity generation, and waste management. Primary manu-
facturing inventories were obtained directly from Delta M and therefore were considered
representative of the commercial production processes evaluated in this study. Remaining
uncertainties associated with proxy datasets and service-life assumptions are acknowledged
and discussed within the study. The life cycle inventory includes all major foreground and
background processes within the defined system boundary, and no material data gaps were
identified that were expected to significantly influence the comparative assessment.

Due to limited publicly available proprietary manufacturing data for conventional
disposable HVAC filters, the disposable filtration system was modeled using representative
commercial filtration material assumptions and equivalent filtration performance charac-
teristics relative to the reusable system. Consistent transportation assumptions, operational
conditions, and end-of-life modeling approaches were applied throughout the compar-
ative assessment framework to support methodological consistency and comparability.
Capital equipment, facility infrastructure, administrative activities, and human labor were
excluded from the assessment in accordance with ISO 14040/44 cut-off criteria due to their
expected minor contribution to overall environmental impacts.

Operational electricity consumption associated with HVAC fan operation resulting
from filter pressure drop was excluded from the system boundary for both the reusable and
disposable filtration systems. The objective of the present study was to compare the life
cycle environmental impacts associated with the manufacture, transportation, maintenance,
reuse, and end-of-life management of reusable and disposable HVAC filtration products un-
der equivalent filtration service conditions. Operational fan energy depends on numerous
application-specific factors, including building size, airflow requirements, fan character-
istics, system configuration, operating schedules, filter loading, maintenance frequency,
and pressure drop throughout the service life. These parameters vary substantially among
commercial HVAC installations and were outside the scope of the present product-level
comparative assessment. Consequently, identical operational conditions were assumed for
both filtration systems, and fan energy consumption was excluded consistently from the
comparative system boundary. Future work should integrate dynamic pressure-drop mea-
surements and operational energy modeling to evaluate the influence of filter loading and
airflow resistance on whole-building environmental performance. Overall, the combination
of primary manufacturing data and established background inventory datasets provides a
robust and representative basis for the comparative life cycle assessment undertaken in
this study.
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2.6. Life Cycle Impact Assessment

Life Cycle Impact Assessment (LCIA) was conducted to quantify the potential environ-
mental impacts associated with the life cycle inventory flows of the reusable and disposable
HVAC filtration systems. All impact assessment modeling was performed using SimaPro
v9.5 software with Ecoinvent 3.9.1 background datasets. The Tool for the Reduction and
Assessment of Chemical and Other Environmental Impacts (TRACI) 2.1 methodology,
developed by the United States Environmental Protection Agency (U.S. EPA), was selected
as the primary LCIA framework for this study due to its widespread application in North
American life cycle assessment studies and its suitability for evaluating building-related
environmental systems [20].

TRACI 2.1 provides midpoint-level characterization factors for a range of environ-
mental impact categories associated with climate change, human health, ecosystem quality,
and resource depletion. All major midpoint impact categories available within the TRACI
2.1 framework were evaluated throughout the comparative assessment. These impact
categories were selected to provide a comprehensive assessment of the environmental
trade-offs associated with reusable and disposable HVAC filtration technologies across all
life cycle stages. However, global warming potential (GWP) was selected as the primary
discussion indicator due to its relevance to net-zero infrastructure and climate mitigation
objectives within sustainable building systems.

Characterization results were calculated at the midpoint level without normalization,
grouping, or weighting, consistent with ISO 14044 recommendations for comparative
environmental assessment. All assumptions, datasets, and modeling parameters were
transparently documented to support reproducibility and methodological consistency
throughout the study. Contribution analyses and sensitivity assessments were additionally
performed to identify dominant environmental hotspots and evaluate the influence of
reuse cycles, transportation assumptions, and end-of-life management strategies on overall
environmental performance.

2.7. Sensitivity and Circularity Analyses

To evaluate the robustness of the comparative LCA results, sensitivity analyses were
performed on several key modeling assumptions expected to influence the environmental
performance of the reusable HVAC filtration system. The analyses focused on variables
associated with reuse frequency, end-of-life management, and material recovery. Each
sensitivity scenario was evaluated independently while maintaining all remaining in-
ventory parameters consistent with the baseline model to isolate the influence of the
modified variable.

The baseline assessment compared one reusable HVAC filter providing eight equiv-
alent filtration service cycles with eight disposable filters. To illustrate the influence of
repeated reuse on environmental performance, the environmental impacts associated with
the initial manufacturing cycle and the cumulative eight-cycle functional unit were com-
pared. A second scenario evaluated the influence of material recovery by comparing
landfill-only disposal with recycling of recoverable PVC and galvanized steel components
at end-of-life. The contribution of material recovery to reducing overall life cycle impacts
was subsequently quantified.

Circularity was evaluated by examining the influence of repeated product reuse and
end-of-life material recovery on overall environmental performance. The analysis con-
sidered the reduction in raw material demand achieved through repeated reuse together
with the environmental credits associated with recycling recoverable materials. Results
were compared with the conventional disposable filtration system operating under equiva-
lent filtration service conditions. The outcomes of the sensitivity and circularity analyses
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are presented and discussed in Section 3 to illustrate the influence of reuse and material
recovery on the overall environmental performance of the reusable HVAC filtration system.

3. Results and Discussion

The life cycle assessment results for the reusable and disposable filtration systems
are presented in terms of key environmental impact categories, including GWP, acidifi-
cation, eutrophication, smog formation, and human health-related indicators. Results
are presented for both intermediate reuse-cycle scenarios and the defined functional unit
in order to evaluate the influence of reuse frequency on overall environmental perfor-
mance, enabling a consistent comparison between filtration systems under equivalent
service conditions.

3.1. Initial Single-Cycle Environmental Comparison

The initial comparative assessment evaluated environmental impacts associated with a
single operational filtration cycle for both reusable and disposable HVAC filtration systems.
Under this scenario, both systems were modeled for one equivalent filtration service period
followed by direct landfill disposal without additional reuse or refurbishment activities.
This initial comparison was conducted to evaluate the environmental burden associated
with reusable filter manufacturing prior to the implementation of repeated reuse cycles
and refurbishment operations, and the results are shown in Figure 3. Table S1 in the
Supplementary Materials presents the characterized LCIA results supporting the initial
single-cycle comparison.
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Figure 3. Relative environmental impacts associated with the initial single-cycle comparison between
reusable and disposable HVAC filtration systems.

The initial single-cycle comparison demonstrated that the reusable HVAC filtration
system exhibited higher environmental impacts across most evaluated impact categories
relative to the disposable HVAC filtration system. This outcome was primarily attributed
to the increased material requirements and manufacturing complexity associated with
the reusable filter design, including the rigid PVC frame, galvanized steel mesh support
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structure, reusable polyester filtration media, and additional assembly operations required
to support long-term durability and repeated refurbishment activities.

The higher environmental impacts observed during the initial single-use comparison
are consistent with the broader LCA literature evaluating durable products. Products
designed for repeated reuse generally require greater material inputs and more robust
structural components during manufacturing, resulting in higher initial environmental
burdens than comparable single-use alternatives. Similar observations have been reported
for reusable filtration materials developed by Kim et al. [10] and Lim et al. [11], where en-
hanced durability and repeated washing capability required additional material complexity.
Although these studies did not conduct life cycle assessments, the present findings demon-
strate that the initial manufacturing burden represents an expected trade-off associated
with designing products for long-term reuse rather than single-use disposal.

The largest relative differences between the reusable and disposable filtration systems
were observed for GWP, eutrophication, ecotoxicity, fossil fuel depletion, and respiratory
effects. For example, the reusable filtration system generated approximately 4.50 kg CO,
eq during the initial filtration cycle compared to approximately 2.53 kg CO, eq for the
disposable filtration system. Similarly, fossil fuel depletion impacts associated with the
reusable filtration system were approximately 8.38 MJ surplus compared to 4.52 MJ surplus
for the disposable system.

Contribution analysis indicated that upstream raw material extraction and manufac-
turing processes dominated the environmental profile of the reusable filtration system
during the initial operational cycle. PVC production, polyester media manufacturing,
galvanized steel processing, and associated assembly operations collectively represented
the largest contributors to environmental burdens across most midpoint impact categories.

Despite the higher initial environmental impacts associated with the reusable HVAC
filtration system, the disposable filtration system requires repeated replacement throughout
equivalent operational service periods. Consequently, repeated manufacturing, packaging,
transportation, and landfill disposal activities become increasingly significant over longer
operational lifespans. Therefore, while the reusable filtration system exhibited higher
impacts during the initial single-cycle comparison, subsequent reuse and refurbishment
operations were expected to substantially reduce overall life cycle environmental burdens
relative to conventional disposable filtration systems.

To further evaluate the influence of reuse frequency on environmental performance,
additional reuse-cycle scenarios were modeled to investigate the environmental transition
point between reusable and disposable HVAC filtration systems under equivalent filtration
service conditions.

3.2. Functional Unit Comparison (8-Filter Scenario)

At the defined functional unit of eight equivalent operational filtration cycles, the
reusable HVAC filtration system demonstrated substantially lower environmental impacts
across most of the evaluated impact categories relative to the disposable HVAC filtration
system (Figure 4). The characterized LCIA results supporting the results in Figure 4 are
presented in Table S2 in the Supplementary Materials. The reusable system reduced GWP
by approximately 69%, decreasing from 20.27 kg CO, eq for the disposable filtration system
to approximately 6.20 kg CO; eq for the reusable system.

Similarly, the reusable HVAC filtration system demonstrated substantial reductions
in smog formation, acidification, eutrophication, respiratory effects, and fossil fuel deple-
tion relative to repeated disposable filter replacement scenarios. These reductions were
primarily attributed to the avoidance of repeated raw material extraction, manufacturing
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operations, packaging production, transportation activities, and landfill disposal associated
with disposable HVAC filter replacement.
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Figure 4. LCIA results for 7 reuse cycles compared to 8 disposable filters.

Although the reusable HVAC filtration system demonstrated substantially lower
impacts across most midpoint categories at the defined functional unit, several impact
categories associated with carcinogenic effects, non-carcinogenic effects, and ecotoxicity
remained comparatively elevated relative to the disposable filtration system. These im-
pacts were primarily associated with the increased structural material requirements of
the reusable filtration system, particularly PVC production, galvanized steel processing,
polyester filtration media manufacturing, and associated upstream industrial processes.

The improved environmental performance observed following repeated reuse is con-
sistent with broader circular economy principles, which emphasize extending product
service life to distribute manufacturing impacts over multiple functional uses. Previous
HVAC LCA studies have similarly demonstrated that extending operational service life
can substantially reduce life cycle environmental impacts. For example, Gheewala and
Nielsen [7] and Heikkild [8] reported that long-term operational performance strongly
influences the overall environmental profile of HVAC technologies. Likewise, Liu et al. [9]
concluded that life cycle environmental impacts should be evaluated across complete
operational lifetimes rather than individual manufacturing stages. More recently, Wang
et al. [21] demonstrated that evaluating complete life cycle performance including pro-
duction, transportation, operation, and end-of-life stages is essential when comparing
alternative HVAC technologies, and that operational lifetime strongly influences overall
environmental performance. The present study extends these findings by demonstrating
that repeated reuse can similarly offset the higher manufacturing impacts associated with
durable commercial HVAC filtration products.

However, the baseline reusable filtration scenario modeled within the present study
conservatively assumed final landfill disposal following completion of the operational
reuse lifespan. In practice, Delta M currently implements material recovery and recycling
activities for major reusable filter components, including PVC framing materials and
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galvanized steel support structures. Consequently, additional circularity and end-of-life
recovery scenarios were evaluated to investigate the influence of recycling and material
recovery strategies on overall environmental performance.

Environmental Break-Even Analysis

To further evaluate the influence of reuse frequency on environmental performance, an
environmental break-even analysis was conducted by comparing the cumulative GWP of
the reusable HVAC filtration system with repeated replacement of disposable HVAC filters
over successive operational filtration cycles. Because the reusable filtration system requires
greater material inputs during initial manufacturing, higher environmental impacts were
observed during the first operational cycle. However, these impacts were progressively
distributed across additional filtration service cycles through repeated refurbishment and
reuse, whereas the disposable filtration system required complete replacement following
each operational cycle.

Table 8 summarizes the cumulative GWP associated with the reusable and disposable
filtration systems over the evaluated service life. The reusable filtration system exhibited
higher GWP during the initial filtration cycle; however, environmental break-even occurred
after approximately two operational filtration cycles. Beyond this point, the cumulative
environmental impacts of the reusable system remained consistently lower than those of
the disposable alternative as additional manufacturing, transportation, packaging, and
disposal requirements associated with disposable filter replacement were avoided.

Table 8. Cumulative GWP comparison over successive operational filtration cycles.

Operational Filtration Cycles

Reusable HVAC Filter =~ Disposable HVAC Filters Preferred System

(kg CO; eq) (kg CO; eq)
1 4.50 2.53 Disposable
2 4.74 5.07 Reusable
3 4.98 7.60 Reusable
4 5.22 10.14 Reusable
5 5.47 12.67 Reusable
6 5.71 15.20 Reusable
7 5.95 17.74 Reusable
8 6.20 20.27 Reusable

Although the reusable HVAC filtration system demonstrated substantially lower
environmental impacts following repeated reuse, the baseline scenario conservatively
assumed landfill disposal after completion of the eighth operational filtration cycle. In
practice, Delta M currently implements material recovery and recycling activities for major
reusable filter components, including PVC framing materials and galvanized steel support
structures. Consequently, additional circularity and end-of-life recovery scenarios were
evaluated to investigate the influence of recycling and material recovery strategies on
overall environmental performance.

3.3. End-of-Life Recovery and Circularity Analysis

To evaluate the influence of end-of-life management on reusable HVAC filtration
performance, an alternative material recovery scenario was compared against the baseline
landfill disposal scenario. The baseline scenario conservatively assumed landfill disposal
of the reusable filter following completion of the eight-cycle functional unit. The recovery
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scenario incorporated recycling of major reusable filter components, including PVC framing
materials and galvanized steel support structures, consistent with circularity practices
currently implemented by Delta M. The normalized LCIA results for the end-of-life scenario
comparison are presented in Figure 5, while the corresponding characterized results are
provided in Table S3 of the Supplementary Materials.
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Figure 5. Comparative LCIA results for reusable HVAC filtration with landfill disposal,
reusable HVAC filtration with material recovery, and eight equivalent disposable HVAC filter
replacement cycles.

As shown in Figure 5, material recovery further reduced environmental impacts
associated with the reusable HVAC filtration system across several impact categories. GWP
decreased from approximately 10.98 kg CO; eq under the landfill baseline to 9.59 kg CO,
eq under the recycling scenario, representing an additional reduction of approximately 13%
relative to the reusable landfill scenario. Fossil fuel depletion also decreased from 25.77 M]
surplus to 22.01 MJ surplus, demonstrating the importance of recovering polymer-based
and metal components at end-of-life.

The observed reductions associated with material recovery further support previous
research emphasizing the importance of circular economy strategies for reducing environ-
mental burdens. While previous reusable air filtration studies have primarily focused on
filtration efficiency and durability [10-12], the present study demonstrates that combining
repeated reuse with end-of-life material recovery provides additional environmental ben-
efits beyond operational performance alone. These findings highlight the importance of
integrating product durability with recycling strategies when designing sustainable HVAC
filtration systems.

Compared with the disposable filtration scenario, both reusable end-of-life scenarios
demonstrated lower impacts across most evaluated categories. The recycling scenario
demonstrated lower GWP, smog formation, acidification, eutrophication, non-carcinogenic
impacts, respiratory effects, ecotoxicity, and fossil fuel depletion relative to the disposable
system. However, carcinogenic impacts remained higher for the reusable scenarios relative
to the disposable system, indicating that upstream material production and manufacturing
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of durable reusable components remained important contributors even when end-of-life
recovery was included.

These results demonstrate that reuse frequency is the primary driver of environmental
improvement, while end-of-life recovery provides additional benefits by reducing landfill
disposal and improving material circularity. Therefore, combining extended reuse with
targeted recovery of PVC, steel, and other durable components represents an important
strategy for improving the sustainability performance of reusable HVAC filtration systems.

3.4. Contribution Analysis and Environmental Hotspots

Contribution analysis was conducted to identify the dominant life cycle stages con-
tributing to the environmental performance of the reusable HVAC filtration recycling
scenario throughout the defined functional unit. Figure 6 presents the characterized con-
tribution analysis results across the evaluated TRACI 2.1 impact categories, while the
corresponding numerical values are provided in Table 54 of the Supplementary Materials.
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Figure 6. Characterized contribution analysis of reusable HVAC filtration recycling scenario across
evaluated TRACI 2.1 impact categories based on life cycle stage contributions (installation and
deconstruction/disassembly were included within the system boundary but were modeled as manual
processes and therefore contributed zero environmental impacts).

Across nearly all evaluated impact categories, raw material manufacturing represented
the dominant contributor to overall environmental burdens associated with the reusable
HVAC filtration system. Raw material production accounted for approximately 85% of total
carcinogenic impacts, 85% of non-carcinogenic impacts, 83% of ecotoxicity impacts, and
approximately 75% GWP. These impacts were primarily associated with energy-intensive
polymer production, polyester filtration media manufacturing, and galvanized steel pro-
cessing required for the reusable filtration system structure and support components.

Assembly operations and transportation activities additionally contributed to overall
environmental impacts, particularly within the global warming, smog formation, acidifica-

https://doi.org/10.3390/su18147063


https://doi.org/10.3390/su18147063

Sustainability 2026, 18, 7063 22 of 28

tion, and fossil fuel depletion categories. Transportation associated with reverse logistics
and reusable refurbishment cycles also contributed to several impact categories; however,
these impacts remained substantially lower than the avoided manufacturing and disposal
burdens associated with repeated disposable HVAC filter replacement scenarios.

End-of-life recycling and material recovery provided important environmental credits
that partially offset upstream manufacturing impacts across multiple categories. Recycling-
related credits reduced GWP, fossil fuel depletion, respiratory effects, smog formation,
and acidification impacts relative to the landfill disposal baseline scenario. The largest
reductions were observed within the fossil fuel depletion and global warming categories,
demonstrating the importance of combining repeated reuse with end-of-life material recov-
ery strategies to improve overall environmental performance.

Although the reusable filtration system demonstrated substantial reductions across
most environmental impact categories relative to disposable filtration systems, carcinogenic
impacts remained comparatively elevated due to the durable structural material require-
ments associated with reusable filter construction. These findings highlight the importance
of future material optimization strategies, including increased recycled material content,
lower-impact polymers, and improved steel recovery pathways for further reducing human
health-related environmental burdens.

Contribution analysis was additionally conducted to evaluate the influence of in-
dividual material components associated with raw material manufacturing within the
reusable HVAC filtration system. Figure 7 presents the characterized contribution analysis
results for the major reusable filter material components across the evaluated TRACI 2.1
impact categories. The corresponding numerical values are provided in Table S5 of the
Supplementary Materials.

100
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% of Total Impact
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Ei ication Carci i Non-

Ozone Global Smog Acidification Respiratory  Eco-toxicity Fossil Fuel
Depletion Warming carcinogenic Effects Depletion
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Figure 7. Characterized contribution analysis of raw material manufacturing processes associated
with the reusable HVAC filtration system across evaluated TRACI 2.1 impact categories.

The results demonstrated that PVC frame manufacturing, polyester filtration media
production, and galvanized steel mesh manufacturing represented the dominant material
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contributors across nearly all evaluated impact categories. PVC frame manufacturing
contributed approximately 1.34 kg CO, eq and 4.17 MJ surplus to GWP and fossil fuel
depletion, respectively, primarily due to energy-intensive polymer production processes.
Polyester filtration media and gasket manufacturing additionally contributed substan-
tially to GWP (1.01 kg CO; eq) and fossil fuel depletion (3.32 MJ surplus), reflecting the
environmental burdens associated with synthetic polymer production and processing.

Galvanized steel mesh manufacturing represented the dominant contributor to car-
cinogenic impacts, accounting for approximately 1.53 x 10~® Comparative Toxic Unit for
Humans (CTUh), while additionally contributing substantially to eutrophication, respira-
tory effects, ecotoxicity, and acidification impacts. These elevated impacts were primarily
associated with upstream steel production and associated metal processing operations. Eco-
toxicity impacts were also strongly influenced by galvanized steel manufacturing, which
contributed approximately 73.26 Comparative Toxic Unit for Ecosystems (CTUe) of the
total 96.20 CTUe impact associated with raw material manufacturing.

Although carcinogenic and non-carcinogenic impacts remained comparatively ele-
vated for the reusable filtration system, these impacts were primarily associated with
upstream raw material production rather than the operational use or refurbishment stages
of the product. Galvanized steel manufacturing contributed substantially to toxicity-related
impacts because of emissions associated with ore extraction, steel refining, alloy produc-
tion, and galvanization processes represented within the background life cycle inventory.
Similarly, PVC frame production contributed to carcinogenic and non-carcinogenic impacts
due to the energy-intensive production of polymer resins and associated petrochemical
and chlorine-based manufacturing processes. These findings indicate that the toxicity-
related impacts observed for the reusable filtration system are largely driven by upstream
industrial supply chains rather than the repeated reuse strategy itself.

Several opportunities exist to further reduce these environmental burdens in future
reusable HVAC filtration systems. Increasing recycled steel and recycled PVC content
would reduce demand for primary material production while lowering associated toxicity-
related emissions. Additional improvements may also be achieved through lightweight
structural redesign, substitution with lower-impact polymer materials where technically
feasible, cleaner electricity during upstream manufacturing, and continued optimization
of material recovery and recycling pathways at end-of-life. Collectively, these strategies
represent practical opportunities to further improve the environmental performance of
reusable HVAC filtration systems while maintaining the benefits associated with repeated
product reuse.

The identification of PVC production, polyester media manufacturing, and galvanized
steel processing as dominant environmental hotspots is consistent with previous building-
related LCA studies, which frequently identify raw material production as the largest
contributor to life cycle environmental impacts. Similar trends have been reported for
HVAC systems and other building products, where upstream material manufacturing often
exceeds downstream operational processes in several midpoint impact categories [7-9].
Consequently, future improvements in reusable HVAC filtration systems should priori-
tize material substitution, increased recycled content, and lower-impact manufacturing
processes in addition to extending product service life.

Secondary contributions were associated with cardboard manufacturing, adhesive
compounds, transportation-related packaging materials, and ancillary assembly materials
including tape, labels, and rivets. However, these components contributed comparatively
minor environmental burdens relative to the primary structural filter materials.

Overall, the results demonstrate that future reductions in environmental impacts
associated with reusable HVAC filtration systems may be achieved through increased recy-
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cled material content, lightweight structural redesign, alternative lower-impact polymer
materials, and optimized steel recovery and manufacturing pathways.

3.5. Practical Implications and Implementation Considerations

The results of this study demonstrate that reusable HVAC filtration systems can pro-
vide meaningful long-term environmental benefits; however, successful implementation
depends on operational and organizational factors extending beyond environmental per-
formance alone. Realizing the environmental advantages identified in this study requires
that reusable filters complete multiple refurbishment cycles throughout their intended
service life. Consequently, appropriate inspection, cleaning, maintenance, and handling
procedures are essential to achieve the expected environmental performance.

Implementation of reusable filtration systems also requires the establishment of effec-
tive reverse logistics and refurbishment processes. Unlike disposable filtration systems,
reusable filters must be collected, transported, cleaned, inspected, and returned to ser-
vice following each operational cycle. These additional activities introduce logistical
and operational requirements that may influence implementation depending on facility
location, transportation distances, labour availability, and maintenance scheduling. Organi-
zations with centralized maintenance programs or regional refurbishment facilities may
therefore achieve greater environmental and operational benefits than facilities requiring
long-distance transportation or decentralized servicing.

Market adoption of reusable HVAC filtration technologies may also depend on factors
beyond environmental performance, including purchase cost, maintenance requirements,
organizational familiarity, and user acceptance. Although reusable filters generally involve
higher initial manufacturing impacts and greater upfront material requirements, these
impacts are progressively distributed across repeated operational cycles. The environmental
break-even analysis presented in this study demonstrates that continued reuse is necessary
for realizing environmental advantages over disposable filtration systems. Consequently,
successful implementation depends not only on product durability but also on maintaining
consistent refurbishment practices throughout the intended service life to achieve the
environmental benefits identified in the present study.

Finally, the results suggest several opportunities for future improvement. Reducing
the environmental impacts associated with PVC production, polyester filtration media,
and galvanized steel manufacturing through increased recycled material content, lower-
impact materials, and improved recovery pathways could further enhance the sustainability
of reusable HVAC filtration systems. Future research should additionally evaluate the
economic implications of reverse logistics and refurbishment operations through LCC,
together with user acceptance, maintenance practices, and operational performance under
a broader range of commercial building applications.

The reusable HVAC filtration system evaluated in this study represents a specific
commercial product manufactured by Delta M; therefore, the reported environmental
performance should not be interpreted as representative of all reusable HVAC filtration
systems. Differences in material composition, product design, manufacturing processes,
refurbishment requirements, and expected service life may influence the environmental
performance of reusable filtration products from other manufacturers. Consequently, the
findings should be interpreted within the context of the product and assumptions evalu-
ated in this study. Future research comparing multiple commercially available reusable
HVAC filtration systems would further improve the generalizability of the environmental
conclusions and provide broader guidance for sustainable HVAC filtration technologies.

Based on the findings of this study, several practical recommendations can be pro-
posed for organizations considering implementation of reusable HVAC filtration systems.
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First, reusable filters should undergo routine inspection following each cleaning cycle to
verify structural integrity, filter media condition, and continued filtration performance
before being returned to service. Second, consistent cleaning and refurbishment procedures
should be established to maximize service life and ensure that the environmental benefits
associated with repeated reuse are achieved. Third, reusable filters should be retired from
service when physical damage, loss of structural integrity, or unacceptable reductions in
filtration performance are observed, rather than continuing refurbishment beyond their
intended operational life. Finally, end-of-life recycling of recoverable PVC and galvanized
steel components should be prioritized wherever appropriate recycling infrastructure is
available to maximize circularity and further reduce life cycle environmental impacts. Al-
though specific cleaning frequencies and inspection criteria depend on individual operating
conditions and manufacturer recommendations, the results demonstrate that maintain-
ing the intended reuse lifespan is essential for realizing the environmental advantages
identified in this study.

4. Conclusions

This study presented a cradle-to-grave LCA comparing reusable and disposable HVAC
air filtration systems under equivalent operational service conditions. The assessment
demonstrated that although the reusable HVAC filtration system exhibited higher initial
environmental impacts due to increased structural material requirements and manufac-
turing complexity, repeated reuse substantially reduced overall environmental burdens
relative to disposable filter replacement scenarios.

At the defined functional unit of eight operational filtration cycles, the reusable HVAC
filtration system reduced GWP by approximately 69% relative to the disposable filtration
system, while additionally reducing impacts associated with smog formation, acidification,
eutrophication, respiratory effects, ecotoxicity, and fossil fuel depletion. Environmental
break-even analysis further demonstrated that the reusable filtration system began to
outperform the disposable alternative after approximately two operational filtration cycles,
highlighting the importance of repeated reuse in distributing initial manufacturing impacts
over an extended service life. These reductions were primarily attributed to the avoidance
of repeated raw material extraction, manufacturing, transportation, packaging, and landfill
disposal activities associated with disposable HVAC filter replacement.

End-of-life material recovery and recycling further improved the environmental per-
formance of the reusable filtration system, particularly for global warming potential and
fossil fuel depletion. Contribution analysis identified PVC production, polyester filtration
media manufacturing, and galvanized steel processing as the dominant environmental
hotspots associated with the reusable filtration system.

From a theoretical perspective, this study advances the application of LCA to com-
mercial HVAC filtration systems by providing one of the first cradle-to-grave comparative
assessments of reusable and disposable HVAC air filters using primary manufacturing
inventory data. The study further demonstrates how product durability, repeated reuse,
and end-of-life material recovery collectively influence long-term environmental perfor-
mance within a circular economy framework. In addition, the incorporation of functional
unit-based comparisons, environmental break-even analysis, and contribution analysis
provides a structured approach for evaluating reusable building products over equivalent
service lives, which may be applied to future assessments of circular building technologies.

From a practical perspective, the findings provide evidence-based guidance for HVAC
manufacturers, facility managers, and building owners considering the adoption of reusable
filtration systems. The results identify the environmental conditions under which reusable
filters outperform disposable alternatives, quantify the benefits of repeated reuse and
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material recovery, and highlight key environmental hotspots for future product improve-
ment. Collectively, these findings support decision-making aimed at reducing life cycle
environmental impacts while promoting circular economy principles and more sustainable
building operation. Future research should additionally evaluate long-term filtration effi-
ciency, experimentally measured pressure drop evolution and associated HVAC fan energy
consumption, reverse logistics optimization, LCC, and user acceptance under a broader
range of commercial HVAC operating conditions.

Furthermore, although sensitivity analyses were performed to evaluate key model-
ing assumptions, a formal quantitative uncertainty analysis was not conducted because
statistical uncertainty distributions were unavailable for several proprietary foreground
datasets and representative inventory assumptions. Future research should incorporate
probabilistic uncertainty methods, such as Monte Carlo simulation, as additional opera-
tional data become available to quantify confidence intervals associated with the reported
environmental impacts.

Overall, the results demonstrate that the reusable HVAC filtration system evalu-
ated in this study can substantially reduce long-term environmental burdens relative to
conventional disposable HVAC filtration technologies when evaluated under equivalent
operational service conditions, assuming the reusable filter achieves the modeled seven
refurbishment and reuse cycles and within the context of the Ontario electricity grid, trans-
portation assumptions, and waste management scenarios considered in this assessment.
Collectively, these findings demonstrate that combining durable product design, repeated
reuse, and end-of-life material recovery can substantially improve the environmental sus-
tainability of commercial HVAC filtration systems while supporting circular economy and
net-zero building objectives.
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Abbreviations

The following abbreviations are used in this manuscript:

CTUh Comparative Toxic Unit for Humans
CTUe Comparative Toxic Unit for Ecosystems
EPD Environmental Product Declaration

GHG Greenhouse Gas

GTA Greater Toronto Area

GWP Global Warming Potential

HVAC Heating, Ventilation, and Air Conditioning
1AQ Indoor Air Quality

LCA Life Cycle Assessment

LCC Life Cycle Costing

LCI Life Cycle Inventory

LCIA Life Cycle Impact Assessment

MERV Minimum Efficiency Reporting Value

PCR Product Category Rule

PLA Polylactic Acid

PVC Polyvinyl Chloride

TRACI Tool for the Reduction and Assessment of Chemical and Other Environmental Impacts

US.EPA  United States Environmental Protection Agency
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