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Heating, ventilation, and air conditioning (HVAC) filters play a critical role in mitigating indoor air pollution
while contributing to HVAC system energy consumption by increasing system airflow resistance as they accu-
mulate particles. Their performance is strongly influenced by aerosol physicochemical properties, particularly
the particle size distribution (PSD), which affects filter loading behavior and efficiency. However, standardized
test protocols primarily use coarse-mode loading dusts that poorly represent the submicron PSDs characteristic of
urban aerosol. This study introduces a novel methodology for aging HVAC filters using synthetic submicron
potassium chloride (KCI) aerosol generated by burning salt sticks with a thermal aerosol generator integrated
with a full-scale HVAC filter test rig. The loading performance of three minimum efficiency reporting value
(MERV)-rated filters - MERV8, MERV13, and MERV14 — was evaluated under varying volumetric airflow rates,
salt stick feed rates, and relative humidities (RH). Results show that higher airflow rates accelerate clogging,
while lower rates extend loading periods and increase salt stick consumption. The salt stick feed rate had minimal
impact on dust-holding capacity, demonstrating the method’s robustness for rapid filter performance evaluation.
RH strongly influenced loading, particularly for hygroscopic KCI aerosol, where elevated RH slowed loading by
enhancing particle adhesion and increasing dust cake porosity. For electret filters, high RH further reduced
filtration efficiency by accelerating charge decay on the filter media. Experimental repeatability was confirmed
across replicate tests. This methodology provides a realistic, cost-effective, and time-efficient approach to
evaluate HVAC filter aging, enabling improved performance assessments of filters in urban environments.

1. Introduction indoor combustion, cooking emissions, floor dust resuspension, cleaning

activities, secondary aerosol formation, and emissions from electrical

People spend 70 % to 90 % of their time indoors, where exposure to
airborne particles can negatively affect both physical and mental health
[1-7]. Heating, ventilation, and air conditioning (HVAC) filters are a
primary strategy for removing particles of outdoor and indoor origin in
residential and commercial buildings [8]. Outdoor particles infiltrating
indoor environments originate from both anthropogenic and biogenic
sources, including vehicle tailpipe and non-tailpipe emissions, industrial
emissions, construction activities, road dust resuspension, wildfire
smoke emissions, secondary aerosol formation, sea spray aerosol gen-
eration, and biological material release of pollen grains, bacterial cells,
and fungal spores [9-13]. Indoor particles arise from primary and sec-
ondary sources associated with occupants and their activities, including

* Corresponding author.
E-mail address: bboor@purdue.edu (B.E. Boor).

https://doi.org/10.1016/j.buildenv.2025.113564

devices such as 3D and laser printers [14-22]. Research has also shown
that HVAC filters can reduce indoor ozone levels by facilitating reactions
between ozone and reactive material captured on the filter media [23,
24]. Historically, low-efficiency HVAC filters were primarily used to
protect downstream equipment — such as fans and heat exchanger coils —
from fouling due to coarse dust accumulation. However, growing
awareness of occupant health has led to the widespread adoption of
higher-efficiency air filters in HVAC systems. Given their extensive use
in modern buildings, accurately evaluating HVAC filter performance is
critical.

The performance of HVAC filters is governed by three key factors:
airflow resistance, dust-holding capacity (DHC), and particle removal
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efficiency. While the primary function of air filters is to remove airborne
particles, most studies emphasize particle removal efficiency, often
neglecting the energy penalties associated with filter clogging. These
energy penalties arise as accumulated particles increase airflow resis-
tance (AP), forcing HVAC system fans to work harder to maintain
volumetric airflow rates. Studies show that HVAC fans contribute to over
7 % of total building energy consumption [25]. Beyond electricity costs,
filter maintenance represents a significant expense, as accelerated filter
degradation leads to more frequent replacements, increased labor for
installation, and disposal of used filters [26,27]. Filters are typically
replaced once their AP reaches a predetermined threshold [28].
Consequently, filter AP directly impacts HVAC fan energy consumption
while indirectly affecting operational costs related to filter procurement
and labor. A more precise evaluation of the temporal evolution in HVAC
filter airflow resistance can improve cost predictions and optimize
HVAC filter management strategies.

Both experimental and modeling approaches have been used to
assess changes in the airflow resistance of HVAC filters. For example,
Feng et al. [29] applied computational fluid dynamics (CFD) to evaluate
the AP of pleated filters, providing insights into airflow resistance for
new, unaged filters. Similarly, Abam et al. [30] modeled AP across a 3D
filter housing using CFD, offering valuable information on airflow dy-
namics through filters. While these studies enhance understanding of
filter performance, they do not account for dust loading, which signifi-
cantly impacts AP over time. As particles deposit and accumulate on
filter media, filter properties evolve, influencing both airflow resistance
and HVAC fan energy consumption. The impact of increasing filter AP
depends on the HVAC fan type and its control strategy for motor speed
and runtime [25,31-35]. In constant-speed fans, a higher filter AP can
reduce energy use by lowering volumetric airflow rates, whereas in
constant-airflow systems, it increases energy demand as the fan com-
pensates for the added airflow resistance. Evaluating the temporal
progression of filter AP is therefore essential for understanding
long-term HVAC energy performance. Leung et al. [36] demonstrated
the evolution of filter AP under continuous submicron aerosol loading
and developed a predictive theoretical model. While modeling provides
valuable insights into filter loading behavior, many studies focus on
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filter media sheets rather than full-scale HVAC filters or depth filtration
of submicron particles, due to computational complexity [37-40].
Experimental research on HVAC filter loading under real-world condi-
tions remains essential to complement modeling efforts and improve
predictions of HVAC filter performance over time.

Experimental studies have shown that HVAC filter AP evolves
differently in real-world conditions compared to laboratory settings [41,
42]. This discrepancy largely stems from the loading dust used in lab-
oratory evaluations, which does not accurately reflect the properties of
airborne particles encountered in the field. In particular, the particle size
distributions (PSDs) of loading dust often differ from those in urban
atmospheric environments [43]. The impact of loading dust PSDs on AP
has been widely studied [44-56], demonstrating that filters age differ-
ently when exposed to submicron particles (<1 pum) versus coarse par-
ticles (>1 um). Many studies report a more rapid filter AP increase with
fine particles due to the formation of denser filter cakes, whereas coarser
dusts tend to create more porous structures [50,51,55]. However, some
studies suggest that larger particles can also accelerate filter loading
under certain conditions. Despite these differing conclusions, particle
size remains a key factor influencing HVAC filter performance. Current
standards such as ANSI/ASHRAE Standard 52.2-2017, ISO
16890-1:2016, and ISO 29461-1:2021 primarily use coarse test dusts
with geometric mean diameters greater than 1 pm to age HVAC filters,
despite real-world urban and indoor aerosol PSDs being dominated by
submicron particles on a number basis. This mismatch contributes to the
differences in AP evolution observed between laboratory and field
conditions. Although methods exist for generating submicron particles,
a major challenge has been producing these particles at sufficiently high
mass concentrations for rapid, full-scale HVAC filter loading tests [57].
Overcoming this limitation is critical for improving the relevance of
laboratory filter testing to real-world scenarios.

High mass concentrations of loading dust are commonly used in
laboratory settings to accelerate HVAC filter aging and simulate long-
term performance within a short timeframe. However, studies have
shown that high concentrations of coarse dust can significantly over-
estimate filter loading performance [48,58,59]. At elevated mass con-
centrations, coarse particles deposited on the filter surface lack

Fig. 1. Photographs of the full-scale HVAC filter test rig and TAG, including: (a) side-view of the full-scale HVAC filter test rig with the airflow direction right to left;
(b) steam humidifier injection port; (c) steam humidifier; (d) aerosol sampling and measurement equipment, including the aerosol sampling tubes, solenoid valve,
double ejector dilutors, flow splitter, SMPS, and HR-ELPI+; (e) TAG and salt aerosol injection port; and (f) pitot-tube array.
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Fig. 2. Schematic of the

sufficient time and space to form a stable structure, resulting in a loose
microstructure. This leads to a lower filter AP at the same loaded mass,
artificially increasing the apparent DHC compared to real-world condi-
tions with lower particle concentrations. In contrast, the impact of the
mass concentration on HVAC filter loading curves is less pronounced
when fine (<1 um) or ultrafine (<0.1 um) particles are used, as they
require less time and space to stabilize on the filter surface, thereby
minimizing the influence of particle concentrations on filter loading
behavior. These findings underscore the need for improved HVAC filter
loading procedures that better represent long-term performance by
incorporating fine and ultrafine particles rather than the coarse dusts
used in current standardized testing protocols. This adjustment would
enhance the accuracy of HVAC filter performance evaluations under
realistic operating conditions.

This study employed a novel high-concentration submicron aerosol
generation technique — the thermal aerosol generator (TAG) — integrated
into a full-scale HVAC filter test rig. The TAG produces higher mass
concentrations of submicron salt aerosol than other existing aerosol
generation methods [60,61], and its successful integration with the test
rig has been validated in prior research [60,62]. Using this methodol-
ogy, the aging performance of full-scale HVAC filters was evaluated and
is reported here. Beyond the number and mass PSDs of the loading
aerosol, several factors significantly influence the evolution of filter AP,
including volumetric airflow rates [63-65], loading aerosol feed rates
[48,59,60], and environmental conditions such as relative humidity
(RH) [66-68]. The HVAC filter aging procedure in this study incorpo-
rated sensitivity tests to assess the effects of these conditions on filter
loading curves (e.g. AP vs. loading time and AP vs. generated aerosol
mass). Specifically, tests examined different airflow rates, salt aerosol
mass production rates, and RH levels. Temperature effects were
excluded, as previous research has shown minimal impact on filter
loading performance and filter lifespan [68,69].

The objective of this study is to utilize synthetic high-mass-
concentration submicron salt aerosol to rapidly age full-scale HVAC
filters, enabling the evaluation of the temporal evolution of airflow
resistance (AP) and its impact on HVAC system energy consumption
when operated with a variable-frequency blower at a constant airflow
rate. The generated aerosol was designed to exhibit PSDs representative
of urban and indoor particulate matter, ensuring a realistic simulation of
real-world HVAC filter applications. Sensitivity tests were conducted
under various aging conditions to assess their influence on filter loading

full-scale HVAC filter test rig.

performance, simulating a range of operational environments HVAC
filters may encounter. The resulting filter loading curves provide valu-
able insights into fan energy consumption and operational costs asso-
ciated with HVAC filter performance over time. This work, as part of
ASHRAE RP-1734, will contribute to the development of the forth-
coming ASHRAE Guideline 35, Method for Determining the Energy Con-
sumption Caused by Air-Cleaning and Filtration Devices.

2. Materials and methods
2.1. Full-scale HVAC filter test rig

The thermal aerosol generator (TAG) (Type 6000, SFP Services Ltd.,
Christchurch, UK) employs a high-temperature oxygen (O3)-propane
(C3Hg) flame to burn salt sticks for generating submicron aerosol
(Fig. 1). The salt sticks primarily consist of sodium chloride (NaCl) or
potassium chloride (KCl), with a small amount of magnesium oxide
(MgO) added as a binder. MgO does not vaporize but falls as hot ash. In
this study, KCl-based salt sticks (10 mm diameter, 100 mm length) were
used, with an effective KCI content of 0.1-0.13 g mm’’, as specified by
the manufacturer. The TAG continuously feeds salt sticks into the Os-
C3Hg flame at a fixed feed rate, ensuring the steady generation of sub-
micron KClI aerosol at high mass concentrations. A detailed description
of the TAG can be found in prior studies [60,62].

A custom-designed test rig was constructed to integrate the TAG as
an aerosol source for HVAC filter aging (Figs. 1 and 2). The test rig in-
cludes a flow straightener, steam humidifier, steam humidifier injection
port, a test-filter installation section, static pressure taps and total
pressure probes connected to digital transducers for measuring the filter
AP, a pitot-tube array for airflow measurement, and a high-capacity
tubular inline centrifugal blower. The duct configuration follows
ANSI/ASHRAE Standard 52.2-2017 specifications, with modifications
to accommodate the TAG. The test rig simulates full-scale HVAC duct-
work with a 24 x 24-in cross-sectional area and a 28-ft length. Addi-
tional details on the test rig design and integration with the TAG are
available in a prior study [62].

Three minimum efficiency reporting value (MERV)-rated filters —
MERVS8, MERV13, and MERV14 - were tested in accordance with
ASHRAE RP-1734 to support the development of the forthcoming
ASHRAE Guideline 35. All had a nominal cross-sectional area of 24 x
24-in but varied in thickness and configuration. The MERVS filters were
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Table 1
Specifications of the HVAC filters evaluated in this study.
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Filter Type Filter Configuration Nominal Size (HxWxD) (in) Filter Media Area (ft?) Media Type Electret Filter?
MERVS Pleated Panel Filter 24 x 24 x 2 17.3 Synthetic Blend of Polyester Media No
MERV13 Multi-Pocket Bag Filter 24 x 24 x 30 81 Blend of Synthetic Microfibers Yes
MERV14 Mini-Pleated V-Bank Box Filter 24 x 24 x 12 200 Microfine Glass Fibers with an Acrylic Resin Binder =~ No

2-in pleated panel filters made from a proprietary fiber blend that relied
solely on mechanical particle capture. The MERV13 filters were bag
filters with eight 30-in-deep pockets, composed of electrostatically
enhanced synthetic microfibers. The MERV14 filters were 12-in-deep
mini-pleated V-bank box filters using microfine glass fiber media
(Table 1).

2.2. Experimental protocol

A total of n=63 full-scale HVAC filter loading experiments were
conducted under varying HVAC system operational and environmental
conditions, categorized into four test groups for each filter type
(Table 2): (1) baseline tests, (2) volumetric airflow rate sensitivity tests,
(3) salt stick feed rate sensitivity tests, and (4) RH sensitivity tests. To
assess repeatability, five replicates were conducted for each filter type in
the baseline tests, while triplicate tests were performed for each sensi-
tivity test category. A schematic representation of the experimental
protocol is provided in Fig. 3.

Before each loading experiment, gravimetric measurements were
taken to record the initial mass of the test-filter and salt sticks. An ash
tray was placed in front of the TAG to collect MgO ash, with its empty
mass recorded beforehand. After these measurements, the test-filter was
installed in the filter bank, and painter’s tape was applied around the
edges to minimize airflow bypass. The exterior cover panel was rein-
stalled, and insulation foam was placed around it to ensure airtight
conditions.

Following installation, the blower was activated, and motor fre-
quency was regulated using a proportional-integral-derivative (PID)
controller in LabVIEW (National Instruments Inc., Austin, TX, USA). The
controller optimized blower speed in real-time to maintain a consistent
in-duct volumetric airflow rate. Once the airflow stabilized, the TAG was
ignited to generate submicron KCl aerosol, marking the start of the
loading experiment. The experiment continued until the filter AP
reached 1.5 in H50, as specified in ASHRAE RP-1734 to support the

forthcoming ASHRAE Guideline 35 [70]. This endpoint aligns with prior
studies, where a final AP approximately four to five times greater than
the clean-filter AP is considered representative of HVAC filter service life
[56,67,71,72].

Throughout the experiment, key operational parameters were
manually recorded to ensure data integrity. Gas pressures (O and CsHg)
were checked every 20 min to verify a stable TAG gas supply. The PSD of
the generated KCl aerosol was continuously monitored, with deviations
in PSD shape serving as indicators of potential TAG malfunctions
requiring immediate troubleshooting. These deviations typically
occurred when (1) the salt stick was depleted and needed replacement or
(2) the feeding mechanism became obstructed, disrupting aerosol gen-
eration. Manual intervention was required in both cases. Once the test-
filter AP reached 1.5 in H,0, the experiment was concluded. The TAG,
blower, and steam humidifier were powered off, and the test-filter was
carefully removed for final gravimetric measurement. The increase in
filter mass was assumed to represent the total loaded aerosol mass, e.g.,
DHC. Additionally, the ash tray containing residual MgO ash was
weighed to determine the total salt stick mass consumed, ensuring ac-
curate accounting of aerosol generation.

2.3. Instrumentation and measurements

2.3.1. Aerosol instrumentation

Number-based PSDs of the synthetic submicron KCI aerosol were
measured throughout each loading experiment. Two aerosol in-
struments were integrated into the test rig: (1) a scanning mobility
particle sizer (SMPS) (Model 3938NL88, TSI Inc., Shoreview, MN, USA)
with a long differential mobility analyzer (DMA) and (2) a high-
resolution electrical low-pressure impactor (HR-ELPI+) (Dekati Ltd.,
Kangasala, Finland) with oil-soaked sintered collection plates (Figs. 1
and 2, Table 3). The SMPS measured electrical mobility diameter (Depy,)-
based number PSDs (dN/dLogDep, cm™) from Dep = 20.1-1000 nm
with a 4-min scan interval, while the HR-ELPI+ measured aerodynamic

Table 2
Summary of baseline and sensitivity loading conditions and experimental matrix.
Experiment Type Volumetric Airflow RH [%] Salt Stick Feed Rate Number of Experiments Filter Type
Rate [ft®> min™] [mm min™] Per Filter Type

Baseline Experiments 2000 42.5 + 2.5 10 5 MERV14
MERV13

MERVS
Volumetric Airflow Rate Sensitivity Experiments 1000 425+ 2.5 10 3 MERV14
MERV13

MERV8
500 3 MERV14
MERV13

MERV8
Salt Stick Feed Rate Sensitivity Experiments 2000 425+ 2.5 18 3 MERV14
MERV13

MERVS8
5 3 MERV14
MERV13

MERVS8
RH Sensitivity Experiments 2000 27.5+25 10 3 MERV14
575+ 25 3 MERV14
MERV13

MERVS
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Table 3
Description of instrumentation used in the HVAC filter test rig.
Instrument Manufacturer Model Accuracy Range Function
Pressure Transducers Setra Systems Inc. Model 276 +0.25% 600 to 1100 mb Barometric pressure measurement
Model 265 +0.25% 0 to 5in HyO Differential pressure transducer for filter airflow resistance
measurement
+0.25% 0 to 0.5 in H,O Differential pressure transducer for airflow rate measurement
Temperature & RH Setra Systems Inc. Model SRH200 +2.5% RH 0 to 100% RH Sensor for monitoring in-duct temperature and RH
Transmitter +0.3°C -40 to 60 °C
Pitot-Tubes Dwyer Instruments LLC Model 160 +2-5% 400 to 20,000 ft min™! Airflow velocity measurement
Data Acquisition Board National Instruments ~ Model 6211 +2.69 mV AO/IL: £10 V Data acquisition for voltage signals and control
Inc.
HR-ELPI+ Dekati Ltd. - - 6 to 10,000 nm Aerosol number-based PSD measurement
SMPS TSI Inc. Model - 20.1 to 1000 nm with long  Aerosol number-based PSD measurement
3938NL88 DMA

Combustion Gas Detector General Tools Inc. Model NGD269 +50 ppm

0 to 20,000 ppm

Monitoring of C3Hg leakage

diameter (D,)-based number PSDs (dN/dLogD,, em®) from D, =
6-10,000 nm at a 1 Hz sampling rate, providing real-time PSD data. The
SMPS ensured high measurement stability, while the HR-ELPI+
captured second-by-second PSD fluctuations during each loading
experiment, making it particularly useful for monitoring TAG operation.
Additional details on the aerosol instruments and KCl aerosol charac-
teristics are available in previous studies [60,62].

Aerosol sampling probes were positioned upstream and downstream
of the test-filter within the test rig. The upstream probe, placed 1 ft from
the test-filter, minimized interference with the loading process, while
the downstream probe, located 12 ft away, ensured aerosol mixing for
uniform sampling. Both probes were centrally aligned within the duct
for representative cross-sectional submicron aerosol measurements. The
probes connected to sampling tubes beneath the test rig, which merged
into a single outlet leading to the aerosol instruments (Figs. 1 and 2). A
solenoid valve at the convergence point alternated sampling between
upstream and downstream locations.

To handle high aerosol concentrations, a double dilutor system was
employed, consisting of two ejector dilutors (DI-1000, Dekati Ltd.,
Kangasala, Finland) connected in series to achieve a high dilution factor.
The diluted aerosol samples were directed into a four-way flow splitter
(Model 1104, Brechtel Manufacturing Inc., Hayward, CA, USA), with
two outlets connected to the SMPS and HR-ELPI+, while the other two

remained open to ambient air to maintain pressure equilibrium (Figs. 1
and 2). Digital pressure transducers (Model 265, Setra Systems Inc.,
Boxborough, MA, USA) continuously monitored pressure differentials
across each dilutor, and dilution factors were calculated using manu-
facturer calibration curves.

The raw SMPS and HR-ELPI+ data were processed by applying
corrections for deposition losses in the sampling lines and accounting for
dilution factors. Measured SMPS number-based PSDs were converted
into estimated mass-based PSDs (dM/dLogDem, ug m™) using the bulk
density of KCl (p, = 1.98 g em™®) and assuming a spherical particle
morphology, as reported in a previous study [60].

2.3.2. HVAC filter pressure drop measurement

Both static pressure taps and total pressure probes were used to
ensure reliable measurements of test-filter AP. Each method has distinct
advantages and limitations, which should be considered when selecting
an installation approach. Static pressure is influenced by airflow ve-
locity, as total pressure is the sum of static and velocity pressure (Eq. 1).
To accurately measure filter AP, the downstream static pressure tap
must be positioned at a sufficient distance from the test-filter to allow
the airflow velocity to recover. Immediately downstream of the filter,
airflow velocity increases due to the reduced effective cross-sectional
area, leading to a temporary drop in static pressure. Without adequate
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Fig. 4. Time-series plots (a, b), box plots (c to e), and filtration efficiency curves (f) of the submicron particle loading kinetics for different types of test-filters (pink
color for MERV14, green color for MERV13, and blue color for MERVS): (a) test-filter AP vs. loading period; (b) test-filter AP vs. the mass of salt sticks consumed by
the TAG during the entire loading period; (c) summarized loading period for each type of test-filter; (d) summarized mass of salt sticks consumed for each type of test-
filter; (e) change in the test-filter mass (loaded filter mass - initial filter mass) for each type of test-filter; (f) median initial filtration efficiency (solid line) and the final
efficiency (dashed line). The time-series plots illustrate the real-time measurement of the test-filter AP at 1 Hz with five curves for each type of test-filter, each curve
indicating an individual experiment at the baseline loading condition and the shaded area showing the range that the replicate experiments enclosed. The box plots
illustrate the median value (red line) and the interquartile range from the 25th to 75th percentile (blue box). The whiskers indicate the range of the remaining data,

excluding outliers, which are plotted individually as red plus signs.

recovery distance, downstream static pressure may be underestimated
[29].

In contrast, total pressure probes measure the combined effects of
velocity and static pressure, making them less affected by localized ve-
locity increases at the filter exit. This allows for more flexible probe
placement. In this study, downstream static pressure taps were posi-
tioned 2 ft from the test-filter, while upstream static pressure taps and
total pressure probes were located 1 ft upstream. Downstream total
pressure probes were installed 1 ft downstream of the test-filter.

Pt = P, velocity + Pytatic (1)

To further improve measurement accuracy, four static pressure taps
were installed on each side of the test rig wall, while four total pressure
probes were placed at varying heights along the diagonal of the test rig’s
cross-sectional area. The taps and probes were connected via four equal-
length nylon tubes, which merged into a single tube leading to the
pressure transducers (Model 265, Setra Systems Inc., Boxborough, MA,
USA) (Table 3). This setup ensured the transducer recorded an averaged
pressure value, improving the reliability of the filter AP measurements.

2.3.3. Volumetric airflow rate measurement

Pitot-tubes were installed downstream of the test-filter to measure
the in-duct volumetric airflow rate. This location was selected to mini-
mize turbulence, ensuring more stable and reliable measurements. Pitot-
tubes measure both static and total pressure, allowing velocity pressure
to be determined by subtracting static pressure from total pressure. The
airflow velocity is then calculated using Eq. (2) and converted to a
volumetric airflow rate by multiplying by the test rig’s cross-sectional
area.

2 % Ptoml — Pstal‘ic (2)
p

u=

Where u is airflow velocity, and p is air density. Assuming ideal gas
behavior, air density is a function of absolute temperature and pressure.
A barometric pressure meter measured ambient atmospheric pressure
(Model 276, Setra Systems Inc., Boxborough, MA, USA), while a T/RH
transmitter (Model SRH200, Setra Systems Inc., Boxborough, MA, USA)
inside the test rig monitored in-duct temperature and RH (Table 3).
These measurements were used to calculate air density for airflow
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Table 4

Summary of HVAC filter loading performance across different baseline and sensitivity tests.
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Filter Conditions for Baseline and Loading Period [h]: Salt Stick Mass Consumption [g]: Filter Loaded Mass [g]:
Type Sensitivity Experiments Mean + Std Mean - Std cov Mean - Std cov
Impact of Filter Type MERV14 Baseline Conditions 1.5 £ 0.06 133.6 + 23 42.9 % 107 + 15.5 39.1 %
MERV13 Baseline Conditions 1.3 £0.05 127.2 + 6.4 79.4 + 2.7
MERVS Baseline Conditions 3.0 £0.18 288.8 + 7.7 40.4 + 2.8
Impact of Volumetric MERV14 2000 ft> min™ (Baseline) 1.5 + 0.06 133.6 + 23 27.9 % 107 +£15.5 25.2 %
Airflow Rate 1000 ft® min™* 2.34 £ 0.08 218 + 22 159 + 18
500 ft’ min? 28+0.1 228 + 20 177 £ 12
MERV13 2000 ft® min™ (Baseline) 1.3 £ 0.05 127.2 + 6.4 5.0 % 79.4 £ 2.7 10.3 %
1000 ft* min* 1.3+0.13 136.8 + 3 99.2 + 2.7
500 ft’ min? 1.3 +0.04 126.1 + 2.3 87.6 +3
MERVS8 2000 ft* min! (Baseline) 3.0+ 0.18 288.8 +7.7 18.0 % 40.4 + 2.8 11.3 %
1000 ft* min™ 4.03 +0.3 363.9 £ 52.9 47.9 + 3.7
500 ft*> min* 44+05 413.9 +27.2 49.2 £ 26
Impact of Salt Stick MERV14 18 mm min! 1.03 + 0.02 133 +£9 12.4 % 92 + 24 16.2 %
Feed Rate 10 mm min™ (Baseline) 1.5 + 0.06 133.6 + 23 107 £ 15.5
- 5 mm min™ 31+0.1 150 + 2 113+ 4
MERV13 18 mm min! 0.8 + 0.04 125.3 £ 2 5.5% 76.8 £ 4 4.2 %
10 mm min™ (Baseline) 1.3 £ 0.05 127.2 + 6.4 79.4 £ 2.7
- 5 mm min™ 2.37 £ 0.07 119 + 9.6 J— 75.6 £ 2.7
MERVS8 18 mm min™! 2.3+ 0.43 307.9 + 50.1 17.7 % 411 +7 10.1 %
10 mm min™ (Baseline) 3.0 £0.18 288.8 + 7.7 40.4 + 2.8
5 mm min™ 7.9 £ 0.32 405 + 27.3 37.5+ 2.6
Impact of RH MERV14 57.5 + 2.5 % RH 3.6 £0.13 309.7 £ 7 54.9 % 225 £ 5.5 50.6 %
42.5 + 2.5 % RH (Baseline) 1.5 £ 0.06 133.6 + 23 107 +£15.5
- 27.5 £ 2.5 % RH 0.91 £ 0.02 91 £ 21 68.4 £ 10
MERV13 57.5 + 2.5 % RH 51+0.2 450 + 32.6 67.7 % 210.8 + 3.6 52.9 %
- 42.5 + 2.5 % RH (Baseline) 1.3 £ 0.05 127.2 + 6.4 79.4 £ 2.7
MERVS8 57.5 £ 2.5 % RH 89 +1.34 805.2 + 110 56.7 % 87.4 £12.6 43.6 %
42.5 + 2.5 % RH (Baseline) 3.0 £0.18 288.8 + 7.7 40.4 + 2.8

velocity determination.

Following ANSI/ASHRAE Standard 41.2-2022 recommendations
[73], a self-averaging pitot-tube array was designed to measure mean
airflow velocity along the diagonal of the test rig’s cross-section. The
array included five pitot-tubes (Model 160, Dwyer Instruments LLC,
Michigan City, IN, USA), with their static pressure ports connected
together and their total pressure ports similarly connected. The com-
bined static pressure was routed to a single outlet connected to a pres-
sure transducer (Model 265, Setra Systems Inc., Boxborough, MA, USA),
and the same configuration was applied for the total pressure. Real-time
volumetric airflow rate calculations were performed in LabVIEW, which
also provided PID-controlled feedback to maintain a constant airflow
rate. To prevent clogging, a self-cleaning system periodically purged
pitot-tube orifices with particle-free compressed air. Two solenoid
valves alternated between the compressed air source and the pressure
transducer, automatically switching every 30 min for a 1-min purge
before resuming normal operation. This cleaning process was integrated
into LabVIEW and conducted without interrupting test rig operation.

2.4. HVAC filter performance evaluation metrics

The test-filter AP increased over time due to loading with the TAG-
generated submicron KCI aerosol, with AP recorded at 1 Hz in Lab-
VIEW. Two HVAC filter loading curves were analyzed: (1) real-time AP
growth as a function of the loading time, starting from TAG ignition, and
(2) AP growth as a function of the total salt stick mass consumed during
the loading process. The volumetric airflow rate, in-duct temperature,
and RH were recorded at 1 Hz to evaluate their influence on filter per-
formance in sensitivity tests. The initial and final masses of test-filters
were measured to determine the total loaded KCI aerosol mass, repre-
senting filter DHC. DHC is a key parameter linked to filter lifetime,
making it a critical metric for assessing overall filter performance.
Lastly, size-resolved filtration efficiency was calculated from the dif-
ference between upstream and downstream number-PSDs. Since up-
stream and downstream PSDs were not measured simultaneously,

upstream concentrations were assumed to remain stable during sample
valve switching.

3. Results and discussion

The following sections present the results of the artificial loading
study using synthetic submicron KCl aerosol under various loading
conditions. First, the impact of the HVAC filter type on loading perfor-
mance is analyzed under baseline conditions (2000 ft> min airflow
rate; 10 mm min’! salt stick feed rate; 42.5 + 2.5 % RH). Next, airflow
rate effects are examined across different settings (2000, 1000, and 500
ft> min™! airflow rate; 10 mm min! salt stick feed rate; 42.5 & 2.5 % RH).
Additional sensitivity tests assess the influence of the salt stick feed rate
(2000 £t min™ airflow rate; 18, 10, 5 mm min™' salt stick feed rate; 42.5
+ 2.5 9% RH) and RH (2000 ft> min™! airflow rate; 10 mm min™! salt stick
feed rate; 57.5 4+ 2.5 %, 42.5 + 2.5 %, 27.5 £ 2.5 % RH) on filter loading
performance. Filter loading performance is evaluated based on two
primary metrics: (1) the loading period (in hours) required for the filter
AP to increase from its initial value to the final AP = 1.5 in H,O and (2)
the total mass of salt sticks (in grams) consumed during loading,
determined through gravimetric measurements after accounting for the
mass of MgO ash. Additionally, the test-filter loaded mass is reported for
each experiment to quantify DHC under varying conditions.

3.1. Impact of HVAC filter type on filter loading performance

HVAC filter type significantly influences loading duration, a key
factor in assessing filter longevity and performance. Variations in filter
media porosity and capture mechanisms affect loading behavior, as
different filters exhibit distinct filtration efficiencies and changes in
porosity over time. Fig. 4 presents the loading curves for each filter
under baseline conditions (2000 ft°> min™! airflow rate; 10 mm min™' salt
stick feed rate; 42.5 + 2.5 % RH). MERV14 and MERV13 filters had
similar loading times to reach a final AP of 1.5 in Hy0, consuming
comparable amounts of salt stick mass. Table 4 summarizes the mean (+
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Fig. 5. Time-series plots (a, b), box plots (c to e), and filtration efficiency curves (f) of the submicron particle loading kinetics for MERV14 test-filters at different
volumetric airflow rate setpoints (pink color for 2000 ft> min'l, green color for 1000 £t min’l, and blue color for 500 ft®> min™): (a) test-filter AP vs. loading period;
(b) test-filter AP vs. the mass of salt sticks consumed by the TAG during the entire loading period; (c) summarized loading period for each airflow rate setpoint; (d)
summarized mass of salt sticks consumed for each airflow rate setpoint; (e) change in the test-filter mass (loaded filter mass — initial filter mass) for each airflow rate
setpoint; (f) median initial filtration efficiency (solid line) and the final efficiency (dashed line). The time-series plots illustrate the real-time measurement of the test-
filter AP at 1 Hz with three or five curves for each airflow rate setpoint, each curve indicating an individual experiment at the airflow rate loading condition and the
shaded area showing the range that the replicate experiments enclosed. The box plots illustrate the median value (red line) and the interquartile range from the 25th
to 75th percentile (blue box). The whiskers indicate the range of the remaining data, excluding outliers, which are plotted individually as red plus signs.

standard deviation) loading period, total salt stick mass consumed, and
test-filter loaded mass for each filter type and sensitivity test. The
loading period for MERV14 and MERV13 was 1.5 + 0.06 h and 1.3 +
0.05 h, respectively. The salt stick mass consumed by the TAG for
MERV14 and MERV13 test-filters was 133.6 + 23 g and 127.2 + 6.4 g,
respectively. Filter loaded mass was 107 + 15.5 g for MERV14 and 79.4
+ 2.7 g for MERV13. In contrast, MERVS filters exhibited a significantly
longer loading period (3.0 + 0.18 h) and consumed more salt sticks
(288.8 + 7.7 g). Their loaded mass was 40.4 + 2.8 g.

According to ANSI/ASHRAE Standard 52.2-2017, MERV14 filters
must achieve at least 75 % efficiency for particles between 0.3 and 1.0
um [70]. Their high efficiency enabled faster loading compared to
MERVS filters. These results align with previous studies showing that
filters with higher MERV ratings (evaluated for particles >300 nm) also
capture ultrafine particles (<100 nm) more effectively [74,75]. The
lower efficiency of MERVS filters led to approximately double the
loading time to reach the final AP of 1.5 in H0 and higher salt stick
consumption due to the prolonged loading process at the same salt stick

feed rate. As a result, MERVS filters had significantly lower loaded mass
than MERV14 and MERV13 filters, underscoring the trade-off between
filtration efficiency and operational longevity among different filters.

Contrary to expectations, MERV13 filters did not exhibit a longer
loading period than MERV14 filters despite their lower efficiency rating.
This discrepancy is likely due to differences in filtration mechanisms
between mechanical and electret filters. MERV14 and MERVS filters are
mechanical filters, capturing particles via diffusion, interception, iner-
tial impaction, and gravitational settling [76]. In contrast, MERV13
filters are electret filters, which use electrostatic forces — including
Coulombic and dielectrophoretic attraction — alongside mechanical
mechanisms to enhance particle capture efficiency [68,76-78].

The unique loading behavior of MERV13 filters may stem from the
charging characteristics of the KCl aerosol generated by the TAG. The
0,-C3Hg flame used in the TAG is known to produce flame-induced ions
through chemi-ionization [79], which can attach to KCl aerosol particles
during their formation. Hydrocarbon flames, including O,-C3Hg flames,

generate ion concentrations ranging from 10'° to 10'2? jons cm,
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Fig. 6. Time-series plots (a, b), box plots (c to e), and filtration efficiency curves (f) of the submicron particle loading kinetics for MERV13 test-filters at different
volumetric airflow rate setpoints (pink color for 2000 ft> min'!, green color for 1000 ft> min™, and blue color for 500 ft®> min™): (a) test-filter AP vs. loading period;
(b) test-filter AP vs. the mass of salt sticks consumed by the TAG during the entire loading period; (c) summarized loading period for each airflow rate setpoint; (d)
summarized mass of salt sticks consumed for each airflow rate setpoint; (e) change in the test-filter mass (loaded filter mass — initial filter mass) for each airflow rate
setpoint; (f) median initial filtration efficiency (solid line) and the final efficiency (dashed line). The time-series plots illustrate the real-time measurement of the test-
filter AP at 1 Hz with three or five curves for each airflow rate setpoint, each curve indicating an individual experiment at the airflow rate loading condition and the
shaded area showing the range that the replicate experiments enclosed. The box plots illustrate the median value (red line) and the interquartile range from the 25th
to 75th percentile (blue box). The whiskers indicate the range of the remaining data, excluding outliers, which are plotted individually as red plus signs.

consisting of positively charged species (e.g., CHj, C3Hf, CHO™, CHO3,
CH,0™", H30™") and negatively charged ions (e.g., HO3, H,0"), as well as
free electrons [79,80]. These ions can interact with aerosol particles in
the flame, often leading to a dominant negative charge state due to
higher electron attachment rates [81-84]. Preliminary measurements
using the HR-ELPI+ (with its corona charger disabled) confirmed that
the generated KCl aerosol exhibited bipolar charges across different
particle sizes, consistent with charged aerosol characteristics.

Electret filters like MERV13 contain dielectric materials that develop
quasi-permanent electrostatic charges when subject to an external
charging process [85]. When capturing neutral particles, electret filters
primarily rely on dielectrophoretic forces. However, when exposed to
charged particles, Coulombic attraction and dielectrophoretic forces act
synergistically, enhancing filtration efficiency [78,86,87]. Given the
charged nature of the TAG-generated KCl aerosol, it is plausible that the
electrostatic charge on the MERV13 filter media increased as loading
progressed, further enhancing particle capture efficiency. This rein-
forcement of electrostatic forces could explain why MERV13 filters

exhibited loading performance comparable to or exceeding that of me-
chanical MERV14 filters under these specific conditions. These findings
align with previous studies indicating that electret filters perform better
when exposed to charged aerosol [88].

3.2. Impact of volumetric airflow rate on filter loading performance

Fig. 5 presents the loading curves for MERV14 filters under varying
airflow rates (2000, 1000, and 500 ft> min™"). As summarized in Table 4,
the baseline tests at 2000 ft> min™ resulted in a loading period of 1.5 +
0.06 h and consumed 133.6 + 23 g of salt stick mass. At reduced airflow
rates, the loading time increased to 2.34 + 0.08 h at 1000 ft> min! (salt
stick consumption: 218 + 22 g) and 2.8 + 0.1 h at 500 ft°> min™ (salt
stick consumption: 228 + 20 g). The corresponding filter loaded masses
were 107 +£15.5g,159 + 18 g, and 177 + 12 g for airflow rates of 2000,
1000, and 500 £t min’, respectively. A clear trend emerges — lower
airflow rates extend the loading period and increase salt stick con-
sumption, indicating slower clogging at reduced velocities.
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Additionally, the initial filter AP was lower at reduced airflow rates,
contributing to longer loading durations. These results align with prior
studies demonstrating that AP is directly proportional to airflow rate, as
predicted by theoretical and empirical models [56,63,64,71,89-94].

Modeling studies have shown that for clean filters, AP is influenced
by airflow properties (e.g., viscosity, velocity) and filter characteristics
such as fiber diameter and packing density. At higher airflow velocities,
increased friction and turbulence elevate AP. As filters accumulate
particles, both filter porosity and dust cake porosity decrease, further
increasing resistance to airflow. Lower airflow rates mitigate these ef-
fects by slowing clogging dynamics and reducing initial AP, extending
filter lifespan while requiring greater salt stick consumption to reach the
final AP threshold [56,63,64,71,89-94].

Fig. 6 shows the loading curves for MERV13 filters under the same
airflow rate conditions. Baseline tests at 2000 ft°> min! resulted in a
loading period of 1.3 + 0.05 h and consumed 127.2 + 6.4 g of salt stick
mass. At 1000 ft® min‘l, the loading period was 1.3 4+ 0.13 h (salt stick
consumption: 136.8 + 3 g), while at 500 ft®> min'!, the loading time was
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1.3 4 0.04 h (salt stick consumption: 126.1 + 2.3 g). The corresponding
filter loaded masses were 79.4 + 2.7 g, 99.2 + 2.7 g, and 87.6 + 3 g for
airflow rates of 2000, 1000, and 500 ft®> min’, respectively. While the
initial AP decreased with airflow rate, MERV13 filters exhibited similar
loading periods and salt stick consumption across all airflow rates. This
behavior likely stems from their electrostatic filtration mechanism,
which enhances particle capture at lower airflow rates, unlike me-
chanical filters such as MERV14 and MERVS.

A comparison of initial filtration efficiencies showed that MERV13
filters captured more 50-200 nm particles at 500 ft> min™ than at 1000
or 2000 ft> min!. The increased efficiency at lower airflow rates is due to
longer particle retention times within the filter media, allowing more
opportunities for charged particles to be captured by electrostatic forces
[95,96]. This effect is particularly pronounced for submicron KCl
aerosol, where Coulombic attraction and dielectrophoretic forces
dominate over mechanical filtration. The higher initial filtration effi-
ciency of MERV13 filters at 500 ft® min™! facilitated faster depth filtra-
tion and dust cake formation, reducing media porosity and accelerating
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stick feed rate setpoints (pink color for 18 mm min'l, green color for 10 mm min'l, and blue color for 5 mm min™): (a) test-filter AP vs. loading period; (b) test-filter
AP vs. the mass of salt sticks consumed by the TAG during the entire loading period; (c¢) summarized loading period for each salt stick feed rate setpoint; (d)
summarized mass of salt sticks consumed for each salt stick feed rate setpoint; (e) change in the test-filter mass (loaded filter mass - initial filter mass) for each salt
stick feed rate setpoint; (f) median initial filtration efficiency (solid line) and the final efficiency (dashed line). The time-series plots illustrate the real-time mea-
surement of the test-filter AP at 1 Hz with three or five curves for each salt stick feed rate setpoint, each curve indicating an individual experiment at the salt stick
feed rate loading condition and the shaded area showing the range that the replicate experiments enclosed. The box plots illustrate the median value (red line) and
the interquartile range from the 25th to 75th percentile (blue box). The whiskers indicate the range of the remaining data, excluding outliers, which are plotted

individually as red plus signs.

AP evolution. Consequently, the electret-enhanced filtration efficiency
counterbalanced the effects of lower airflow velocity, explaining the
similar loading durations across all tested airflow rates for MERV13
filters.

Fig. 7 presents the airflow rate sensitivity curves for MERVS filters.
The baseline tests at 2000 ft> min™! resulted in a loading period of 3.0 +
0.18 h and consumed 288.8 + 7.7 g of salt stick mass. At 1000 ft> min’,
the loading time increased to 4.03 £ 0.3 h (salt stick consumption: 363.9
+ 52.9 g), while at 500 3 min'l, it reached 4.4 + 0.5 h (salt stick
consumption: 413.9 + 27.2 g). The corresponding filter loaded masses
were 40.4 + 2.8 g, 47.9 £+ 3.7 g, and 49.2 + 2.6 g for airflow rates of
2000, 1000, and 500 ft°> min™, respectively. MERVS filters followed the
same trend as MERV14 filters, with lower airflow rates prolonging the
loading period and increasing salt stick consumption due to slower
clogging dynamics. However, the total loaded mass remained notably
lower than that of MERV14 filters, increasing only slightly at lower
airflow rates. This difference is attributed to the lower filtration
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efficiency of MERVS filters, which capture fewer particles, limiting mass
accumulation despite extended loading durations.

Airflow rate also influenced the KCl aerosol PSDs, affecting filter
loading performance. Lower airflow rates increased particle residence
time, promoting coagulation and shifting PSDs toward larger particle
sizes [62]. At 2000 ft°> min™, the KCl aerosol peak diameter was Depy ~
90 nm, while at 500 ft> min™', it increased to Dem ~ 110 nm. Prior studies
indicate that finer particles accelerate filter AP evolution [44-48,53,
67]. This aligns with the trends observed for mechanical filters (MERV8
and MERV14), where the higher 2000 ft> min™! airflow rate resulted in
number PSDs that shifted to smaller particles and faster AP growth.
Consequently, PSD shifts due to varying airflow rates likely contributed
to the observed differences in filter loading. Specifically, larger particle
sizes at lower airflow rates may slow down filter clogging due to reduced
penetration into the filter media and less pronounced depth filtration
effects. This interaction underscores the complex interplay between
PSDs, airflow rates, and filter performance.
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3.3. Impact of salt stick feed rate on filter loading performance

Fig. 8 presents the loading behavior of MERV14 filters at different
salt stick feed rates. At 18 mm min’', loading was completed in 1.03 +
0.02 h, consuming 133 + 9 g of salt stick mass, with a filter loaded mass
of 92 + 24 g. The baseline 10 mm min™ feed rate resulted in a 1.5 + 0.06
h loading time, consuming 133.6 + 23 g, with a loaded mass of 107 +
15.5 g. At the lowest feed rate (5 mm min'l), the loading time increased
to 3.1 £ 0.1 h, with 150 + 2 g of salt stick mass consumed and a loaded
mass of 113 + 4 g (Table 4). Lower feed rates led to longer loading times
and slower filter AP growth, but total salt stick consumption and filter
loaded mass remained similar across all settings, with coefficients of
variance (COV) for salt stick consumption and filter loaded mass of 12.4
% and 16.2 %, respectively. The COVs across different salt stick feed
rates are significantly smaller than that of different airflow rates (27.9 %
and 25.2 %) and RHs (54.9 % and 50.6 %) for MERV14 test-filters
(Table 4). This indicates that while higher feed rates accelerate loading,
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the DHC remains relatively consistent. These findings validate the
method’s ability to rapidly age filters for long-term performance eval-
uation without introducing significant bias, unlike conventional testing
with coarse dust at high mass concentrations [48,58,59].

Minor variations in filter loaded mass likely result from differences in
deposition dynamics at higher feed rates, where rapid particle accu-
mulation forms denser dust cakes. However, these effects were minimal
due to the use of submicron particles. Prior studies have similarly shown
that feed rate effects diminish as particle size decreases [48,59]. This is
due to differences in filtration mechanisms — submicron particles
penetrate deeper into the filter media, promoting depth filtration,
whereas coarser particles accumulate on the surface. In depth filtration,
loading curves remain consistent across feed rates as ultrafine particles
require less time and space to integrate into the filter media compared to
larger particles. Once surface filtration becomes dominant, similar
loading trends are observed due to the rapid growth in filter AP asso-
ciated with surface dust cake formation. This underscores the reduced
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Fig. 10. Time-series plots (a, b), box plots (c to e), and filtration efficiency curves (f) of the submicron particle loading kinetics for MERV8 test-filters at different salt
stick feed rate setpoints (pink color for 18 mm min’l, green color for 10 mm min’l, and blue color for 5 mm min™): (a) test-filter AP vs. loading period; (b) test-filter
AP vs. the mass of salt sticks consumed by the TAG during the entire loading period; (c¢) summarized loading period for each salt stick feed rate setpoint; (d)
summarized mass of salt sticks consumed for each salt stick feed rate setpoint; (e) change in the test-filter mass (loaded filter mass - initial filter mass) for each salt
stick feed rate setpoint; (f) median initial filtration efficiency (solid line) and the final efficiency (dashed line). The time-series plots illustrate the real-time mea-
surement of the test-filter AP at 1 Hz with three or five curves for each salt stick feed rate setpoint, each curve indicating an individual experiment at the salt stick
feed rate loading condition and the shaded area showing the range that the replicate experiments enclosed. The box plots illustrate the median value (red line) and
the interquartile range from the 25th to 75th percentile (blue box). The whiskers indicate the range of the remaining data, excluding outliers, which are plotted

individually as red plus signs.

sensitivity of submicron-based loading to particle concentration and
reinforces the suitability of KCI aerosol for realistic filter performance
evaluations.

Fig. 9 illustrates the impact of salt stick feed rate on MERV13 filters.
As with MERV14 filters, lower feed rates extended loading times while
total salt stick consumption remained largely unchanged. At 18 mm min
! loading was completed in 0.8 + 0.04 h, consuming 125.3 + 2 g of salt
stick mass, with a loaded mass of 76.8 + 4 g. The baseline 10 mm min’!
feed rate resulted in a loading time of 1.3 £ 0.05 h, consuming 127.2 &+
6.4 g, with a loaded mass of 79.4 & 2.7 g. At 5 mm min’’, the loading
time increased to 2.37 + 0.07 h, with 119 + 9.6 g of salt stick mass
consumed and a loaded mass of 75.6 + 2.7 g (Table 4). The similarity in
DHC across feed rates indicates that particle feed rate has minimal
impact on MERV13 performance, further validating the robustness of
this method for long-term filter evaluation without bias from artificially
high loading rates.

Fig. 10 shows the impact of feed rate on MERVS filters. At 18 mm
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min’!, loading was completed in 2.3 + 0.43 h, consuming 307.9 + 50.1
g of salt stick mass, with a loaded mass of 41.1 + 7 g. The baseline 10
mm min’ feed rate resulted in a 3.0 + 0.18 h loading time, consuming
288.8 + 7.7 g, with a loaded mass of 40.4 + 2.8 g. At 5 mm min’}, the
loading time increased significantly to 7.9 + 0.32 h, with 405 + 27.3 g
of salt stick mass consumed and a loaded mass of 37.5 &+ 2.6 g (Table 4).
As expected, lower feed rates extended loading time, but total salt stick
consumption was similar at 18 mm min and 10 mm min. The dif-
ference at 5 mm min’! likely stems from batch-to-batch variability in
MERVS filters.

The initial batch of MERVS filters was used for five baseline tests and
two tests at 18 mm min"! before being exhausted. Later tests used a new
batch provided by the manufacturer. While both batches were rated as
MERVS, production differences and variations in efficiency assessments,
especially given that the two batches were manufactured over five years
apart, may explain discrepancies in filter loaded mass at 5 mm min™’. It
is possible that the second batch had slightly lower filtration efficiency
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Fig. 11. Time-series plots (a, b), box plots (c to e), and filtration efficiency curves (f) of the submicron particle loading kinetics for MERV14 test-filters at different RH
setpoints (pink color for 57.5 + 2.5 % RH, green color for 42.5 + 2.5 % RH, and blue color for 27.5 + 2.5 % RH): (a) test-filter AP vs. loading period; (b) test-filter AP
vs. the mass of salt sticks consumed by the TAG during the entire loading period; (c) summarized loading period for each RH setpoint; (d) summarized mass of salt
sticks consumed for each RH setpoint; (e) change in the test-filter mass (loaded filter mass — initial filter mass) for each RH setpoint; (f) median initial filtration
efficiency (solid line) and the final efficiency (dashed line). The time-series plots illustrate the real-time measurement of the test-filter AP at 1 Hz with three or five
curves for each RH setpoint, each curve indicating an individual experiment at the RH loading condition and the shaded area showing the range that the replicate
experiments enclosed. The box plots illustrate the median value (red line) and the interquartile range from the 25th to 75th percentile (blue box). The whiskers
indicate the range of the remaining data, excluding outliers, which are plotted individually as red plus signs.

for submicron particles, leading to the observed differences.
3.4. Impact of relative humidity on filter loading performance

RH significantly influences filter loading behavior, with higher RH
generally slowing the loading process [66-69,72,96-112]. This trend
was observed across all test-filters in this study. Fig. 11 shows the impact
of RH on MERV14 filter loading. At 57.5 + 2.5 %, the loading time
increased, requiring more salt stick consumption. This effect is likely due
to changes in particle deposition and the morphology of dendrites on the
filter media, which reduce airflow resistance and slow the increase in
filter AP. While RH can alter particle size through hygroscopic growth
[97,98,102,103,105,111], number-based PSDs remained generally
consistent across all RH conditions in this study. The slight shift toward
larger mass-based PSDs at lower RH is unlikely to be the primary driver
of slower loading. Instead, enhanced particle-particle adhesive forces at
higher RH appear to be the dominant factor [68].

Prior research supports this explanation. Joubert et al. (2010) [99]
used scanning electron microscopy to show that NaCl particles adhere
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more closely under high RH, forming smaller dendritic structures that
reduce filter AP growth. Li et al. (2020) [68] found that while RH
minimally affects initial filtration efficiency, it slows filter AP evolution
due to stronger adhesion between particles. At high RH, hygroscopic
particles tend to stick to previously deposited particles rather than
rolling into interstitial spaces, thereby slowing filter AP growth. Li et al.
(2023) [109] further demonstrated that increased RH reduces dust cake
drag coefficients via capillary coalescence, forming liquid bridges that
create looser dust cakes with lower airflow resistance.

These effects primarily apply to hygroscopic particles like KCl and
NacCl but not to non-hygroscopic aerosol. Boudhan et al. (2019) [104]
observed greater AP growth for non-hygroscopic particles at higher RH,
while Gupta et al. (1993) [105] and Montgomery et al. (2015) [66]
reported minimal RH impact for aluminium oxide (AlyO3)-loaded filters.
Gupta et al. (1993) [105] also noted that when RH exceeds the deli-
quescence point of hygroscopic particles, they transition into liquid
form, filling filter media interstitial spaces and rapidly increasing AP.
However, in this study, the RH remained well below deliquescence point
for KCI, preventing liquid bridge formation. This aligns with Schwarz
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Fig. 12. Time-series plots (a, b), box plots (c to e), and filtration efficiency curves (f) of the submicron particle loading kinetics for MERV13 test-filters at different RH
setpoints (pink color for 57.5 + 2.5 % RH and green color for 42.5 + 2.5 % RH): (a) test-filter AP vs. loading period; (b) test-filter AP vs. the mass of salt sticks
consumed by the TAG during the entire loading period; (c) summarized loading period for each RH setpoint; (d) summarized mass of salt sticks consumed for each RH
setpoint; (e) change in the test-filter mass (loaded filter mass - initial filter mass) for each RH setpoint; (f) median initial filtration efficiency (solid line) and the final
efficiency (dashed line). The time-series plots illustrate the real-time measurement of the test-filter AP at 1 Hz with three or five curves for each RH setpoint, each
curve indicating an individual experiment at the RH loading condition and the shaded area showing the range that the replicate experiments enclosed. The box plots
illustrate the median value (red line) and the interquartile range from the 25th to 75th percentile (blue box). The whiskers indicate the range of the remaining data,

excluding outliers, which are plotted individually as red plus signs.

et al. (2020) [106], who reported steep AP increases when filters were
exposed to water droplets — an effect not observed under our conditions.
In summary, the slower filter loading at higher RH is likely attributed to
enhanced particle adhesion rather than significant changes in KCl
aerosol size or morphology. These findings highlight the importance of
RH in filter performance for hygroscopic aerosol under sub-deliquescent
conditions.

Fig. 12 presents the impact of RH on MERV13 electret filter loading.
As with MERV14 filters, higher RH resulted in longer loading times and
greater salt stick consumption. However, the effect was more pro-
nounced for MERV13 filters due to charge decay. High RH accelerates
the loss of electrostatic charge in electret filter media, reducing their
ability to capture particles via Coulombic and dielectrophoretic forces.
This reduction in filtration efficiency suppresses the growth of filter AP.
Liu et al. (2020) [112] observed a rapid decline in both surface potential
and filtration efficiency after just one hour of exposure to 90 % RH,
attributing this decline to charge dissipation. Similarly, Lee et al. (2020)
[88] reported a loss of electrostatic charge within three minutes under
similar conditions. In addition to charge decay, high RH increases dust
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cake porosity, further reducing AP growth. These combined effects
explain why high RH has a stronger influence on MERV13 electret filters
compared to mechanical filters like MERV14.

Fig. 13 shows that MERVS filters also exhibited extended loading
times at higher RH, consistent with trends observed for MERV14 and
MERV13 filters. As a mechanical filter, MERV8 responded to high RH
similarly to MERV14, with enhanced particle adhesion playing a
dominant role in slowing the loading process. The strong RH depen-
dence of KCI aerosol-based loading highlights a key distinction from
traditional coarse dust loading methods, such as those specified in ANSI/
ASHRAE Standard 52.2-2017 [70]. The broad RH range permitted by
this standard (45 £+ 10 %) resulted in significantly different loading
behavior when applied to this submicron aerosol methodology. To
minimize bias, this study implemented a stricter RH control range (+2.5
% per RH setpoint) ensuring greater consistency and reliability in
evaluating filter performance under varying humidity conditions.
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Fig. 13. Time-series plots (a, b), box plots (c to e), and filtration efficiency curves (f) of the submicron particle loading kinetics for MERVS test-filters at different RH
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excluding outliers, which are plotted individually as red plus signs.
4. Conclusions

This study evaluated the loading behavior of MERV8, MERV13, and
MERV14 HVAC filters under various operational conditions — volu-
metric airflow rate, salt stick feed rate, and RH - using a new loading
methodology with synthetic submicron KCl aerosol. The findings high-
light how these factors influence filter AP evolution, loading time, and
DHC, providing insights into filter performance and aging mechanisms.
The airflow rate significantly affected filter loading. Higher airflow
accelerated clogging and reduced loading time but consumed less salt
stick mass due to finer KCl aerosol PSDs. Lower airflow prolonged
loading and increased salt stick consumption due to slower clogging
dynamics and larger particle sizes from extended in-duct residence
times. This trend was consistent across filters, though MERV8 exhibited
lower DHC due to its lower filtration efficiency. The salt stick feed rate
had minimal impact on DHC across all filter types. While higher feed
rates accelerated loading, total salt stick consumption and filter loaded
mass remained comparable, demonstrating the robustness of the pro-
posed TAG-based loading methodology in evaluating long-term
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performance without significant bias.

RH played a crucial role, particularly for hygroscopic KCl aerosol.
Higher RH slowed loading across all filter types. For mechanical filters
(MERVS8, MERV14), increased particle adhesion led to looser dust cakes
and suppressed AP growth. For electret filters (MERV13), high RH
further reduced filtration efficiency by accelerating charge decay in
addition to increasing dust cake porosity. These results underscore the
importance of precise RH control in filter testing, with a stricter range
(£2.5 %) ensuring consistency compared to the broader allowance of
ANSI/ASHRAE Standard 52.2-2017.

This study successfully developed a repeatable filter loading meth-
odology that better simulates real-world urban aerosol PSDs compared
to conventional loading dusts. The findings improve understanding of
filter aging and provide insights for optimizing HVAC system perfor-
mance. Several aspects warrant further investigation. First, the elec-
trostatic properties of TAG-generated KCl aerosol should be further
examined, as particle charge can influence HVAC filter performance
leading to bias in dust loading behavior, particularly for electret-based
media like the MERV13 test-filters examined in this study.



C. Huang et al.

Additionally, the presence of flame-generated ions may induce electro-
static charges on mechanical filters, potentially accelerating the
improvement in filtration efficiency compared to scenarios involving
neutral particles. Various aerosol measurement techniques have been
used to measure particle charge properties [83,84,113,114]. Future
work could explore charge-neutralization techniques, such as multiple
neutralization sources [47], to enhance aerosol realism. Second, since
absolute humidity (AH) may more directly affect filter performance than
RH [104], its role in filter aging should be further studied. Moreover, the
TAG output at a fixed setting produces only uni-modal PSDs, whereas
urban aerosol typically exhibits broader, multi-modal PSDs. This
discrepancy is anticipated to cause an underestimation in the filter AP
growth rate and overestimation in the DHC, as detailed in a previous
study [62]. Future research efforts could focus on incorporating
multi-modal aerosol generation of variable organic and inorganic
aerosol composites to further align laboratory-generated loading aerosol
with real-world urban aerosol. Furthermore, instead of the bulk airflow
rates in the test rig, future research is needed to examine the effects of
face velocity and filtering velocity in greater detail. Lastly, improving
RH stabilization (e.g., preheated humidifier water), optimizing the TAG
salt stick feeding mechanism, and ensuring consistent filter selection
within the same manufacturing lot would enhance experimental
repeatability. Addressing these factors will further refine the proposed
loading methodology and improve its applicability for HVAC filter
evaluations.
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