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A B S T R A C T

HVAC filters are a primary barrier against outdoor aerosol particles entering mechanically ventilated buildings, 
yet the temporal evolution of their performance under continuous outdoor aerosol exposure remains largely 
uncharacterized. In this study, we used a custom-built, large-scale in-situ HVAC filter aging test rig with three 
independently operated full-scale ventilation duct systems to conduct a two-year assessment of three full-scale 
filter banks comprising MERV8 pleated pre-filters paired with final-filters (MERV8 pleated, MERV13 electret 
bag, and MERV14 V-cell) operated at 2000 ft3/min. Particle number size distributions from 10–10,000 nm were 
measured across pre- and final-filters to quantify long-term changes in size-resolved aerosol filtration efficiencies 
and to derive an in-situ MERV rating. Distinct aging behaviors emerged: MERV8 pre-filters exhibited substantial 
increases in pressure drop, enhanced efficiency as outdoor aerosol particles accumulated, and rose in-situ MERV 
rating (MERV8 to MERV14 after 1 year). Final-filters contributed little additional airflow resistance, but effi
ciency trends diverged by media type: declining for the MERV13 electret bag filter (MERV13 to MERV10 after 
6.5 months), remaining stable for the MERV14 V-cell filter, and increasing for the MERV8 pleated filter (MERV8 
to MERV11 after 1 year). Size-resolved outdoor aerosol measurements revealed distinct mass loading trajectories 
by filter type and position, with MERV8 pre-filters dominated by coarse particle accumulation and final-filters 
loaded predominantly by fine and ultrafine particles, with total gravimetric mass gain over two years 
increasing with filter MERV rating for the final-filters. Under constant airflow operation, weekly fan energy 
consumption increased progressively over the two-year period alongside rising filter pressure drop, with the 
magnitude and rate of increase varying by filter type and fan efficiency. These results demonstrate that labo
ratory tests of new filters alone are inadequate predictors of in-service performance and highlight the value of the 
in-situ MERV rating for capturing temporal evolution in filter performance. Incorporating long-term efficiency 
dynamics and mass loading trajectories is essential for predicting how buildings mitigate aerosol intrusion during 
outdoor air pollution events such as wildfires, dust storms, and smog episodes, and for optimizing filter 
replacement scheduling.

1. Introduction

People spend approximately 90% of their time indoors, where indoor 
air quality has direct consequences for both physical and psychological 
health [1–7]. The indoor atmosphere contains a broad spectrum of 
aerosol particles from both outdoor and indoor sources, including 
wildfire smoke, respiratory viruses, bacterial cells, fungal spores, pollen 
grains, sea spray aerosol, resuspended dust, tire and brake wear parti
cles, textile fibers, nano- and microplastics, combustion and cooking 

aerosol, and secondary particles formed through oxidation and nucle
ation processes [8–22]. Numerous studies have shown that outdoor 
aerosol particles smaller than 2.5 µm in diameter (PM2.5) contribute 
20–90% of indoor PM2.5 mass concentrations across the U.S., depending 
on building characteristics, environmental conditions, and ventilation 
practices [23,24]. In particular, the increasing frequency of wildfire 
events and the persistence of traffic-related air pollution have become 
major drivers of indoor aerosol particle levels, with median 
indoor-outdoor correlation coefficients approaching 0.9 for commercial 
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buildings [25–27].
The building envelope provides passive protection from outdoor 

aerosol particles, while heating, ventilation, and air conditioning 
(HVAC) systems offer active mitigation through mechanical filtration 
[28]. Fibrous HVAC filters remain the most widely implemented air 
cleaning solution in buildings because they offer low cost, long service 
life, high removal effectiveness, and easy maintenance [29]. In contrast 
to oxidation-based devices, bipolar ionization systems, and ultraviolet 
germicidal irradiation (UVGI) technologies, which primarily inactivate 
biological aerosol particles and may generate undesirable by-products 
such as ozone and oxygenated volatile chemicals [30,31], conven
tional fibrous filters physically remove aerosol particles of both outdoor 
and indoor origin without producing secondary contaminants. More
over, studies have shown that fibrous HVAC filters, particularly those 
integrated with sorbent materials, can also adsorb or decompose 
selected gas-phase pollutants, including ozone and certain volatile 
chemicals [30,31], further enhancing their advantages over alternative 
air cleaning technologies.

Historically, low-efficiency HVAC filters were primarily employed to 
protect downstream equipment from performance degradation caused 
by the deposition of coarse particles (>10 µm) on heat exchanger coils 
[32,33]. However, advances in the understanding of indoor air quality 
and the health implications of exposure to airborne particles have 
prompted widespread efforts to upgrade building HVAC systems with 
higher-efficiency filters capable of removing finer particles. Studies have 
demonstrated that sub-micron particles exhibit higher deposition rates 
within the human respiratory system, with the potential for deeper 
penetration in the lungs and increased health risks [16,18]. The recent 
Coronavirus Disease 2019 (COVID-19) pandemic further heightened 
public awareness of airborne virus transmission and underscored the 
critical role of HVAC filtration in mitigating disease spread. These de
velopments have raised concerns about the energy implications of 
high-efficiency filters, which tend to clog more rapidly and impose 
higher pressure drops, necessitating greater fan power and more 
frequent filter replacement.

Collectively, these considerations highlight the importance of accu
rately evaluating HVAC filter performance to support realistic pre
dictions of operational costs and indoor air quality outcomes. Key 
parameters for assessing filter performance include filtration efficiency, 
resistance to airflow (or pressure drop, ΔP), and dust-holding capacity 
(DHC). Filtration efficiency characterizes the filter’s ability to remove 
aerosol particles, thereby improving indoor air quality and protecting 
occupant health. In contrast, pressure drop directly affects building 
energy consumption because higher pressure losses require additional 
fan power to maintain constant airflow in systems equipped with speed 
control. DHC represents the total mass of dust captured by the air filter 
prior to reaching the final allowable pressure drop and is therefore 
directly related to filter service life and replacement frequency.

The performance of HVAC filters can be experimentally evaluated 
using two primary approaches: (1) controlled laboratory testing and (2) 
in-situ (field) testing. Each method offers distinct advantages and limi
tations. Laboratory testing provides a highly reproducible environment 
in which airflow conditions, challenge aerosol characteristics, temper
ature, and relative humidity (RH) are tightly controlled, enabling stan
dardized product comparisons. Such tests are indispensable for 
benchmarking; however, their relevance to real-world operation is 
limited. Most laboratory evaluations focus on small-scale filter media 
sheets [34–45], and studies examining full-scale HVAC filters remain 
comparatively rare [46,47]. Moreover, laboratory tests typically char
acterize only initial performance, offering little insight into how filters 
behave under the months- to years-long aging periods common in 
commercial two-stage HVAC filtration systems, where pre-filters and 
final-filters routinely remain in service well beyond the timescales rep
resented in standardized test protocols, such as ANSI/ASHRAE Standard 
52.2–2017 [48]. As a result, laboratory testing often fails to capture the 
long-term evolution of filtration efficiency, pressure drop, and mass 

loading (DHC) that ultimately governs real-world HVAC system per
formance in buildings.

Substantial discrepancies between laboratory results and in-field 
performance have been widely reported [49–51], driven by factors 
such as non-representative challenge aerosol or loading dust, unrealistic 
environmental parameters, and accelerated loading protocols that use 
artificially elevated particle concentrations [52–55]. Furthermore, cur
rent laboratory standards evaluate only the initial efficiency of new, 
un-aged filters and often restrict the challenge aerosol size range to 
0.3–10 µm [48,56], overlooking large portions of the atmospheric 
aerosol size spectrum, particularly ultrafine particles (≤100 nm), which 
dominate outdoor and indoor number-based particle size distributions 
(PSDs). Electret filters pose an additional challenge, as the decay of 
electrostatic charges that enhance their initial capture efficiency pro
ceeds differently in real installations than in abbreviated laboratory tests 
[51]. Although some methods attempt to simulate charge decay, such as 
ANSI/ASHRAE Standard 52.2–2017 Appendix J [48], the actual kinetics 
and resulting performance impacts remain insufficiently characterized.

In-situ testing, by contrast, evaluates filters within operating HVAC 
systems under authentic indoor-outdoor environmental conditions. 
Real-world temperature, RH, airflow patterns, and ambient aerosol 
composition are inherently captured, and interactions among filter 
media, ductwork, and fan systems are preserved. As a result, in-situ 
testing mitigates limitations of laboratory methods and provides a 
realistic assessment of long-term filter performance, loading behavior, 
and operational energy implications.

Historically, in-situ studies have offered only a limited view of HVAC 
filter behavior because most investigations examined new or lightly 
aged filters, despite the fact that pre-filters in commercial two-stage 
HVAC filtration systems are often operated for many months and 
final-filters may remain in service for multiple years before replacement. 
As a result, previous work largely overlooked how filtration efficiency 
and resistance to airflow evolve as particles accumulate on filter media 
over extended periods. Stephens et al. (2013) evaluated newly installed 
HVAC filters in real buildings and found substantial variability in initial 
efficiency among filters with the same nominal rating, demonstrating 
that laboratory evaluations do not consistently reflect field performance 
[57]. Similarly, Fazli et al. (2019) examined fine and ultrafine particle 
removal by new residential filters but did not assess temporal changes in 
efficiency [58]. Extended-duration in-situ evaluations remain scarce due 
to the labor- and time-intensive nature of field monitoring over months 
or years. In two such studies, Li et al. (2019) and Alavy et al. (2020) 
tracked residential filters (MERV8–14) for three months and observed 
declining efficiency in electret filters, while mechanical (non-electret) 
filters showed comparatively stable performance [59,60]. Additional 
work has shown that increases in filter pressure drop during loading 
elevate fan energy consumption in constant-airflow systems equipped 
with speed control, underscoring the operational energy penalties 
associated with long-term filter use [61]. In contrast, in systems with 
constant-speed fans, higher filter ΔP can reduce energy use by lowering 
volumetric airflow rates. However, the resulting decrease in airflow 
under higher ΔP conditions also reduces the amount of filtered air 
supplied indoors, which can diminish indoor air quality [61,62]. Eval
uating the temporal progression of filter ΔP is therefore essential for 
understanding long-term HVAC energy performance and its implications 
for both building energy consumption and indoor air quality [61,62].

The present study reports a two-year (112-week) in-situ evaluation 
of HVAC filter performance under continuous outdoor aerosol exposure 
using a custom-designed, full-scale filter aging test rig consisting of three 
independently speed-controlled ventilation ducts operated at a constant 
airflow rate setpoint. To the authors’ knowledge, this is the first in-situ 
investigation to obtain continuous, size-resolved measurements of out
door aerosol particles both upstream and downstream of pre- and final- 
filter stages throughout the entire loading period The objectives of this 
work are to characterize long-term changes in: (1) filtration perfor
mance, including size-resolved filtration efficiency and a newly 

C. Huang and B.E. Boor                                                                                                                                                                                                                       Building and Environment 301 (2026) 114596 

2 



developed in-situ MERV rating, and (2) resistance to airflow (filter 
pressure drop, ΔP), size-resolved filter mass loading, and the associated 
fan energy consumption under constant airflow operation as filters age 
under extended service. The filtration bank consisted of MERV8 pleated 
pre-filters paired with MERV8 pleated, MERV13 electret bag, or 
MERV14 V-cell final-filters, enabling comparison across multiple effi
ciency classes within the same HVAC system. The resulting continuous 
dataset provides a uniquely comprehensive reference for understanding 
the coupled dynamics of filter loading, evolving efficiency, and pressure 
drop growth under real-world outdoor aerosol aging conditions. This 
work, conducted as part of ASHRAE RP-1734, supports the development 
of the forthcoming ASHRAE Guideline 35, Method for Determining the 
Energy Consumption Caused by Air-Cleaning and Filtration Devices, and 
advances the modeling and prediction of long-term HVAC filter per
formance in mechanically ventilated buildings.

2. Materials and methods

2.1. Custom-built, large-scale in-situ HVAC filter aging test rig

Fig. 1 presents a schematic and photographs of the full-scale in-situ 
HVAC filter aging test rig located at the Ray W. Herrick Laboratories in 
West Lafayette, IN, U.S. The rig was custom-designed and built to meet 
the requirements of ASHRAE RP-1734 and to provide a controlled 
platform for multi-year, uninterrupted aging of HVAC filters. It consists 
of three independently controlled full-scale ventilation ducts that allow 
simultaneous aging of three pre-filter/final-filter configurations. The 
test rig is 32 ft long with a nominal 2 × 2 ft cross-section and is parti
tioned into Duct 1, Duct 2, and Duct 3 (Fig. 1). These ducts contain the 
following filter combinations: Duct 1: MERV8 pleated pre-filter and 
MERV14 V-cell final-filter; Duct 2: MERV8 pleated pre-filter and 
MERV13 electret bag final-filter; Duct 3: MERV8 pleated pre-filter and 

Fig. 1. Full-scale in-situ HVAC filter aging test rig located at the Ray W. Herrick Laboratories in West Lafayette, IN, U.S.: (a) schematic of the three-duct ventilation 
system and measurement instrumentation; (b-c) photographs of the installed test rig.
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MERV8 pleated final-filter. The system is installed indoors adjacent to 
the building’s exterior façade, enabling direct intake of unconditioned 
outdoor air for real-world outdoor aerosol loading. Each duct is equip
ped with a downstream tubular inline centrifugal blower controlled by a 
variable frequency drive (VFD), which draws outdoor air through the 
system and exposes filters to authentic meteorological variability 
(temperature, RH, and precipitation) throughout the long-term aging 
experiment. All blowers are enclosed within a custom-built acoustic 
housing to minimize interior noise intrusion during the continuous, 
multi-year operation of the test rig.

Outdoor air enters through a common intake plenum and is distrib
uted to the three parallel ducts using internal directional louvers. Out
door aerosol-laden airflow then passes through the filter bank, where the 
installed filters capture outdoor aerosol particles over time. The cen
trifugal blowers were specified to deliver a constant volumetric airflow 
of 2000 ft3 min-1 against a design static pressure of 5 in H2O, accom
modating the maximum anticipated end-of-life resistance of the filters in 
addition to duct surface roughness. After passing through the filters, the 
airflow is exhausted back outdoors through a plenum.

Notably, formal qualification tests such as aerosol uniformity 
profiling were not part of the initial design criteria. However, to ensure 
data reliability, we cross-validated our initial pressure drop measure
ments against data from ANSI/ASHRAE Standard 52.2–2017-compliant 
laboratories. As shown in Table S2, our measurements show strong 
agreement with certified laboratory results at the same volumetric 
airflow rates. This agreement confirms that, despite the absence of 
formal standard qualification, the data generated by our test rig are 
consistent with those obtained from ANSI/ASHRAE Standard 
52.2–2017-compliant laboratory facilities.

2.2. HVAC filter selection

Three types of HVAC filters were selected for this study in accordance 
with ASHRAE RP-1734 requirements. All filters had a nominal cross- 
sectional area of 24 × 24 inches but differed in thickness, media 
composition, and construction (Table 1). The MERV8 filters were 2-inch 
pleated panel filters composed of a proprietary blend of mechanical 
filtration fibers without electret charging. The MERV13 filters were 
eight-pocket bag filters, each pocket 30 inches deep, fabricated from an 
electrostatically enhanced synthetic microfiber media. The MERV14 
filters were 12-inch-deep mini-pleated V-bank box filters constructed 
from microfine glass fiber media.

Each test duct employed a two-stage filtration configuration in which a 
MERV8 pre-filter was installed upstream of the MERV8, MERV13, or 
MERV14 final-filter. The pre-filter removed coarse particles (>1 µm), 
thereby preventing premature loading and clogging of the downstream 
final-filters. This follows standard HVAC practice, which extends final- 
filter service life, stabilizes airflow, and reduces replacement costs. The 
two-stage configuration also enabled the present study to isolate and 
evaluate the performance evolution of the final-filters for sub-micron 
particles (≤1 µm), which dominate the number-based PSDs in both out
door and indoor atmospheric environments [52,58]. This arrangement 
additionally provides empirical reference data to support the forthcoming 
ASHRAE Guideline 35, which will focus on accelerated loading of HVAC 
filters using a sub-micron potassium chloride (KCl) aerosol.

2.3. Experimental protocol

The in-situ HVAC filter aging experiment began in November 2020 
and concluded in February 2023, spanning a total of 112 weeks. Prior to 
installation, each filter was weighed outdoors to ensure that initial mass 
measurements reflected the environmental conditions to which the fil
ters would subsequently be exposed. After gravimetric characterization, 
each filter was installed in its respective filter bank with all edges 
carefully sealed to minimize bypass leakage. The blower for each duct 
was then activated and adjusted via the VFD to establish a nominal 
volumetric airflow rate of 2000 ft3 min-1. Because increases in filter 
pressure drop from aerosol loading are minimal over short time in
tervals, the VFD was manually readjusted once per week to maintain the 
2000 ft3 min-1 setpoint. Concurrently, aerosol instruments collected 
number-based PSDs for subsequent filtration efficiency calculations.

At the approximate midpoint of the study (60 weeks), the three 
MERV8 pre-filters were replaced with identical units to prevent exces
sive resistance on the blowers. The final-filters remained in place, 
allowing aging to continue for a second full year under realistic outdoor 
aerosol exposure. This procedure mirrors standard HVAC maintenance 
protocols, in which pre-filters are routinely replaced while final-filters 
remain in service. The resulting data capture the dynamic fluctuations 
in final-filter loading that occur in real building environments when pre- 
filters are periodically replaced. At the conclusion of the 112-week 
period, all filters were removed and re-weighed outdoors to determine 
the total mass of outdoor aerosol particles accumulated on each filter 
over the course of the aging experiment.

2.4. Instrumentation and system control

2.4.1. Measurement of volumetric airflow rate in the in-situ test rig
Volumetric airflow rate measurements were obtained using pitot- 

tubes (Model 160, Dwyer Instruments LLC, Michigan City, IN, U.S.), 
differential pressure transducers (Model 265, Setra Systems Inc., Box
borough, MA, U.S.), and a data acquisition (DAQ) system (Model 6211, 
National Instruments Inc., Austin, TX, U.S.) controlled through LabVIEW 
(Version 2020, National Instruments Inc., Austin, TX, U.S.) (Table 2). A 
temperature and RH transmitter (Model SRH200, Setra Systems Inc., 
Boxborough, MA, U.S.) was installed downstream of the final-filter in 
one of the ventilation ducts to continuously record the thermodynamic 
properties of the airflow, enabling calculation of the air density. The 
pitot-tube in each test duct measured velocity pressure, which was 
converted by the pressure transducers into analog voltage signals. These 
signals were collected by the DAQ system, which calculated instanta
neous volumetric airflow rates based on velocity pressure and air den
sity. A single pitot-tube was mounted 2 ft upstream of each pre-filter, a 
location selected through preliminary air velocity profile assessments 
that identified this region as having the most stable and uniform airflow 
across the duct cross-section.

Maintaining airflow near the target value of 2000 ft3 min-1 was 
essential, as a primary objective of the study was to compare filter aging 
under consistent operating conditions. To determine the true average 
duct airflow, a weekly pitot-tube traverse was performed following 
ANSI/ASHRAE Standard 41.2–2022 [63]. A correction factor was then 
derived as the ratio of the traverse-based average airflow to the airflow 

Table 1 
Specifications of the HVAC filters evaluated in the in-situ outdoor aerosol aging study.

Filter 
Type

Filter Configuration Nominal Size 
(HxWxD) (in)

Filter Media 
Area (ft2)

Media Type Electret 
Filter?

Nominal Initial Filter 
ΔP (Pa / in H2O)

Recommended Final Filter 
ΔP (Pa / in H2O)

MERV8 Pleated Panel Filter 24 × 24 × 2 17.3 Synthetic Blend of Polyester 
Media

No 77.1 / 0.31 248.8 / 1.0

MERV13 Multi-Pocket Bag 
Filter

24 × 24 × 30 81 Blend of Synthetic 
Microfibers

Yes 87.1 / 0.35 2X Initial Filter ΔP

MERV14 Mini-Pleated V-Bank 
Box Filter

24 × 24 × 12 200 Microfine Glass Fibers with 
an Acrylic Resin Binder

No 84.6 / 0.34 373.3 / 1.5
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measured at the fixed pitot-tube height. An example traverse profile is 
shown in Figure S1. Because only a single pitot-tube reading was 
collected continuously throughout the 112-week experiment, this 
correction factor was updated weekly as part of the quality-control 
protocol to ensure accurate airflow measurement over the multi-year 
testing period.

2.4.2. Measurement of HVAC filter pressure drop in the in-situ test rig
The configuration for filter ΔP measurement is shown in Fig. 1. 

Pressure drops across each pre-filter and final-filter were measured 
using total pressure probes rather than static pressure taps to account for 
potential localized increases in air velocity immediately downstream of 
the filter media caused by reductions in effective cross-sectional area. 
Digital differential pressure transducers (Series 265, Setra Systems Inc., 
Boxborough, MA, U.S.) continuously monitored ΔP across each pre-filter 
and final-filter stage throughout the study (Table 2). Prior to the start of 
the in-situ aging experiment, all pressure transducers were calibrated 
against a high-precision differential pressure gauge (DG-500, The En
ergy Conservatory, Minneapolis, MN, U.S.) to ensure measurement ac
curacy. Six transducers were dedicated to filter ΔP measurements (three 
for pre-filters and three for final-filters), and an additional three trans
ducers were used in conjunction with pitot-tubes for volumetric airflow 
rate measurements. This configuration enabled continuous, high- 
resolution tracking of pressure drop evolution as the filters accumu
lated outdoor aerosol over the 112-week testing period.

2.4.3. Measurement of outdoor aerosol size distributions in the in-situ test 
rig

A scanning mobility particle sizer (SMPS; Model 3938NL88, TSI Inc., 
Shoreview, MN, U.S.) and an optical particle sizer (OPS; Model 3330, 
TSI Inc., Shoreview, MN, U.S.) were used to measure number-based 
PSDs upstream and downstream of each pre- and final-filter. The 
SMPS consisted of a Kr-85 bipolar charger (370 MBq; Model 3077A, TSI 
Inc., Shoreview, MN, U.S.), a long differential mobility analyzer (DMA; 
Model 3081, TSI Inc., Shoreview, MN, U.S.), and a water-based 
condensation particle counter (CPC; Model 3788, TSI Inc., Shoreview, 
MN, U.S.) (Table 2). Outdoor aerosol particles were charged to a known 
equilibrium distribution, size-classified by their electrical mobility in the 
DMA, and subsequently counted by the CPC. The SMPS measured par
ticles from 10–500 nm electrical mobility diameter (Dem) with a 2-min 
scan time. Number-based PSDs (dN/dlogDem; cm-3) were extracted 
using the data acquisition software from the manufacturer (Aerosol In
strument Manager, TSI Inc., Shoreview, MN, U.S.). Periodically, when 
the primary SMPS was unavailable due to maintenance or use in con
current laboratory experiments, a portable SMPS (Model 3910, TSI Inc., 

Shoreview, MN, U.S.) was deployed as a substitute; it provided com
parable PSDs from Dem = 10–300 nm using a unipolar charger and a 
radial DMA.

The OPS was used to measure number-based PSDs for particles 
characterized by their optical diameter (Do) derived from single-particle 
light scattering. Number-based PSDs (dN/dlogDo; cm-3) were obtained 
for particles with Do = 300–10,000 nm. The OPS operates by directing a 
focused laser beam into the sensing volume; as individual particles 
traverse the beam, the resulting scattered-light pulses are detected and 
converted into particle counts and size estimates. Reported Do values 
assume spherical particles with a dynamic shape factor of unity, which 
differs fundamentally from the electrical mobility-based sizing of the 
SMPS. Consequently, variations in particle refractive index and 
morphology may influence the measured PSDs by the OPS. During the 
two-year measurement campaign in the in-situ test rig, the OPS expe
rienced periodic internal pump malfunctions that required maintenance; 
these interruptions resulted in several short gaps in the optical-based 
PSD dataset.

Data from the SMPS and OPS were merged to obtain continuous 
number-based PSDs (dN/dlogDem(o); cm-3) across the full measured size 
range from Dem(o) = 10–10,000 nm, following previously established 
methods for combining multimodal aerosol measurements [64,65]. An 
interpolation procedure was applied within the overlapping region (Dem 

(o) = 300–500 nm) to ensure a smooth transition between electrical 
mobility- and optical-based particle sizing. This approach has been 
validated in prior aerosol research and provides a robust basis for con
structing unified PSDs from multiple instruments [14]. Merged 
number-based PSDs were converted to surface area- (dS/dlogDem(o); μm2 

cm-3), volume- (dV/dlogDem(o); μm3 cm-3), and mass-based (dM/dlog
Dem(o); μg m-3) PSDs following methods in [14].

The multi-location outdoor aerosol sampling configuration is shown 
in Fig. 1. Outdoor aerosol PSD measurements were collected at three 
locations in each ventilation duct: (1) upstream of the MERV8 pre-filter, 
(2) downstream of the pre-filter (upstream of the final-filter), and (3) 
downstream of the final-filter. Because only one SMPS and one OPS were 
available, particle sampling was sequentially cycled among the three 
locations using a programmable timing controller (PTC; Model PTC-15, 
OMEGA Engineering Inc., Norwalk, CT, U.S.) coupled to a set of solenoid 
valves. Likewise, aerosol sampling was performed in only one ventila
tion duct per week, with the sampling manifold manually repositioned 
to the next duct each week. The timer switching interval was set to 4 
min, and both instruments operated with 2-min scan durations; the first 
scan following each switch was discarded to avoid transient switching 
artifacts. To minimize RH effects and ensure consistency across mea
surements, outdoor aerosol samples were dried using a silica gel diffuser 

Table 2 
Description of instrumentation used in the in-situ HVAC filter aging test rig.

Instrument Manufacturer Model Accuracy Range Function

Pressure Transducers Setra Systems Inc. Model 265 ±0.25% 0 to 5 in H2O Differential pressure transducer for filter ΔP measurement
​ ​ ​ ±0.25% 0 to 0.5 in H2O Differential pressure transducer for volumetric airflow rate 

measurement
Temperature & RH 

Transmitter
Setra Systems Inc. Model SRH200 ±2.5% RH 

±0.3 ◦C
0 to 100% RH 
− 40 to 60 ◦C

Sensor for monitoring in-duct temperature and RH

Pitot-Tubes Dwyer Instruments 
LLC

Model 160 ±2 to 5% 400 to 20,000 ft min-1 Air velocity measurement

Data Acquisition Board National Instruments 
Inc.

Model 6211 ±2.69 mV AO/I: ±10 V Data acquisition for voltage signals and control

OPS TSI Inc. Model 3330 - 300 to 10,000 nm Aerosol number-based PSD measurement (optical diameter, 
Do)

SMPS TSI Inc. Model 
3938NL88

- 10 to 500 nm with long 
DMA

Aerosol number-based PSD measurement (electrical 
mobility diameter, Dem)

​ ​ Model 3910 ​ 10 to 300 nm with radial 
DMA

​

PTC OMEGA Engineering 
Inc.

Model PTC-15 - 0.1 s to 99 min 59 s Controls solenoid valves for aerosol sampling location 
switching

Precision Balance OHAUS Corporation Model 
AX8201/E

±0.1 g 0 to 8200 g Filter mass measurement
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dryer (Model 3062, TSI Inc., Shoreview, MN, U.S.) prior to entering the 
SMPS and OPS. The desiccant was replaced weekly, and zero checks 
were performed after each replacement. Additionally, aerosol sampling 
lines were cleaned and inspected weekly, and all aerosol instruments 
were routinely checked for operational stability and potential 
malfunctions.

2.5. HVAC filter performance metrics

The pressure drop (ΔP) across each pre- and final-filter was recorded 
continuously at 1 Hz using the LabVIEW-based DAQ system to quantify 
the impact of filter aging on airflow resistance under the constant 
volumetric flow rate of 2000 ft3 min-1. Initial and final filter masses, 
measured gravimetrically outdoors, were used to determine the total 
mass of outdoor aerosol particles accumulated on each filter over the 
112-week aging period. These measurements provided a direct assess
ment of long-term outdoor aerosol loading behavior across the three 
filtration configurations in the in-situ test rig.

The fan energy consumption associated with the pressure drop across 
each pre-filter and final-filter was estimated following Eurovent 4/ 
21–2019 [66,67], as given by Eq. (1): 

W =
Q⋅ΔP⋅t

ηfan⋅1000
(1) 

where W is the energy consumption [kWh]; Q is the volumetric airflow 
rate [m3 s-1]; ΔP is the filter pressure drop [Pa]; t is the operation time 
[h]; and ηfan is the fan efficiency. To account for variability in HVAC 
system performance, energy consumption was evaluated across three 
fan efficiency scenarios. An ηfan = 0.93 represents the theoretical 
maximum fan efficiency specified in the manufacturer’s manual. An ηfan 

= 0.70 represents a typical value for reasonably new fan installations 
[68]. Finally, an ηfan = 0.50 represents the performance of sub-optimal 
HVAC systems and is commonly used in previous studies [69,70]. Fan 
energy consumption was calculated separately for each pre-filter and 
final-filter installed in each ventilation duct. In this study, results are 
reported as weekly fan energy consumption [kWh week-1], calculated 
using t = 168 h in Eq. (1) to represent one week of continuous filter 
operation.

Size-resolved filtration efficiencies were calculated from the merged 
upstream and downstream number-based PSDs obtained using the 
SMPS-OPS measurement system. Because upstream and downstream 
PSDs were collected sequentially rather than simultaneously, efficiency 
calculations assumed that upstream PSDs remained stable during the 
short downstream sampling interval. This assumption is justified given 
the 4-min switching cycle, the 2-min instrument scan time, and the 
relatively slow variability of outdoor aerosol concentrations on the 
timescale of individual scans. A similar sampling approach has been 
utilized and validated in previous studies [57,58,71]. The resulting ef
ficiency data capture the dynamic, long-term evolution of filter perfor
mance across Dem(o) = 10–10,000 nm.

An in-situ MERV rating was computed following the procedures in 
ANSI/ASHRAE Standard 52.2–2017. The standard method was slightly 
modified to accommodate in-situ filter performance evaluation. Instead 
of using data from the final aging stage, the in-situ MERV rating was 
determined based on weekly measurements. Consequently, the mean 
weekly in-situ performance curve, rather than the minimum efficiency 
curve, was used. Weekly in-situ MERV ratings were derived by aggre
gating measured size-resolved efficiencies into the three particle size 
groups defined in Table 12–1 of the Standard [48]: E1 (300–1000 nm), 
E2 (1000–3000 nm), and E3 (3000–10,000 nm). The resulting weekly 
E1, E2, and E3 efficiencies were then mapped to the corresponding 
MERV classification, yielding a time-resolved MERV trajectory for each 
filter. This in-situ approach provides a quantitative measure of how 
filtration performance evolves under real outdoor aerosol loading and 
enables comparison of the long-term aging behavior of mechanical and 

electret filters, including whether their effective MERV ratings tend to 
increase, remain stable, or decline over time.

The E1, E2, and E3 values represent the mean filtration efficiencies 
across all measured particle size bins within each group. Because the 
SMPS and OPS measurement bins do not align exactly with the stan
dardized boundaries defined in Table 12–1 of the Standard [48], the 
particle size intervals used for the in-situ MERV calculations differ 
slightly from those specified in ANSI/ASHRAE Standard 52.2–2017. 
Table S1 summarizes the instrument-specific size ranges used in the 
weekly calculations, as well as the corresponding standardized bin 
definitions. To enable direct comparison with nominal MERV ratings, all 
size-resolved efficiencies were linearly interpolated to the particle size 
bins of ANSI/ASHRAE Standard 52.2–2017 prior to assigning the weekly 
in-situ MERV classification.

3. Results and discussion

This section presents the two-year in-situ aging results obtained from 
the full-scale HVAC filter test rig. The analysis begins with character
ization of the outdoor aerosol particles, including measured in-duct 
number-based PSDs and the empirical distributions of temperature 
and RH, which define the environmental conditions under which aging 
occurred. The stability of the in-duct volumetric airflow rate is then 
evaluated to confirm near-consistent airflow conditions across all three 
ventilation ducts throughout the 112-week period. The temporal evo
lution of filter performance is subsequently examined from three per
spectives: (1) resistance to airflow, quantified by changes in filter ΔP, 
and associated fan energy consumption; (2) in-situ filtration perfor
mance, including size-resolved filtration efficiencies from Dem(o) =

10–10,000 nm and time-varying in-situ MERV ratings; and (3) filter 
mass accumulation, assessed through gravimetric measurements of filter 
mass gain (final mass - initial mass) and analysis of size-resolved con
tributions to the loaded mass based on SMPS-OPS data. Collectively, 
these results provide a comprehensive characterization of long-term 
HVAC filter behavior under continuous exposure to real-world out
door aerosol.

3.1. Outdoor aerosol size distributions and environmental conditions in 
the in-situ test rig

The PSD of the outdoor aerosol to which HVAC filters are exposed is a 
critical determinant of filtration efficiency and the rate of filter loading, 
acting alongside airflow and filter media characteristics [72,73]. Num
ber-, surface area-, volume-, and mass-based PSDs each emphasize 
different size fractions relevant to aerosol transport, deposition, and 
filter loading behavior. Experimental and modeling studies have shown 
that variations in PSD shape and magnitude strongly influence filter ΔP 
growth, particle removal efficiency, and DHC [34,36,40,42,43,59,
74–76]. Fig. 2 presents the measured number-based PSDs and the cor
responding surface area-, volume-, and mass-based PSDs of the outdoor 
aerosol sampled in the test rig in West Lafayette, IN, U.S., during the first 
year of aging using the SMPS-OPS system.

The number-based PSD exhibits a pronounced Aitken mode between 
Dem(o) = 10–100 nm, with a peak near Dem(o) = 30–40 nm, indicating 
that most outdoor particles entering the in-situ test rig on a number basis 
are ultrafine particles. More than 80% of particles fall below Dem(o) =

100 nm, underscoring the dominance of sub-100 nm aerosol in real- 
world outdoor air loading scenarios of HVAC filters. The magnitude of 
the number PSDs (dN/dlogDem(o) = (2–5) × 103 cm-3) and their rela
tively narrow interquartile ranges reflect stable regional background 
atmospheric aerosol conditions around West Lafayette, IN, U.S. Both the 
shape and magnitude of the number-based PSDs are consistent with 
long-term observations of urban and suburban aerosol in locations 
across North America and Europe [52]. Downstream of the MERV8 
pre-filters, the Aitken mode structure is largely preserved with only 
modest attenuation in total number concentration, demonstrating that 
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pleated pre-filters with efficiencies similar to MERV8 remove only a 
small fraction of ultrafine particles (see Section 3.3). By contrast, surface 
area-based PSDs are dominated by accumulation mode particles (Dem(o) 
= 100–400 nm), with nearly identical upstream and downstream shapes 
across the pre-filters. This indicates that MERV8 pre-filters exert mini
mal influence on the total outdoor aerosol surface area entering the 
ventilation duct, with implications for the formation, structure, and 
spatial distribution of particle deposits within the downstream filter 
media.

The volume- and mass-based PSDs further highlight the presence of 
accumulation and coarse mode particles. Upstream of the pre-filter, the 
mass PSD is distinctly bimodal, with a dominant accumulation mode 
peak near Dem(o) = 200–400 nm and a secondary coarse mode peak 
extending from 1000–10,000 nm; these are patterns consistent with 
global compilations of urban mass PSDs [52]. Downstream of the 
pre-filter, the coarse mode is substantially truncated, confirming the role 
of MERV8 pre-filters in mitigating coarse particle overloading in the 
downstream final-filters commonly used in two-stage HVAC filtration 
systems in commercial buildings. As a result, the final-filters in all three 
ventilation ducts are exposed predominantly to a sub-micron mass PSD 
(dM/dlogDem(o) = 4–12 µg m-3) concentrated in the Dem(o) = 100–600 
nm range. This behavior is directly relevant to ASHRAE Guideline 35, 
which emphasizes evaluating HVAC filter loading under realistic 

sub-micron outdoor aerosol conditions, conditions that are not well 
represented by standardized coarse mode loading dusts. However, 
during episodic outdoor air pollution events such as wildfires, HVAC 
filters may encounter markedly different mass PSDs [77–79].

Fig. 3 summarizes the in-duct RH and temperature conditions during 
the first year of aging. Both the mean and median RH were approxi
mately 64.5%, with RH exceeding 50% for nearly 80% of the loading 
period, and the filters experienced a broad range of temperatures. Such 
variability helps explain differences in long-term loading behavior re
ported across geographic regions, as in-situ filter performance is sensi
tive to environmental conditions. Elevated RH, often associated with 
precipitation events, promotes hygroscopic growth of aerosol particles, 
which can alter both filter pressure drop and removal efficiency [80,81]. 
For instance, prior studies have shown that hygroscopic particles may 
reduce filter ΔP at high RH due to restructuring or redistribution of 
dendritic particle deposits within the filter media, whereas 
non-hygroscopic particles exhibit little to no RH-dependent effect [35,
39,82]. Because outdoor aerosol is a complex mixture containing both 
hygroscopic and non-hygroscopic components [83–88], the net impact 
of RH on loading dynamics is difficult to predict a priori. Consequently, 
the wide range of RH and temperature conditions observed in this study 
likely contributed to the variability in loading characteristics and un
derscores the importance of characterizing environmental conditions 

Fig. 2. Median outdoor aerosol particle size distributions (PSDs) measured upstream of the pre- and final-filters during the first year of in-situ aging using the 
combined SMPS-OPS system from Dem(o) = 10–10,000 nm: (a) number-based PSD (dN/dlogDem(o); cm-3); (b) surface area-based PSD (dS/dlogDem(o); μm2 cm-3); and 
(c) volume-based PSD (left axis; dV/dlogDem(o); μm3 cm-3) and corresponding mass-based PSD (right axis; dM/dlogDem(o); μg m-3), assuming spherical particles with a 
bulk density of 1.5 g cm-3. Shaded regions indicate the interquartile range (IQR).

Fig. 3. Probability functions for environmental conditions measured in the test rig during the two-year in-situ aging period: (a) temperature (◦C and ◦F) and (b) 
relative humidity (RH).
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when interpreting long-term in-situ HVAC filter aging behavior.

3.2. Long-term evolution of HVAC filter airflow resistance and fan energy 
consumption during in-situ aging

Fig. 4 presents the weekly median in-duct volumetric airflow rates, 
measured filter ΔP, and the corresponding fan energy consumption per 
filter over the two-year in-situ aging period, with Ducts 1–3 shown from 
left to right. The first row displays the volumetric airflow rate in each 
duct. The second row shows the loading curves (ΔP as a function of time) 
for the MERV8 pre-filters, while the third row presents the loading 
curves for the final-filters (Duct 1: MERV14, Duct 2: MERV13, and Duct 

3: MERV8). The fourth row shows the estimated fan energy consumption 
associated with the pre-filters, calculated for three fan efficiency sce
narios (ηfan = 0.93, 0.70, and 0.50), and the fifth row presents the cor
responding fan energy consumption for the final-filters. Dashed red lines 
indicate replacement of the initial MERV8 pre-filters at week 60.

Across all three ventilation ducts, a relatively stable volumetric 
airflow rate of approximately 2000 ft3 min-1 was maintained throughout 
the experiment, supporting comparability of long-term loading behavior 
among the three filter banks. The largest airflow fluctuations occurred in 
Duct 3, likely due to its greater distance from the outdoor air intake 
along the building façade (Fig. 1) and its increased susceptibility to 
upstream airflow disturbances. The loading curves show exponential 

Fig. 4. Weekly median in-duct volumetric airflow rates, measured filter pressure drop (ΔP), and corresponding fan energy consumption per filter over the two-year 
in-situ aging period, with Ducts 1–3 shown from left to right. The first row shows the volumetric airflow rate in each duct. The second row presents the loading curves 
(ΔP as a function of time) for the MERV8 pre-filters, and the third row shows the loading curves for the final-filters (Duct 1: MERV14; Duct 2: MERV13; Duct 3: 
MERV8). The fourth row presents the estimated fan energy consumption associated with the pre-filters, calculated for three fan efficiency scenarios (ηfan = 0.93, 0.70, 
and 0.50), and the fifth row shows the corresponding fan energy consumption for the final-filters. Dashed red lines indicate replacement of the initial MERV8 pre- 
filters at week 60.
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increases in ΔP for the MERV8 pre-filters, consistent with progressive 
accumulation of sub-micron and coarse mode particles and the corre
sponding reduction in filter and dust cake porosity. After one year, the 
pre-filter ΔP exceeded that of the corresponding final-filters by 
approximately 250–500 Pa. The most pronounced ΔP increase occurred 
in Duct 3, likely because greater amounts of precipitation entered this 
duct compared with Ducts 1 and 2. Rain and snow events were occa
sionally observed to cause minor water leakage into Duct 3, and expo
sure to excess liquid water may have reduced dust cake porosity and 
formed thin liquid films on the filter surface, thereby accelerating the 
increase in filter ΔP [39].

The implications of rising ΔP for HVAC fan energy consumption 
depend on blower type. Variable-speed (VFD) blowers must draw 
additional electrical power to maintain constant airflow as ΔP increases, 
whereas fixed-speed permanent split capacitor (PSC) blowers without 
speed control experience reduced airflow and correspondingly lower 
power consumption under higher ΔP [54,55,61,62,89]. Because this 
study examined speed-controlled operation at a constant volumetric 
airflow rate, the rising ΔP resulted in substantial increases in weekly fan 
energy consumption for the MERV8 pre-filters, reaching up to approx
imately 220 kWh week-1 in Duct 3 near the end of each year (Fig. 4). The 
temporal evolution of weekly fan energy consumption closely mirrors 
that of filter ΔP, with minor deviations attributable to small fluctuations 
in volumetric airflow rate. The positive relationship between filter ΔP 
and fan energy consumption under constant airflow conditions has been 
documented in previous studies [55,61,68–70,89]. While some in
vestigations, such as Alavy et al. (2020) [61] and Stephens et al. (2010) 
[89], directly measured fan power draw, others estimated energy con
sumption based on measured filter ΔP.

Direct comparisons with prior work indicate that the fan energy 
consumption values estimated in this study are generally lower than 
those reported for comparable systems. Alavy et al. (2020) [61] exam
ined residential forced-air recirculation systems equipped with elec
tronically commutated motor (ECM) fans and single-stage filtration 
ranging from MERV8 to MERV14. They reported a three-month energy 
consumption of approximately 400–600 kWh per filter. In contrast, the 
three final-filter types evaluated in this study consumed less energy per 
filter over the same period, based on integration of the weekly energy 
consumption over three months, ranging from 171.8 to 319.5 kWh for 
the MERV14 final-filter, 156.6 to 291.3 kWh for the MERV13 final-filter, 
and 175.2 to 325.9 kWh for the MERV8 final-filter, depending on the 
assumed fan efficiency (ηfan = 0.93–0.50). Similarly, Stephens et al. 
(2010) [89] monitored residential and light commercial buildings over a 
one-year period. For a commercial site with an airflow rate comparable 
to ours (2000 ft3 min-1), they reported an annual energy consumption of 
approximately 6988 kWh per filter based on an average fan power draw 
of ~800 W. By comparison, the one-year integrated energy consumption 
estimated in the present study ranged from 623.6 kWh (MERV13 
final-filter at ηfan = 0.93) to 2423.6 kWh (MERV8 pre-filter in Duct 3 at 
ηfan= 0.50) per filter during the first year of operation across the six 
installed filters.

Consistent with these comparisons, studies that estimate fan energy 
consumption from filter ΔP measurements also report higher values 
than those observed here. Considine et al. (2024) [69] monitored a 
two-stage filtration system for 3000 h and reported a total estimated 
energy consumption of 2012.5 kWh assuming a fan efficiency of ηfan =

0.50. Over an equivalent duration, our filter banks (pre- and final-filters 
combined) consumed only 869.1 kWh (Duct 2) to 943.7 kWh (Duct 3) at 
the same assumed fan efficiency. Morgan et al. (2017) [70] evaluated a 
comparable two-stage filtration system over 1152 h and reported an 
estimated energy consumption of 652.8 kWh assuming ηfan = 0.50, 
whereas our filter banks consumed between 329.1 kWh (Duct 2) and 
350.2 kWh (Duct 3) under the same assumption. Similarly, Montgomery 
et al. (2012) [68] modeled fan energy consumption of 854 kWh for a 
MERV8 filter after 4850 h assuming ηfan = 0.70, while the present study 

estimated an integrated energy consumption between 531.6 kWh 
(MERV8 final-filter in Duct 3) and 596.9 kWh (MERV8 pre-filter in Duct 
3) per filter across all MERV8 filters under the same assumed fan 
efficiency.

While the increasing trend in fan energy consumption aligns with 
previous studies of speed-controlled fan systems, the absolute values 
calculated here are consistently lower. These lower values likely reflect 
several factors affecting filter pressure drop evolution and fan energy 
estimates. In-situ filter loading depends strongly on upstream aerosol 
conditions, including number- and mass-based PSDs (shape and 
magnitude) and aerosol composition, as well as RH variation and 
restructuring of dendritic particle deposits during aging. In addition, 
variations in filter media design (material type and mechanical versus 
electret filtration) and operational airflow rates (e.g., residential versus 
commercial systems) can significantly influence filter loading behavior 
and ΔP growth rates. Differences in system configuration and variable 
fractions of outdoor versus recirculated indoor air may further affect the 
in-situ aging conditions experienced by the filters. Additional uncer
tainty arises from the fan efficiencies assumed in the energy calcula
tions. As noted in EUROVENT 4/21–2019 [67], actual fan efficiency can 
vary substantially depending on fan design, operating speed, and system 
layout, and in some cases may be as low as ηfan = 0.25. Finally, studies 
that directly measure fan power typically account for the total system 
pressure drop, including heat exchangers and ductwork, whereas the 
present analysis isolates the energy penalty associated solely with filter 
pressure drop.

After week 60, the replacement MERV8 pre-filters exhibited loading 
trajectories nearly identical to those of the original filters, confirming 
the repeatability of the in-situ aging process between the first and sec
ond years. Although prior laboratory studies often report slower ΔP 
growth when the challenge aerosol contains a higher fraction of coarse 
particles due to the formation of a more permeable surface dust cake 
[34,36,43,76], those studies typically maintain a constant total particle 
concentration across different size fractions. In the present experiment, 
the more pronounced ΔP increase observed for the MERV8 pre-filter 
relative to the downstream MERV8 final-filter in Duct 3 is attributable 
to the higher outdoor aerosol concentrations encountered upstream of 
the pre-filter (Fig. 2). Unlike the final-filters, the pre-filters were exposed 
to elevated concentrations of both sub-micron and coarse mode parti
cles, resulting in greater overall particle loading and, consequently, a 
larger increase in ΔP (Fig. 2). Thus, differences in total particle number 
and mass loading, rather than dust cake structure alone, explain the 
observed ΔP behavior.

Among the final-filters, the MERV14 exhibited the largest increases 
in ΔP and weekly fan energy consumption over two years of loading, 
with approximate increases of 100 Pa and 20 kWh week-1. A sharp 
decrease in ΔP near week 90 was later traced to minor physical damage 
to the filter media discovered upon removal from the rig, although the 
exact cause remains uncertain. The MERV13 final-filter maintained a 
comparatively stable ΔP throughout the aging period, reflecting both its 
larger media area relative to the MERV8 final-filter and the reduction in 
particle loading associated with electret charge decay, as discussed in 
Section 3.3. Similar temporal trends for electret bag filters have been 
reported previously [69]. Despite their higher initial efficiencies, the 
MERV13 and MERV14 final-filters contributed far less to the total 
airflow resistance and energy penalty of the two-stage filter bank than 
the more heavily loaded MERV8 pre-filters. Although the MERV14 
final-filter maintained substantially higher particle removal efficiency 
than the MERV8 final-filter (Section 3.3), its ΔP after two years was only 
approximately 60 Pa greater. These findings indicate that the pre-filter, 
operated for approximately one year of continuous outdoor aerosol 
exposure before replacement after the first year of the experiment, 
overwhelmingly governs long-term airflow resistance and fan energy 
consumption under the extended service interval considered here. In 
practice, shorter pre-filter replacement intervals could reduce the asso
ciated pressure drop and fan energy penalties in variable-speed blower 
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systems. At the same time, appropriate use of pre-filtration extends the 
service life and stabilizes the performance of higher-efficiency down
stream filters in real HVAC systems.

3.3. Long-term evolution of size-resolved filtration efficiency during in- 
situ aging

The size-resolved filtration efficiency dataset for each test duct was 
divided into two distinct operational periods corresponding to the 
scheduled replacement of the MERV8 pre-filters: (a) Year 1, spanning 
weeks 1–60, during which all pre-filters were the original installed units; 
and (b) Year 2, spanning weeks 61–112, following installation of new 
pre-filters at week 60. In Figs. 5–7, weekly progression is represented by 
color gradients from blue to pink for both periods, illustrating aging 
from weeks 1–60 (Year 1) and weeks 61–112 (Year 2). For clarity, only 
mean filtration efficiency curves are shown. Given the high-resolution of 
the combined SMPS and OPS measurements (119 particle size bins), 
measurement variability is presented in Figures S2-S4 as mean ± stan
dard deviation for six representative time points (initial, midpoint, and 
endpoint of each year).

Due to the sequential sampling strategy, wherein a single SMPS-OPS 
instrument suite rotated weekly among the three ventilation ducts, a 
one-week temporal offset exists between the initial and final sampling 
points for each duct. Nevertheless, this systematic staggering does not 
affect the comparability of long-term trends within or across ducts, as 
each filter section was sampled on a consistent weekly cycle throughout 
the full 112-week period. Size-resolved efficiency data below Dem(o) =

300 nm are unavailable during the final six weeks due to SMPS down
time caused by a hardware malfunction requiring manufacturer main
tenance. During this period, the OPS remained operational, allowing 
continued measurements for particles with Dem(o) ≥ 300 nm. Despite this 
limitation, the overall trend analysis remains robust given the extensive 

dataset collected prior to the outage.

3.3.1. Size-resolved filtration efficiency evolution in Duct 1 (MERV8 pre- 
filter and MERV14 final-filter)

Fig. 5 presents the mean size-resolved filtration efficiency curves for 
Duct 1 from Dem(o) = 10–10,000 nm, constructed by linearly interpo
lating across particle size bins measured by the SMPS and OPS. The color 
gradients from blue to pink denote the weekly progression of aging from 
weeks 3–60 (Year 1) and weeks 63–111 (Year 2), illustrating the tem
poral evolution of filtration performance.

Consistent with filtration theory and prior in-situ studies [57,73,90,
91], the most penetrating particle size (MPPS) for both the MERV8 
pre-filter and the MERV14 final-filter occurred between Dem(o) = 100 
and 500 nm, with the highest efficiencies observed for the largest, and in 
some cases the smallest, particle sizes measured. These results reinforce 
the need to extend standardized MERV evaluations below 300 nm, as the 
MPPS of many filter types falls at or below this threshold. As expected, 
based on its higher media efficiency, the MERV14 final-filter removed 
ultrafine particles far more effectively than the MERV8 pre-filter, 
consistent with prior experimental observation [58,60–62]. In addi
tion, the MERV8 pre-filters tested in this duct displayed nearly identical 
initial size-resolved efficiencies across Years 1 and 2, demonstrating the 
reproducibility of mechanical filter performance during long-term 
aging.

The slight decline in filtration efficiency below Dem(o) = 20 nm for 
the MERV14 final-filter, observed intermittently during select weeks of 
Year 1, aligns with multiple in-situ studies that have documented 
comparable drop-offs in the Dem(o) = 10–20 nm size regime [57–59,71]. 
Across these studies, absolute efficiency reductions for sub-20 nm par
ticles typically range from 5% to 15%, consistent with the ~10–20% 
decline observed here. For example, Stephens et al. (2013) [57] reported 
a localized ~5% efficiency reduction (from ~20% at Dem(o) = 15 nm to 

Fig. 5. In-situ size-resolved filtration efficiencies for Duct 1 from Dem(o) = 10–10,000 nm during (a, c) Year 1 and (b, d) Year 2 of outdoor aerosol aging. Weekly 
progression is indicated by color gradients from blue to pink, representing aging from weeks 3–60 (Year 1) and weeks 63–111 (Year 2). Panels (a) and (b) show 
weekly filtration efficiency curves for the MERV8 pre-filter (replaced after Year 1), while panels (c) and (d) show the corresponding curves for the MERV14 final- 
filter. Efficiency curves were constructed by linearly interpolating across particle size bins measured by the combined SMPS-OPS system.
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Fig. 6. In-situ size-resolved filtration efficiencies for Duct 2 from Dem(o) = 10–10,000 nm during (a, c) Year 1 and (b, d) Year 2 of outdoor aerosol aging. Weekly 
progression is indicated by color gradients from blue to pink, representing aging from weeks 2–59 (Year 1) and weeks 62–110 (Year 2). Panels (a) and (b) show 
weekly filtration efficiency curves for the MERV8 pre-filter (replaced after Year 1), while panels (c) and (d) show the corresponding curves for the MERV13 final- 
filter. Efficiency curves were constructed by linearly interpolating across particle size bins measured by the combined SMPS-OPS system.

Fig. 7. In-situ size-resolved filtration efficiencies for Duct 3 from Dem(o) = 10–10,000 nm during (a, c) Year 1 and (b, d) Year 2 of outdoor aerosol aging. Weekly 
progression is indicated by color gradients from blue to pink, representing aging from weeks 1–58 (Year 1) and weeks 61–112 (Year 2). Panels (a) and (b) show 
weekly filtration efficiency curves for the MERV8 pre-filter (replaced after Year 1), while panels (c) and (d) show the corresponding curves for the MERV8 final-filter. 
Efficiency curves were constructed by linearly interpolating across particle size bins measured by the combined SMPS-OPS system.
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~15% at Dem(o) = 8 nm) for an electrostatically charged MERV11 filter. 
Fazli et al. (2019) [58] evaluated 50 commercial HVAC filters and 
observed similar reductions across multiple filter classes, ranging from 
~5% for a MERV8 filter to as much as 15% for MERV4 and MERV13 
filters below Dem(o) = 20 nm. Likewise, Li et al. (2019) [59] reported a 
~10% decrease in efficiency for a MERV11 electret filter as particle size 
decreased from Dem(o) = 30 nm to 10 nm. This characteristic reduction 
also extends beyond HVAC filtration; Zhao et al. (2017) [71] observed a 
comparable ~10% increase in penetration (i.e., decrease in efficiency) 
for building envelope transport between Dem(o) = 20 nm and 10 nm. 
Collectively, these prior field measurements provide empirical support 
for the magnitude of the sub-20 nm efficiency reduction observed in this 
study.

While prior in-situ filtration studies have not provided a definitive 
explanation for this phenomenon, several plausible mechanisms have 
been proposed: (1) formation of new sub-20 nm particles via outdoor 
ozone reactions with filter-deposited material, generating low-volatility 
compounds that nucleate and grow, thereby elevating downstream 
number concentrations and reducing in-situ efficiency [30,92–100]; (2) 
particle detachment from the filter or dust cake under aerodynamic 
shear or structural destabilization, increasing downstream particle 
number concentrations [101,102]; (3) potential size-dependent limita
tions of electrostatic interactions in the nanoscale regime, likely minor 
for non-electret filters (e.g., the MERV14 final-filter) and possibly 
reflecting residual charges carried by outdoor aerosol particles [103]; 
and (4) measurement artifacts associated with SMPS transfer functions 
and diffusional broadening, which can amplify counting uncertainties 
for sub-20 nm particles [104–106]. These mechanisms are not mutually 
exclusive, and resolving their relative contributions would require tar
geted experimental investigation.

Throughout the first year of operation, the MERV14 final-filter 
exhibited remarkably stable size-resolved filtration efficiency across 
the full measured range from Dem(o) = 10–10,000 nm. As a non- 
electrostatic V-cell filter with a large media area, its performance 
remained essentially unchanged despite sustained outdoor aerosol 
loading. The MERV14 consistently maintained greater than 55% 
removal efficiency for particles within the Dem(o) = 100–500 nm size 
range, near the MPPS, even after nearly 90 weeks of continuous oper
ation. Similarly, filtration efficiency exceeded 70% for the smallest 
measured ultrafine particles (Dem(o) = 10–50 nm) over this same period. 
This stability demonstrates the robustness of mechanical (non-electret) 
filter media in removing outdoor aerosol particles during long-duration 
HVAC applications. A sharp decline in filtration efficiency was observed 
after approximately week 90, coinciding with a sudden reduction in 
pressure drop (Fig. 4). Follow-up inspection revealed minor physical 
damage to the filter media. As shown in Figure S5, the mini-pleated filter 
media detached from the central vertical support frame. This detach
ment allowed the pleated pack to arch significantly under velocity 
pressure, forming a rectangular gap, while the filtration media itself 
remained largely intact. Although the cause could not be determined, 
the magnitude of the resulting efficiency loss, approximately 15–25% 
across the measured size range, provides a useful real-world illustration 
of how incidental mechanical degradation can affect HVAC filter per
formance in practice.

3.3.2. Size-resolved filtration efficiency evolution in Duct 2 (MERV8 pre- 
filter and MERV13 final-filter)

Fig. 6 presents the weekly mean size-resolved filtration efficiency 
curves for Duct 2. In contrast to the stable performance of the me
chanical MERV14 filter in Duct 1, the MERV13 electret final-filter in 
Duct 2 exhibited a gradual decline in efficiency across much of the 
measured size range over the two-year aging period. Notably, opposing 
temporal trends were observed within the same duct: the MERV8 me
chanical pre-filter showed increasing efficiency with loading, whereas 
the MERV13 electret final-filter showed decreasing efficiency. After two 
years, the MERV8 pre-filter achieved a higher efficiency (20–30%) than 

the MERV13 final-filter (~20%) near the MPPS range (Dem(o) = 100 to 
500 nm), underscoring the divergent aging behaviors of mechanical 
versus electret filter media during outdoor aerosol aging.

The performance degradation of the MERV13 electret filter is 
consistent with established mechanisms governing electret aging. Elec
tret filtration efficiency is the sum of mechanical and electrostatic 
collection mechanisms, and numerous studies have shown that loss of 
electrostatic charge generally outpaces any gains in mechanical effi
ciency during particle loading. Charge decay is further accelerated by 
aerosol neutralization and moisture exposure, both of which suppress 
Coulombic and dielectrophoretic particle capture [39,41,45,59,
107–112]. In this study, the filters were exposed to sustained elevated 
humidity (mean RH = 64.5%, with maxima exceeding 90%; Fig. 3), 
conditions known to promote rapid electret charge dissipation. Conse
quently, the decline in filtration efficiency is accompanied by a sup
pressed increase in ΔP over time (Fig. 4), a characteristic hallmark of 
electret media aging.

These observations align with previous research: Liu et al. (2020) 
reported substantial loss of surface potential and efficiency after only 
one hour at 90% RH [45], and Lee et al. (2020) documented measurable 
charge decay within minutes under similar conditions [110]. Additional 
studies have demonstrated that particle loading itself reduces the initial 
electrostatic effect in electret fibers [79,113]. Elevated RH also increases 
dust cake porosity, further limiting ΔP growth [114]. Collectively, the 
results from Duct 2 highlight the pronounced sensitivity of MERV13 
electret filters to humid, aerosol-rich outdoor air and illustrate the 
contrasting long-term behavior of electret versus mechanical filters 
under real-world aging conditions.

Furthermore, filters operating in real-world HVAC systems are 
exposed to complex mixtures of elemental carbon (soot) and organic 
carbon from both episodic air pollution events, such as wildfires and 
agricultural burning, and routine residential sources, such as wood 
combustion (e.g., fireplaces and wood-burning stoves). These carbona
ceous aerosols may further accelerate electret charge decay, com
pounding the effects of RH and particle loading observed for the 
MERV13 final-filter. In particular, soot-rich particles can promote more 
rapid charge neutralization than inorganic or semi-volatile organic 
aerosol components typically associated with mechanical loading. As 
conductive soot particles accumulate on the filter media, they may 
facilitate charge dissipation, weakening Coulombic and dielectropho
retic particle capture and contributing to the observed decline in 
filtration efficiency over time. Consequently, exposure to soot-rich 
outdoor aerosols may further degrade MERV13 electret filter perfor
mance and shorten their effective service life, accelerating the transition 
toward lower, purely mechanical filtration efficiency [79,109].

3.3.3. Size-resolved filtration efficiency evolution in Duct 3 (MERV8 pre- 
filter and MERV8 final-filter)

Fig. 7 presents the weekly mean size-resolved filtration efficiency 
curves for Duct 3. Both the MERV8 pre-filter and MERV8 final-filter 
exhibit a pronounced increase in efficiency for particles larger than 
Dem(o) = 300 nm over the two-year aging period, with the pre-filter 
showing the greater enhancement. In contrast, filtration efficiencies 
for particles smaller than Dem(o) = 300 nm remain comparatively stable 
throughout aging for both filters. Minor discrepancies in the sub-300 nm 
size range, most notable between weeks 25 and 35, are likely attribut
able to alternating use of two SMPS instruments [64,71,115].

The more substantial increase in filtration efficiency observed for the 
MERV8 pre-filter relative to the MERV8 final-filter in Duct 3 reflects its 
exposure to higher upstream outdoor aerosol concentrations. As shown 
by the number- and mass-based PSDs in Fig. 2, the pre-filter encounters 
elevated levels of both sub-micron and coarse mode particles, promoting 
faster and denser formation of dendritic particle structures within the 
filter media. This accelerated development of the outdoor aerosol par
ticle deposits leads to a sharper rise in ΔP (Fig. 4) and a correspondingly 
greater enhancement in mechanical filtration efficiency. These results 
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reinforce the central role of particle-layer accumulation in shaping the 
performance evolution of mechanical filter media during long-term 
HVAC filter aging processes.

The Duct 3 results show that MERV8 filters provide minimal removal 
of Aitken and accumulation mode outdoor aerosol particles between Dem 

(o) = 30–300 nm, with both the pre- and final-filters maintaining effi
ciencies of only 5–30% throughout the aging period. This limitation is 
significant because the current MERV rating system evaluates filtration 
efficiency only for particles larger than 300 nm, offering limited insight 
into filter behavior for the sub-300 nm size fractions that dominate 
outdoor aerosol populations on both a number and surface area basis 
[52]. These particles are especially important because many major 
outdoor air pollution sources generate large quantities of sub-300 nm 
aerosol, including wildfires, industrial activities, tailpipe and 
non-tailpipe traffic emissions, atmospheric new particle formation 
events, and sea spray aerosol [77–79,116–119]. As shown in Fig. 2, 
outdoor aerosol number- and surface area-based PSDs are dominated by 
sub-300 nm particles, which also exhibit high deposition fractions 
throughout the human respiratory system. Evaluating the transport and 
removal of these particles in commercial HVAC systems with substantial 
outdoor air intake is therefore essential for predicting occupant expo
sure to aerosol particles of outdoor origin [23–26].

3.4. In-situ MERV rating evolution during two years of outdoor aerosol 
aging

The in-situ MERV rating was evaluated on a weekly basis to track 

how each filter’s effective standardized performance evolved under real- 
world outdoor aerosol loading. Following ANSI/ASHRAE Standard 
52.2–2017, weekly size-resolved filtration efficiencies were aggregated 
into the three required particle size groups: E1 (300–1000 nm), E2 
(1000–3000 nm), and E3 (3000–10,000 nm). The resulting efficiencies 
were then mapped to the corresponding MERV classifications [48], as 
described in Section 2.5.

Fig. 8 shows the temporal evolution of the in-situ MERV ratings for 
Duct 1, with red dashed lines indicating the pre-filter replacement at 
week 60. Periodic gaps in the bar charts reflect unavoidable instru
mentation interruptions during the two-year aging period, primarily due 
to OPS pump malfunctions. Despite these intervals, the dataset is suffi
cient to resolve long-term trends. The initial recorded MERV rating for 
the MERV8 pre-filter was MERV10, attributable to the three-week delay 
before the first measurement resulting from the rotating SMPS-OPS 
sampling schedule. The pre-filter’s in-situ MERV rating increased 
steadily from MERV10 to MERV13 over the first year of aging. After 
installation of a new pre-filter, the MERV rating again began at MERV10 
and rose over time following a nearly identical trajectory. Among the 
three efficiency groups, the largest increases occurred in E2 (1000–3000 
nm), which rose from approximately 50% to 90% over 60 weeks. E3 
(3000–10,000 nm) increased more modestly, from approximately 87% 
to 98%. These patterns confirm that mechanical pleated MERV8 filters 
become increasingly effective at removing coarse and accumulation 
mode particles from Dem(o) = 300–10,000 nm, which dominate the 
outdoor aerosol mass PSDs (Fig. 2), during prolonged aging. For the 
MERV14 final-filter, no substantial change in MERV rating or in the E1- 

Fig. 8. Weekly in-situ MERV ratings and corresponding efficiency groups (E1, E2, and E3) for filters in Duct 1 during the two-year outdoor aerosol aging period. 
Panel (a) shows the MERV8 pre-filter, and panel (b) shows the MERV14 final-filter. In each panel, the black line denotes the weekly in-situ MERV rating (left axis), 
and the stacked bars represent the aggregated E1 (300–1000 nm; blue), E2 (1000–3000 nm; green), and E3 (3000–10,000 nm; dark pink) efficiencies (right axis) used 
to assign the weekly MERV classification following ANSI/ASHRAE Standard 52.2–2017. Dashed red vertical lines indicate replacement of the MERV8 pre-filter at 
week 60.
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E3 categories was observed prior to the minor filter media damage event 
at week 90. The in-situ rating oscillated between MERV13 and MERV14, 
driven mainly by small week-to-week variations in E2 efficiency.

Fig. 9 illustrates the temporal evolution of the in-situ MERV ratings 
for the filters installed in Duct 2. The MERV8 pre-filter again showed a 
substantial increase in performance, rising to an in-situ MERV13 after 60 
weeks of aging. This surpassed the MERV13 final-filter, whose rating 
declined to MERV10 over the same period. The replacement pre-filter 
exhibited a nearly identical upward trajectory during Year 2. In 
contrast, the in-situ MERV rating for the MERV13 electret final-filter 
decreased from MERV12 to MERV10 before partially recovering and 
stabilizing at approximately MERV11. This pattern may be linked to dust 
cake development on the filter media during extended aging. The 
observed decline aligns with the size-resolved efficiency trends in Fig. 6
and is consistent with electret aging mechanisms, wherein the loss of 
electrostatic charge, accelerated by outdoor aerosol deposition and hu
midity exposure, reduces E1-E3 efficiencies over time. Among the three 
efficiency groups, the largest reductions occurred in E1 (300–1000 nm), 
underscoring that electret media are particularly susceptible to perfor
mance degradation in this size range. These results demonstrate that 
different filter types can exhibit divergent in-situ aging behaviors, with 
mechanical MERV8 filters increasing in apparent MERV rating over time 
while electret MERV13 media experience a gradual decline.

Fig. 10 illustrates the temporal evolution of the in-situ MERV ratings 
and associated efficiency categories for both the MERV8 pre-filter and 
final-filter installed in Duct 3. For the MERV8 pre-filter, the in-situ 
MERV rating increased steadily, reaching MERV14 just prior to 

replacement at week 60. The replacement pre-filter followed a nearly 
identical trajectory, again rising to approximately MERV13 by the end of 
the second year. The MERV8 final-filter also showed performance gains, 
increasing from an initial in-situ MERV rating of 8–9 to roughly MERV11 
after two years of aging. Correspondingly, the E1-E3 efficiency profiles 
for the MERV8 final-filter exhibit incremental improvements across all 
size categories. The parallel trends observed for both pre- and final 
MERV8 filters indicate that aging under real-world outdoor aerosol 
conditions can substantially enhance the apparent MERV rating of 
pleated mechanical filters, with the largest gains occurring for particles 
in the 1000–10,000 nm range.

Taken together, the in-situ MERV results underscore the importance 
of accounting for temporal changes in filtration efficiency when evalu
ating mitigation strategies for outdoor aerosol particles in buildings, 
particularly within the sub-micron size range. Although the present 
study focuses on outdoor aerosol aging, these trends are also relevant for 
indoor-generated aerosol particles, including airborne pathogens such 
as SARS-CoV-2, which has been detected in particles spanning approx
imately 250–10,000 nm, with elevated concentrations observed be
tween 250 and 1000 nm [120,121]. Because particles in this size range 
fall largely within the E1 category (300–1000 nm), changes in E1 effi
ciency are particularly consequential for virus-relevant aerosol removal 
in commercial buildings. For example, in Duct 2, the MERV8 pre-filter’s 
E1 efficiency, which is especially relevant for SARS-CoV-2 mitigation, 
increased substantially during aging, rising from 12% to 51% over the 
first year. In contrast, the MERV13 electret final-filter exhibited a pro
nounced decline in E1 efficiency, decreasing from 72% to 27% over the 

Fig. 9. Weekly in-situ MERV ratings and corresponding efficiency groups (E1, E2, and E3) for filters in Duct 2 during the two-year outdoor aerosol aging period. 
Panel (a) shows the MERV8 pre-filter, and panel (b) shows the MERV13 final-filter. In each panel, the black line denotes the weekly in-situ MERV rating (left axis), 
and the stacked bars represent the aggregated E1 (300–1000 nm; blue), E2 (1000–3000 nm; green), and E3 (3000–10,000 nm; dark pink) efficiencies (right axis) used 
to assign the weekly MERV classification following ANSI/ASHRAE Standard 52.2–2017. Dashed red vertical lines indicate replacement of the MERV 8 pre-filter at 
week 60.
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same period. These divergent behaviors highlight how different filter 
media evolve under real-world aging conditions and reinforce the need 
to consider temporal efficiency shifts, rather than relying solely on 
initial, laboratory-rated MERV values, when designing filtration-based 
exposure-reduction strategies for both outdoor- and indoor-derived 
particles, including respiratory viruses.

However, given that the pressure drop increased by more than 200 
Pa, the gain in E1 efficiency for the MERV8 pre-filter in Duct 2 is 
insufficient to justify the associated energy penalty (Fig. 4). It is likely 
more effective to employ intrinsically higher-efficiency filter media (e. 
g., MERV14) rather than relying on secondary gains from in-situ particle 
loading to enhance filtration performance. Moreover, the observed in
crease in E1 efficiency was non-linear and delayed, becoming substan
tial only after approximately 40 weeks of operation. Consequently, the 

system operated at relatively low E1 efficiency for much of the service 
period. Collectively, these findings suggest that the energy costs asso
ciated with increased pressure drop may outweigh the filtration benefits. 
As a result, dual-MERV8 configurations may offer limited practical 
advantage in HVAC applications. Because the secondary MERV8 final- 
filter provides only modest improvement in sub-100 nm ultrafine par
ticle removal, this configuration may offer limited additional benefit for 
outdoor ultrafine particle control, as a single-stage MERV8 system 
would yield comparable performance in this size range with lower en
ergy consumption.

3.5. Size-resolved mass loading in final-filters during in-situ aging

Table 3 summarizes the mass gain of the final-filters after two years 

Fig. 10. Weekly in-situ MERV ratings and corresponding efficiency groups (E1, E2, and E3) for filters in Duct 3 during the two-year outdoor aerosol aging period. 
Panel (a) shows the MERV8 pre-filter, and panel (b) shows the MERV8 final-filter. In each panel, the black line denotes the weekly in-situ MERV rating (left axis), and 
the stacked bars represent the aggregated E1 (300–1000 nm; blue), E2 (1000–3000 nm; green), and E3 (3000–10,000 nm; dark pink) efficiencies (right axis) used to 
assign the weekly MERV classification following ANSI/ASHRAE Standard 52.2–2017. Dashed red vertical lines indicate replacement of the MERV 8 pre-filter at 
week 60.

Table 3 
Gravimetric and SMPS-OPS estimated filter mass gain for final-filters during the two-year outdoor aerosol aging period.

In-Situ Aging Duration: 2 Years MERV14 Final-Filter MERV13 Final-Filter MERV8 Final-Filter

Initial Filter Mass [g] ​ 5526.16 2523.38 517.44
Final Filter Mass [g] ​ 5791.80 2687.80 619.60
Gravimetric ΔFilter Mass [g] ​ 256.64 164.42 102.16
SMPS-OPS Estimated ΔFilter Mass [g] ρ = 1.50 

[g cm-3]
159.40 75.80 37.30

​ ρ = 1.25 
[g cm-3]

132.90 63.30 31.10

​ ρ = 1.00 
[g cm-3]

106.30 50.60 24.90
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of outdoor aerosol aging in the in-situ test rig. Higher-rated filters 
exhibited greater mass accumulation, consistent with their higher 
intrinsic filtration efficiencies. The initial masses of the MERV14, 
MERV13, and MERV8 final-filters were 5526.16 g, 2523.38 g, and 
517.44 g, respectively. After the aging period, the final masses increased 
to 5791.80 g, 2687.80 g, and 619.60 g, corresponding to net mass gains 
(ΔFilter Mass) of 256.64 g, 164.42 g, and 102.16 g, respectively. The 
largest mass gain occurred in the MERV14 final-filter, reflecting its 
enhanced ability to capture and retain outdoor aerosol particles under 
real-world operating conditions. Although minor media damage 
occurred in the MERV14 final-filter at week 90, potentially allowing 
some captured particles to be lost, it still exhibited the greatest overall 
mass increase.

It is important to note that the mass gains reported here do not 
represent the absolute DHC of the filters. Instead, they reflect the mass 
accumulated at the conclusion of the two-year in-situ loading period, 
rather than at the point when each filter reached its end-of-life ΔP limit. 
Because the final-filters had not yet reached their maximum allowable 
ΔP, the observed mass gains capture only a portion of each filter’s po
tential DHC. For example, the MERV13 final-filter exhibited a consid
erably lower final ΔP than the MERV14 and MERV8 final-filters, 

implying a longer remaining service life and a correspondingly larger 
unutilized DHC. Thus, direct comparisons of absolute mass gain across 
filters should be interpreted with caution. Even so, the measured mass 
gains provide useful insight into the relative particle capture perfor
mance of each filter type over a standardized, multi-year period of 
outdoor aerosol loading.

The calculated final-filter mass gain based on SMPS-OPS measure
ments significantly underestimates the gravimetric measurements by 
63.7%, 53.1%, and 37.5% for the MERV8, MERV13, and MERV14 final- 
filters, respectively (Figure S6). This discrepancy can be attributed to 
several factors, including uncertainty in assumed outdoor aerosol par
ticle density and the under-sampling of super-10 µm particles, which can 
contribute substantially to total mass. In addition, the gravimetric mass 
includes contributions from condensed low-volatility organic and inor
ganic species [122,123], water uptake [87,88], microbial growth [124], 
and ozone-initiated formation of secondary species on the filter media 
[125], none of which are captured by SMPS-OPS measurements. For 
example, Bi et al. (2018) [122] and Wan et al. (2022) [123] reported 
elevated concentrations of low-volatility organic species, including 
phthalates, organophosphates, and polycyclic aromatic hydrocarbons, 
in accumulated HVAC filter dust. These findings suggest that 

Fig. 11. Weekly filter mass gain ratios for particle size fractions (E0.3, E1, E2, and E3) in Duct 1 during the two-year outdoor aerosol aging period. Panel (a) shows 
the MERV8 pre-filter, and panel (b) shows the MERV14 final-filter. In each panel, the stacked bars represent the percentage contribution of filter mass gain attributed 
to the integrated particle mass of E0.3 (≤300 nm; light pink), E1 (300–1000 nm; blue), E2 (1000–3000 nm; green), and E3 (3000–10,000 nm; dark pink) size 
fractions. Size fraction definitions follow ANSI/ASHRAE Standard 52.2–2017, with the addition of E0.3 to include particles ≤300 nm. Dashed red vertical lines 
indicate replacement of the MERV8 pre-filter at week 60.
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low-volatility gas-phase species likely partition onto deposited particles 
on the filter media, contributing to filter mass over time but not being 
captured by SMPS-OPS measurements. In addition, ozone-initiated re
actions with squalene and terpenes on filter surfaces can generate sec
ondary aerosol mass, further increasing filter loading beyond that 
estimated from SMPS-OPS measurements alone [30,126].

Atmospheric aerosol particles larger than Dem(o) = 100 nm often 
exhibit moderate to high hygroscopicity, particularly in regions with 
strong secondary aerosol production (e.g., sulfate-rich environments), 
with reported hygroscopic fractions reaching up to 61% for 
accumulation-mode particles (Dem(o) ~ 265 nm) in urban settings 
[83–88]. As a result, particles deposited on filters can undergo sub
stantial mass growth due to water uptake under elevated RH conditions. 
Beyond direct water condensation, prolonged exposure to high humidity 
(typically >70–80% RH) can also promote bacterial and fungal cell 
growth on filter media, further contributing to mass accumulation over 
time [124].

To better understand how different particle size fractions contribute 
to total mass loading, a comparative analysis (Figs. 11–13) was con
ducted using SMPS-OPS data to estimate the relative contributions of 
E0.3 (≤300 nm), E1 (300–1000 nm), E2 (1000–3000 nm), and E3 

(3000–10,000 nm) size fractions to the total sub-10,000 nm accumu
lated mass. The data gaps in Figs. 11–13 correspond to weeks with 
insufficient data to reliably compute size-fractionated mass gain ratios 
across the 10–10,000 nm particle size range, primarily due to instrument 
malfunctions, data corruption, or periods of instrument unavailability. 
Fig. 11 shows that mass accumulation on the MERV8 pre-filter is 
dominated by coarse particles, with the E3 and E2 fractions consistently 
accounting for more than 80% of the total mass, while sub-micron 
fractions (E0.3 and E1) contribute negligibly. In contrast, the MERV14 
final-filter exhibits a markedly different loading profile, with mass gain 
driven primarily by fine and ultrafine particles; the E0.3 and E1 fractions 
together frequently exceed 80% of the total mass, with the ≤300 nm 
fraction alone often exceeding 50% (Fig. 12) Similarly, the MERV13 
final-filter shows mass accumulation dominated by E0.3 and E1 particle 
fractions, reflecting the effective removal of coarse particles by up
stream filtration.

The MERV8 final-filter (Fig. 13) exhibits a distinct loading behavior 
compared to the MERV8 pre-filter. The pre-filter mass is dominated by 
coarse particles (E3 and E2), whereas the final-filter shows contributions 
from finer particle fractions, including E0.3 (≤300 nm) and E1 
(300–1000 nm), along with E2 (1000–3000 nm). Because both filters in 

Fig. 12. Weekly filter mass gain ratios for particle size fractions (E0.3, E1, E2, and E3) in Duct 2 during the two-year outdoor aerosol aging period. Panel (a) shows 
the MERV8 pre-filter, and panel (b) shows the MERV13 final-filter. In each panel, the stacked bars represent the percentage contribution of filter mass gain attributed 
to the integrated particle mass of E0.3 (≤300 nm; light pink), E1 (300–1000 nm; blue), E2 (1000–3000 nm; green), and E3 (3000–10,000 nm; dark pink) size 
fractions. Size fraction definitions follow ANSI/ASHRAE Standard 52.2–2017, with the addition of E0.3 to include particles ≤300 nm. Dashed red vertical lines 
indicate replacement of the MERV 8 pre-filter at week 60.
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this configuration are MERV8, the upstream pre-filter removes a large 
fraction of coarse particles (3000–10,000 nm), allowing sub-3000 nm 
particles to penetrate and accumulate on the downstream filter. As the 
pre-filter loads over time, enhanced removal of larger particles due to 
dust cake formation further reduces coarse particle transport, increasing 
the relative contribution of fine and ultrafine particles to the final-filter 
mass. Consistent with these observations, Waring et al. (2008) [32] re
ported that pre-filters (MERV6–8) effectively remove coarse particles 
while allowing 80–90% of sub-micron particles to penetrate to down
stream filters. As a result, mass accumulation on secondary final-filters is 
slower but dominated by finer particle fractions, which tend to form 
denser dust cakes than the coarse deposits observed on pre-filters, as 
reported in previous studies [34,43,76,127,128]. These findings high
light a key limitation of current laboratory testing protocols (e.g., 
ANSI/ASHRAE Standard 52.2–2017 [48]), which rely on coarse test 
dusts (e.g., ISO 12103–1 [129,130]) that do not fully represent the 
mass-loading characteristics of fine particles on high-efficiency filters. 
The present results underscore the need to incorporate fine and ultrafine 
particle loading into standardized tests to better predict the service life 
and real-world performance of final-stage HVAC filters [129,131].

4. Conclusions

This two-year in-situ evaluation, enabled by a custom-built, full-scale 
HVAC filter test rig designed to expose filters to outdoor aerosol con
ditions, demonstrates that HVAC filter performance evolves substan
tially under continuous atmospheric aerosol loading. Across all ducts, 
MERV8 pre-filters exhibited exponential increases in ΔP driven by 
outdoor aerosol deposition, while downstream final-filters contributed 
comparatively little to total airflow resistance. Mechanical filters, 
including both MERV8 and MERV14 final-filters, showed stable or 
increasing filtration efficiency over time, whereas the MERV13 electret 
final-filter experienced pronounced efficiency loss across the 300–1000 
nm (E1) range. These divergent aging trajectories illustrate that 
laboratory-rated performance does not necessarily predict long-term in- 
service behavior and highlight the usefulness of the in-situ MERV 
framework for resolving temporal shifts in filtration efficiency relevant 
to both HVAC energy consumption and exposure reduction.

The in-situ MERV results further reveal that mechanical filters can 
exhibit substantial gains in filtration efficiency during aging, while 
electret media may undergo rapid deterioration due to charge decay 
accelerated by humid, particle-rich outdoor air. Size-resolved particle 

Fig. 13. Weekly filter mass gain ratios for particle size fractions (E0.3, E1, E2, and E3) in Duct 3 during the two-year outdoor aerosol aging period. Panel (a) shows 
the MERV8 pre-filter, and panel (b) shows the MERV8 final-filter. In each panel, the stacked bars represent the percentage contribution of filter mass gain attributed 
to the integrated particle mass of E0.3 (≤300 nm; light pink), E1 (300–1000 nm; blue), E2 (1000–3000 nm; green), and E3 (3000–10,000 nm; dark pink) size 
fractions. Size fraction definitions follow ANSI/ASHRAE Standard 52.2–2017, with the addition of E0.3 to include particles ≤300 nm. Dashed red vertical lines 
indicate replacement of the MERV 8 pre-filter at week 60.
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measurements revealed distinct mass loading trajectories by filter type 
and position: MERV8 pre-filters accumulated mass dominated by coarse 
particles, whereas final-filters were loaded predominantly by fine and 
ultrafine particles, with total gravimetric mass gain increasing with 
final-filter MERV rating. These contrasting loading profiles reflect the 
selective particle penetration imposed by upstream pre-filtration and 
underscore a key limitation of current standardized laboratory loading 
protocols, which rely on coarse test dusts that do not adequately 
represent the fine and ultrafine particle loading conditions encountered 
by final-filters in real-world two-stage filtration systems. Under constant 
airflow operation, weekly fan energy consumption increased progres
sively alongside rising filter ΔP, with the magnitude and rate of increase 
varying by filter type and fan efficiency. These findings have practical 
implications for filtration strategies in mechanically ventilated build
ings, particularly for optimizing filter replacement scheduling and pre
dicting long-term energy penalties associated with filter aging.

Several limitations should be considered when interpreting these 
results. Only one unit of each filter make and model was tested, and 
performance may vary across products or manufacturers. Results reflect 
the operating conditions and outdoor aerosol characteristics specific to 
the test rig and climatic region, and different volumetric airflow rates, 
blower types, or outdoor air pollution conditions could alter aging 
behavior. Moreover, episodic air pollution events such as wildfires or 
dust storms can introduce substantially different outdoor aerosol 
loading rates, size distributions, and chemical compositions, which may 
further alter filter aging behavior and performance. Notably, the in-situ 
MERV calculation differs from the standardized method defined in 
ANSI/ASHRAE Standard 52.2–2017 and may result in deviations from 
standard MERV classifications. Despite these limitations, this study 
provides a uniquely comprehensive, multi-year dataset illustrating the 
dynamic nature of HVAC filter aging under real-world outdoor aerosol 
exposure and highlights the need for continued research, improved 
monitoring approaches, and next-generation filtration technologies to 
ensure robust indoor air quality, energy efficiency, and system 
longevity.
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