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Two Specific “Systems”

• Heating, ventilation, and air conditioning (HVAC) systems
• Unseen and interstitial spaces

• High surface area to volume ratio
• High dust/contamination concentrations
• Condensed water
• Extreme temperatures and humidities
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used for many years to determine filter efficiencies in tests that compare upstream and downstream contam-
inant levels. Similar tests have also been used to determine filter shedding, and to evaluate HVAC compo-
nents for biological contamination or the potential for such contamination. Laboratory tests are essential to
characterize complex sources, e.g., biological growth (Pasanen et al. 1991b).

Environmental test chambers are routinely used to measure VOC emissions under controlled tempera-
tures, humidities, airflows, and loading ratios designed to reflect interior conditions and environments. U.S.
EPA has developed standardized protocols for small chamber tests (Tichenor 1989; ASTM 1991) that pro-
vide good precision and accuracy. Certain HVAC components appear amenable to such tests, including
materials that potentially outgas (e.g., caulks, sealants, paints, etc.). Similar tests have been performed for
odors and VOCs from filters (Hujanen et al. 1991; Rivers et al. 1992), although EPA protocols were not used
in these cases. Also, modifications of the chamber setup permit the evaluation of sorption-desorption pro-
cesses (Rothenburg et al. 1989).

Although chambers provide a controlled environment so that individual characteristics of HVAC com-
ponents can be tested, laboratory conditions can never truly duplicate dynamic building conditions; thus the
quantification of emission rates may not be relevant for some HVAC components. This is unlikely to be an
issue for VOCs that are rapidly outgassed, e.g., “wet” products like caulks and sealants. Chamber measure-
ments may not accurately represent VOC emissions that depend on the previous time history of concentra-
tions, humidities, etc. Chambers may not realistically simulate high flows, turbulence, fan cycling, etc., and
thus may not account for entrainment and aerosolization, critical processes for some particulate emissions.

Summary
A wide range of methods is available to identify and estimate emissions from HVAC sources. While all

methods have limitations, many are complementary. The most reliable results will be obtained using a com-
bination of methods. For example, case reports may identify a suspected problem; laboratory component or
chamber studies may identify and confirm specific emissions, or may allow identification of specific pollut-
ant reservoirs; in situ tests may help quantify emissions or document the potential for emissions; and longi-
tudinal and/or cross-sectional studies may confirm and extend results. At this point, no HVAC component
has progressed through all of these stages for any pollutant.

HVAC SYSTEMS AND IAQ
The literature verifies that HVAC systems can be sources for some pollutants, although the extent and

human health impact of the problem remains unknown. Table 1 provides an overview of HVAC emission
sources and problems that are discussed below. Understanding the kinds of pollutants that can be generated
in HVAC systems should help to direct efforts at control so that impacts can be minimized.

Table 1.  Emission sources and problems identified in HVAC systems
SOURCES AND PROBLEMS TYPICAL EXAMPLES
Intrinsic emission sources
1. Seals, caulks, adhesives outgassing of VOCs, deterioration
2. Fibers asbestos, fiber shedding
3. Metal degradation products deterioration and entrainment of coatings, platings, metal surfaces
4. Lubricating oils, etc. fans, motors in the air stream
5. Ozone release by electrostatic air cleaners
Emission sources resulting from contamination
1. Dust construction material, skin cells, etc., with accumulation possibly leading 

to microbial contamination, VOC sorption-desorption, and low flows
2. Other organic debris leaves, bird droppings
3. Growth of microorganisms growth and aerosolization of bioaerosols and VOCs from micro-organisms 

at sites including: cooling coils, drain pans, drains, traps and sumps, fil-
ters, insulation, duct surfaces, plenums, humidifiers and evaporative 
coolers, cooling towers

4. VOC sinks filters, sound absorbers, insulation materials, deposited dust
5. Cleaning compounds and biocides biocides, disinfectants, deodorizers
6. Boiler steam anticorrosives, biocides, slimicides, oxygen-scavenging or filming chemi-

cals, anti-corrosives, pH control neutralizers
Design/operational effects on IAQ
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Intrinsic Emission Sources
Seals, Caulks, Etc. Based on laboratory component tests, adhesives, sealants and caulks used in HVAC

systems can contain latex acrylic, styrene, butadiene rubber, neoprene rubber, butyl rubber, vinyl, silicone,
and urethane (Leovic et al. 1993). These and other compounds may be released in the curing and aging of
these products and, if they are placed in contact with HVAC air streams, then emissions may enter occupied
spaces. No studies have been found that estimate IAQ impacts of these sources. However, standardized
chamber tests can be used to provide accurate measurements of VOC composition and source strength for
these materials, from which impacts may be estimated. Like other “wet” products, these materials are likely
to exhibit emissions which rapidly decrease or decay after application (Tichenor and Mason 1988).

Fibers. Fibers from fiberglass linings damaged during installation or worn and disintegrating may be
entrained and discharged to occupied spaces (Morey and Shattuck 1988). Spray-on fibrous fireproofing and
exposed fibrous insulation in plenums may become dislodged and entrained (Morey and Shattuck 1989).
Shumate and Wilhelm (1991) used laboratory tests to investigate fiber shedding for various types of filters.
Only minimal amounts of fiber were shed in short and long term tests.

Price and Crump (1992) review releases of asbestos containing materials found in older HVAC systems.
These particles may be released during building and HVAC maintenance and repair operations. Asbestos
contamination and mitigation measures are well established and beyond the scope of this review.

Metal Degradation Products. Deterioration of platings on metal surfaces and subsequent entrainment
may release particles containing toxic metals (e.g., Zn and Cd). One study did find that a small subset of
dust particles contained high concentrations of Fe, Cr and Mn (Rothenberg et al. 1989); however, the source
of these particles is unknown. Also poorly studied, microbial agents metabolize metals, and can produce
metal-containing gases and aerosols.

Lubricating Oils, Etc. Levin and Moschandreas (1990) mention lubricating oils in fans and motors as
potential VOC sources. Morey (1990a) recommends that motors should be located outside of ventilation air
streams, possibly for the same reason. No study substantiating this source has been identified.

Ozone. Electrostatic air cleaners produce ozone (O3) as a consequence of the electrostatic field used to
ionize and collect particles. This phenomenon is well-known (Viner et al. 1992). Most units produce O3
increments below 50 ppb (parts per 109 parts by volume), the EPA guideline, and well below the 120 ppb
ceiling established as a National Ambient Air Quality Standard (NAAQS). The significance of this source
increases, however, in areas where ambient or building air approaches or exceeds the O3 standard.

Emission Sources Resulting from Contamination
Dust. Dust is an accumulation of particles entrained from outside air, and from air recirculated from the

ventilation system and the occupied space. Dust accumulates on filters and on surfaces within the HVAC
system. Outdoor dust contains (among other things) silica, combustion products, rubber, fungus spores,
bacteria, and other whole and fragmented organisms. Laatikainen et al. (1991) found that dust loadings
were related to the height of the air intake and the filter type used. Pasanen et al. (1992a) investigated sur-
face density and accumulation rates of dusts and pollen. Dust accumulation depended on filter efficiency
(including leakage between filters and frames).

Dust particles released from ventilation system components include fibers, rubber from fan belts, metal
degradation products (see above), and particles from microbial sources. Dust from occupied spaces consists
primarily of human skin scales, along with fibers, combustion products, and microorganisms. It should be
noted that return ducts typically do not employ filtration, and low velocity returns and ceiling plenums can
accumulate significant levels of dust and debris. 

In an in situ study, Krzyanowsksi (1992) observed particulate “puffs” downstream of filters when

1. Entrainment and re-entrainment leaks, polluted outside air, building exhaust
2. Rotary heat exchangers sorption-desorption of VOCs
3. Building pressurization intake of polluted outside air
4. Transport odor, VOC and particle migration
5. Climate control high humidity
6. Ventilation and air exchange inadequate dilution of internal sources, inadequate outside air

Table 1.  Emission sources and problems identified in HVAC systems
SOURCES AND PROBLEMS TYPICAL EXAMPLES
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Images: Pinterest, PNGHut

High specific surface area elements
High/low temperature surfaces
Dust-loaded and/or microbially active surfaces
Liquid water
High air velocities and air flow rates
High-intensity illumination



HVAC System Physical Properties
• Clean surface area to volume 

ratios
• Ducts  (~1-10/m)
• Heat exchangers (100-1000/m)
• HVAC filter (~100/m)

• Air velocities and airflows
• 1- 5 m/s
• 1-10 building volumes/h

• Temperatures
• 50-80 °C heat exchangers & 

radiators
• 5-15 °C cooling coils

Images: https://www.pickhvac.com/hvac-ductwork-cost/
https://www.dh-ts.com/power-generation-industrial-products/coils/
https://en.wikipedia.org/wiki/HEPA, https://medium.com/

https://www.pickhvac.com/hvac-ductwork-cost/
https://www.dh-ts.com/power-generation-industrial-products/coils/
https://medium.com/
https://medium.com/


Air Distribution Systems

• Sheet metal (+rubber, plastics, insulation)
• Even when “clean”: Sealants, lubricants, cutting oils, gaskets

Image: basc.pnnl.gov

Morrison et al. (1998) JAWMA



Source
1 1 2 2 3 3 3 3 4 4 4 3 3

O
zo

ne
 R

em
ov

al
 E

ff
ic

ie
nc

y 
(%

)

0

10

20

30

40

50

60

70

1. Zhao et al. (2007) Atmos Environ
2. Beko et al. (2006) Indoor Air
3. Hyttinen et al.(2003) Indoor Built Environ
4. Hyttinen et al. (2006) Atmos Environ

Clean And Used Filters

profiles obtained using a PO1 filter for a compoundwithm/z¼ 61 in
the presence and absence of ozone, representative of results
obtained in these experiments. We observed PTR-MS signals for
compounds with m/z ¼ 31 (formaldehyde), 45 (acetaldehyde), 57,
59, 61 and 101. The compound with m/z 57 may be tentatively
attributed to acrolein, a strong irritant. Other candidate analytes
with similar MW are 1-butene and butylene, but formation of
acrolein, an oxygenated molecule, is more likely. In the case of m/z
61, two possible candidates are glycolaldehdye and acetic acid. The
compounds with m/z 59 and 101 have been attributed to acetone
and 4-oxopentanal (4-OPA) respectively, two oxidation byproducts

of squalene, a semivolatile organic compound that is ubiquitous
indoors (Wisthaler and Weschler, 2010).

We estimated downstream pollutant concentrations by sub-
tracting background levels measured immediately before exposing
each filter sample to ozone. Table 1 reports 1-h average levels for
a subset of the filters studied and for each analyte. Concentrations
were determined using the corresponding calibration curves for
formaldehyde and acetaldehyde, and that of toluene for all other
compounds (assuming that the PTR-MS response is not signifi-
cantly different). For formaldehyde and acetaldehyde, levels as high
as 20 and 5 ppbv were recorded, respectively. These initial 1-h
emission levels are higher than those recorded in Fig. 3 for inte-
grated emissions of these compounds over longer periods (w15 h).
In the PTR-MS experiments we also observed high emissions of
formaldehyde from the FG1 filter in the absence of ozone, consis-
tent with results shown in Fig. 4, obtained with DNPH derivatiza-
tion and HPLC analysis. For nearly all filters, m/z 61 and 101 were
consistently detected, with levels recorded as high as 4 and
10 ppbv, respectively, suggesting the presence of other oxidation
byproducts from ozone chemistry. Most acetone and 4-OPA levels
were higher for used filters than for unused filters. Squalene, a skin
oil constituent, is likely present in filter cake as a result of emissions
from building occupants. However, non-zero levels observed in
unused filters suggest that it may also originate (to a minor extent)
in handling of the filters during manufacturing and packing oper-
ations, as well as during storage periods. While all experimental
procedures were carried out using nitrile gloves to avoid contam-
ination with operator’s skin oils, it is impossible to completely
eliminate background levels of squalene. In the case of m/z 57, low
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Fig. 3. Aldehyde concentrations measured downstream of used and unused filters exposed to ozone. The filter media included fiberglass with heavy tackifier application (FG1),
polyester with medium tackifier application (PE) and cotton/polyester blend without tackifier (CP1). Results are reported for (A) formaldehyde and (B) acetaldehyde. Limits of
detection are indicated with dashed lines in each case. Plots are represented in each case to maximum scale, but it should be noted that significant differences exist between FG1 in
Fig. 3-A and all other filters.

Fig. 4. Formaldehyde concentrations measured downstream of FG1 filter media in the
presence and absence of ozone, for experiments performed at 50% RH.

H. Destaillats et al. / Atmospheric Environment 45 (2011) 3561e3568 3565

Destaillats et al. (2011) Atmos Environ

15−25%, significantly higher than the experimental error of
replicate measurements taken with the same filter coupon,
which may be caused by the material inhomogeneity of the
filter media. Therefore, we used 20% for the estimated
measurement uncertainty related to the determination of
Δ[CH2O].
Figure 1(a) shows the formaldehyde concentration change

downstream of the filter as a function of time for the long-term

tests at low face velocity conducted for filters F1 and F4.
Results indicate that the formaldehyde emission decreased
moderately over time. For example, the formaldehyde emission
at the end of one month was still over 70% of that measured
between 24 and 48 h exposure for filter F1 under 80% RH.
Fiberglass filters F1 (with a heavy tackifier coating) and F4

(not coated) and three polyester filters (P1−P3) were used to
study formaldehyde emissions under high face velocity
conditions (ν = 0.5 m/s). Table 1 summarizes formaldehyde
emission results for these filters. Similar to the findings for low-
velocity experiments, formaldehyde concentrations increased at
higher RH. We report in each case the average of two 1-h

integrated samples taken at the end of a 48-h period,
subtracting the upstream concentration. The average back-
ground formaldehyde concentrations upstream of the filter
were <0.4 μg/m3, and were subtracted from downstream values
to determine emission rates. The experimental error in each
case corresponds to one standard deviation.
Figure 1(b),(c) shows the formaldehyde concentration

measured downstream of filters F1 and F4 exposed to 50%
and 80% RH, respectively, as a function of time. It can be
observed that initial formaldehyde concentrations decrease with
time and approximately stabilize after ∼100 h of continuous
exposure to the air flow. Formaldehyde emissions from
polyester filters were negligible after the first 24 h.
In separate tests, liquid samples of three different brands/

models of tackifiers available commercially were applied to an
inert substrate and exposed to a flow of air at 80% RH. No
significant formaldehyde emissions were observed leading to
the conclusion that tackifiers do not participate in the
hydrolysis reaction.

Estimation and Comparison of Formaldehyde Emis-
sion Rates for Different Scenarios. The formaldehyde
emission rate per unit filter face area EF (in μg/h-m2) for each
experiment was calculated as follows

= ΔE f A( [CH O])/F 2 (2)

where f is the air flow rate (m3/h), and A is the exposed filter
face area (m2). Figure 2 plots formaldehyde emission rate EF as

a function of RH for the four fiberglass filters tested. For the
filter media for which repeat tests were conducted, the average
of replicates was used in Figure 2. The uncertainty of EF was
estimated at ±25%, arising mainly from the experimental error
for Δ[CH2O] determined above (eq S1 of the SI). Flow rates
were measured in the lab with a precision of ±1% using a
calibrated flow meter (Bios DryCal or mini-Buck Calibrator M-
5). The uncertainty associated with the area measurement is
negligible. Results indicate that the formaldehyde emission rate
increased as RH increased for all four fiberglass filters,
regardless of tackifier loading, and that the effect was not
linear. The formaldehyde emission rate at 80% RH increased
about 5−7 times compared to that at 50% RH. The limited data
measured at 50%, 65%, and 80% RH for filter F1 and F4
indicated an approximate exponential increase in emission rate
with RH as shown in Figure 2. The strong dependence of
formaldehyde emission rate on relative humidity suggests that
hydrolysis is possibly the main mechanism causing form-
aldehyde emission. In addition, the emission rates from

Figure 1. Formaldehyde concentration increase downstream of filters
(a) F1 and F4 for different RH at a face velocity of ν = 0.013 m/s, (b)
F1, and (c) F4 for different RH levels in experiments performed with a
face velocity of ν = 0.5 m/s over a period of 10 days.

Figure 2. Formaldehyde emission rate (EF) as a function of RH in low
(ν = 0.013 m/s) and high (ν = 0.5 m/s) face velocity experiments.

Environmental Science & Technology Article

dx.doi.org/10.1021/es400290p | Environ. Sci. Technol. 2013, 47, 5336−53435339

Sidheswaran et al.  (2013) Environ Sci Tech

CH3CHOHCHO



Heating Heat Exchangers

Afshari et al. (2005) Indoor Air

“Heat treatment induces a significant increase in the number 
of emitted sub-micron particles, probably dominated by 
condensation particles. This occurs even at low temperatures, 
(50–100 °C ), which are often present in an indoor 
environment.” Pederson et al. (2003) Indoor AirPederson et al. (2001) Atmos Environ

“Emissions of volatile organic compounds from heated dust 
from different sources were surprisingly similar. However, 
the temperature at which the emission of volatiles started 
varied with the dust source.”

Wallace et al. (2017) Environ Sci Tech



Cooling Coils

Duncan et al. (2019) Environ Sci Tech

Bastidas et al. 2006 Copper Conf.

Coil fins

Drain pan

Image: https://www.brodi.com/hvac

https://www.brodi.com/hvac


Air Cleaning (Electrostatic Precipitators +UV)

Davidson and McKinney (1998) Aerosol Sci Tech

1 Ultraviolet (UV) light
2a Photohydroionization
2b Photohydroionization
2c Photohydroionization
3 Electrostatic Precipitation
4 Photocatalytic Oxidation (PCO)
5a Ultraviolet light
5b Ultraviolet light
6a Ozone generator
6b Ozone generator
7 UV / PCO / Carbon
8 Ultraviolet light

Siegel et al.  (2014) Indoor Air Conf



Cycling Behaviour
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From HVAC Systems to Unseen Spaces

• High surface area to volume 
ratios
• Not cleaned
• Condensation + high humidity
• Thermal extremes
• Insulation and building materials

Images: greenbuildingadvisor, iko.com,
jadelearning.com, Inspectapeida, 



Liu et al. 2018 Indoor Air



Attic Chemistry

Van Pelt et al. (2020) J. Geochem Explor

Image: beautyharmonylife.com/ 



Chemistry in the Building Enclosure

PNO = ~1
PNO2 = 0.72 ± 0.06 

Stephens et al (2012) ES&T Zhao & Stephens (2016) ES&T Zhao et al. (2019) ES&T



Insulation – Emissions and Chemistry 

Chin et al. (2019) Env Sci Processes Impacts



Research Needs
• Need a framework to understand when different 

processes are important
• Climate and context
• Building materials
• “Taxonomy” of HVAC systems
• Temporal dynamics

Schwartz-Narbonne et al. Submitted

Chen and Davidson (2004) 
Plasma Chem Plasma Process

Li and Siegel (2018) Indoor Air Conf

Zhao (2006) PhD Thesis UT Austin



If you want to understand indoor 
chemistry, you have to understand the 

building and its systems.


