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air pollution Recent studies have shown that potentially hazardous volatile organic compounds (VOCs)
buildings and ultrafine particles (UFPs) are emitted from many desktop three-dimensional printer
environmental health and filament combinations. We use recently published measurements of UFP and speciated

exposure assessment

VOC emission rates from a number of desktop 3D printers and filaments to predict the
indoor air quality

magnitudes of human exposures to airborne pollutants that would be expected in multiple
locations within a typical small office environment. We also model the impacts of several
control strategies for reducing occupational exposures. Results demonstrate that UFP and
VOC concentrations within close or moderate proximity (i.e., within 3 and 3 to |8 meters,
respectively) to some desktop 3D printer and filament combinations with the highest
emissions can exceed recommended exposure levels (RELs) for some VOCs and typical
indoor concentrations for both UFPs and VOCs. Concentrations of caprolactam within
close proximity to a printer using some nylon-based filaments are predicted to exceed
both acute and chronic RELs set by the California Office of Environmental Health Hazard
Assessment. UFP concentrations are predicted to reach as high as 80,000 particles per cubic
centimeter in close proximity to the highest emitting printer and filament combinations.
The printer and filament combinations with the lowest UFP and VOC emission rates are
not expected to yield concentrations at levels of concern. The most effective control
strategies for reducing both UFP and VOC concentrations included installing a high-flow
spot ventilation system and operating the printer in a sealed enclosure with high-efficiency
gas and particle filtration.

Introduction industrial, educational, commercial, and residential settings.
There are several additive manufacturing technologies used by

Three-dimensional (3D) printers are rapidly gaining pop- 3D printers currently on the market (Afshar-Mohajer et al.

ularity for prototyping and manufacturing in a variety of

Conflict of interest statement: The authors have no conflict to declare.

Address correspondence to: Dr. Brent Stephens, Department of Civil, Architectural and Environmental Engineering, Illinois Institute of Technology, Alumni Memorial Hall
Room 228, 3201 South Dearborn Street, Chicago, IL 60616, USA. Email: brent@iit.edu; Web: http://built-envi.com

© 2017 The Authors. Journal of Industrial Ecology, published by Wiley Periodicals, Inc., on behalf of Yale University. This is an open access article under the terms of the
Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited.
DOI: 10.1111/jiec.12578 Editor managing review: Joost Duflou

Volume 21, Number S1

www.wileyonlinelibrary.com/journal/jie Journal of Industrial Ecology Si107


http://built-envi.com
http://creativecommons.org/licenses/by/4.0/

I RESEARCH AND ANALYSIS

s Duct
Near-distance zone /_/--/’ Bathroom ,
(MO: 1;A: 9 m?) / (MO: 0; A: 16 m?)
s e
2 |@ L il ®
. ] \a Perimeter north 0
3D printer — 4 REY  { (MO: 6;A:113.45 m?) 3
location / 2 A — /1,
/ e B sov - r 7
— |® E
Measurement — & 3 oy
. > @ [+3 000 o,
locations . § S Tt | 5 $
~ta 2 8 b4 3 Ng
L] ch P 1: 9 ses o 1: © -
Sa 1 T Core $ &7
5 - -8 A 2 O
26 ks - (r\Ano. 8; A:133.66 m?) s
: [ .
o0 N o
4 Perimeter south ) 8
b4 (MO: 6; A:113.45 m?) 3
=80 S e =80

MO: Maximum occupancy
A: Surface area

Figure I CONTAM model for the small office building. 3D = three-dimensional; MO = maximum occupancy; A = floor area; m?> =

square meters.

2015), although most relatively inexpensive desktop 3D print-
ers utilize a technique called fused filament fabrication (FFF).
In the FFF process, a 3D object is formed layer by layer as a ther-
moplastic filament is forced through a heated extrusion nozzle,
melted, and deposited in thin layers onto a moving baseplate
(Gross et al. 2014).

A few recent studies have shown that potentially hazardous
gases and particles are emitted from many FFF 3D printers and
filaments (Azimi et al. 2016; Kim et al. 2015; Steinle 2016;
Stephens et al. 2013). Many printer and filament combinations
have been shown to emit ultrafine particles (i.e., UFPs; parti-
cles smaller than 100 nanometers [nm]), whereas others have
been shown to emit hazardous volatile organic compounds
(VOC:s) such as styrene and caprolactam (Azimi et al. 2016).
Understanding the magnitude of these emissions has been crit-
ical, given that exposure to thermal decomposition products
from acrylonitrile butadiene styrene (ABS) and other thermo-
plastics are known to have toxic effects in animals and humans
(Oberdorster et al. 2005; Schaper et al. 1994; Unwin et al.
2013; Zitting and Savolainen 1980). Moreover, exposure to
UFPs from a variety of sources have been linked with a variety
of adverse health impacts in humans (Oberdorster 2000; Peters
et al. 1997).

In a recent screening analysis, we estimated that some of the
highest emitting printer and filament combinations that have
been tested to date could yield high concentrations of VOCs
and UFPs that could be of concern for human health when
operated in small office spaces (Azimi et al. 2016). However, we
are not aware of any studies to date that have explored in detail
the likely human exposures to both gas and particle emissions
from desktop FFF 3D printers and filaments in more realistic
indoor environments. Therefore, in this work, we use recently
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published measurements of emission rates of both UFPs and
speciated VOCs from a wide variety of desktop FFF 3D printers
and filaments to predict the magnitudes of human exposures
to these same pollutants that would be expected in multiple
spatial locations within a typical small office environment. We
also use the worst-case UFP and VOC emission scenarios to
model the likely impacts of several potential control strategies
for reducing exposures.

Methods
Characteristics of the Modeled Office Environment

We used a multizone airflow and contaminant transport
analysis modeling software, CONTAM 3.2 (NIST 2016), to
predict concentrations resulting from gas and particle emis-
sions from several combinations of desktop FFF 3D printers and
filaments, assuming each printer is operated inside a one-story
office building with a floor area of 511 square meters (m?). The
office building geometry and floor plan was taken from the De-
partment of Energy Commercial Reference Building data set
(Ng et al. 2012). However, we modified some of the building
characteristics in the CONTAM model to represent more re-
alistic scenarios. Figure 1 shows the building floor plan divided
into multiple zones and the maximum occupancy in each zone
(Ng et al. 2012).

In figure 1, each zone was assumed to be well mixed with
uniform temperature, relative humidity, and pollutant concen-
tration. In all simulations, one desktop 3D printer was located
in the small shaded zone in the top left corner of figure 1. This
zone does not have physical partitions like the other zones, but
represents a 9-m? floor area space within the western perimeter
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zone in which the printer is contained. We refer to this zone
as the “near-distance” zone, in which a person would be sitting
within immediate proximity to an operating 3D printer (i.e.,
within ~3 meters [m]) for extended periods of time. We also
refer to two other main zones in which occupants would be
exposed to printer emissions only after the contaminants are
transported from the printer location to those areas, includ-
ing an immediately “adjacent zone” to the near-distance zone
(within ~3 to 18 m) and a “far zone” that is on the far end of
the building (between ~ 18 and ~33 m away).

Each zone (other than the bathroom and the “near-distance”
zone) was modeled with its own air-handling unit (AHU) de-
signed to recirculate indoor air and deliver outdoor air for ven-
tilation. The total supply and return airflow rates were the same
for each AHU. We assumed that all five AHUs were designed
to meet American Society of Heating, Refrigerating and Air-
Conditioning Engineers (ASHRAE) Standard 62.1-2010 min-
imum ventilation requirements based on both floor area and
occupancy (ASHRAE 2010). One exhaust fan ducted to the
exterior was also assumed to operate continuously in the bath-
room at an airflow rate of 1.8 cubic meters per hour (m’/hr).

The required outdoor air ventilation rate for each zone, Queny.i
(m’/hr), was calculated using equation (1) (ASHRAE 2010):

chntﬂi = A X Noccupants,[ + B X Azone,[ (1)
where:

A= the required outdoor air ventilation per person for a small
office (9 m?/hr per person)

B= the required outdoor air ventilation per floor area (1.08
m’/hr per m?)

Noceupanss,i = the maximum number of occupants in zone i (-)

Acone.i = the floor area of zone i (m?)

For the baseline simulation conditions, we also assumed that
the AHUs met minimum heating, ventilation, and air condi-
tioning (HVAC) filtration efficiency requirements in ASHRAE
Standard 62.1-2010 with minimum efficiency reporting value
(MERV) 8 particle filters and no gas-phase filtration (ASHRAE
2012). We estimated the removal efficiency of MERV 8 filters
for UFPs emitted from desktop 3D printers to be 43.5% by
mapping the size-resolved removal efficiency of filters recently
tested in Fazli and Stephens (2016) to the resulting size-resolved
distribution of emitted particles from 3D printers in an office
environment reported in Stephens and colleagues (2013) for
particles less than 100 nm following a procedure described in
Azimi and colleagues (2014).

We assumed default building occupancy and HVAC sys-
tem runtime schedules from the National Institute of Standards
and Technology (NIST) model, with the building occupied on
weekdays from 7:00 a.m. to 6:00 p.m. and the HVAC system op-
erating from 6:00 a.m. to 10:00 p.m. on weekdays. In all cases, we
assumed that a single desktop 3D printer operated continuously
for 8 hours from 9:00 a.m. to 5:00 p.m., representing a relatively
high, albeit not uncommon, duration of operation. We assumed
that the building was located in Chicago, Illinois, and used Typ-
ical Meteorological Year (TMY) 3 data for Chicago (NSRDB
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2016). Air infiltration through exterior walls was modeled us-
ing three characteristic openings in each wall representing var-
ious types of openings, including cracks and gaps in the walls,
at the wall corners, and around large openings such as win-
dows and doors. The effective leakage area was assumed to be
5.27 square centimeters (cm?)/m’ at a reference pressure differ-
ence of 4 pascals for all three types of small openings (Emmerich
and Persily 2011). All of the zones were connected to at least
one other zone by large openings with cross-sectional areas
of 1 m?, which served to simulate doorway openings. The zone
boundaries for the near-distance 3D printing zone were modeled
as walls with large openings the same size as their cross-sectional
areas (9 m?).

Desktop Three-Dimensional Printer Emission Scenarios

Table 1 summarizes all of the recent measurements of par-
ticle and speciated VOC emission rates from desktop FFF 3D
printers and filaments in the literature to date, including our
recent study in which we measured both UFP and speciated
VOC emissions tests for a total of five popular FFF 3D print-
ers and nine different filaments, including ABS, polylactic acid
(PLA), high-impact polystyrene (HIPS), semitransparent ny-
lon, laybrick (an imitation brick material of unknown chemi-
cal composition), laywood (an imitation wood material of un-
known chemical composition), transparent polycarbonate, a
semitransparent nylon-based plasticized copolyamide thermo-
plastic elastomer (PCTPE), and a transparent polyester resin
filament called T-Glase (Azimi et al. 2016). The three pri-
mary VOC:s include caprolactam emitted from nylon-based fil-
aments, styrene emitted from ABS and HIPS filaments, and
lactide emitted from PLA filaments. For those pollutants that
were consistently tested across all previous studies (i.e., UFPs
from PLA and ABS), reported emission rates were generally
within an order of magnitude of one another and thus the emis-
sion rates from Azimi and colleagues (2016) are considered
reasonably representative of the other studies as well.

Given the breadth of the Azimi et al. (2016) study, we use
the emission rates of UFPs and the primary speciated VOCs
emitted from each of the nine filaments to predict the time-
varying concentrations of each pollutant that would likely be
present in the previously defined near, adjacent, and far zones.
We modeled the emitted pollutants “in addition” to what con-
centrations would have existed from other indoor sources. Thus,
we assume that the concentrations of each pollutant in both
outdoor and background indoor air are zero. In CONTAM, we
assumed the diffusion coefficients of caprolactam and styrene
in the office air are 0.065 and 0.071 cm? per second (cm?/s)
(NJDEP 2015), respectively, and kept the UFP and lactide dif-
fusion coefficients equal to CONTAM defaults (0.2 cm?/s). We
also assumed default CONTAM values for the effective density
and specific heat of UFP equal to 1 grams per cm® and 1 kilo-
joule per kilogram-kelvin, respectively. Finally, the UFP decay
rate was assumed 25 x 107> s7!, equal to the median values
measured in a recent study in UFP decay rates in residences

(Wallace et al. 2013).
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Table | Estimated particle and speciated VOCs from desktop 3D printers in existing literature

Panrticle emission VOC emission

Reference Filament rate (#[min) Primary emitted VOC rate (pg/min)
Kim et al. (2015) PLA® 4.6 x 10° Toluene N/A
ABS 1.6 x 10 Ethylbenzene N/A
Steinle (2016) PLA 2.1 x 10° Methyl methacrylate 6.5
ABS 2.4 x 108 Styrene 5.8
PLA® 1.1 x 108 Lactide 4.4
ABS® 6.1 x 10'° Styrene 49.5
HIPS 1.5 x 10'° Caprolactam 19.6
Azimi et al. (2016) Nylon 2.4 x 10° Caprolactam 182.6
PCTPE 2.8 x 10° Caprolactam 167.9
Laybrick 6.9 x 107 Caprolactam 69.1
Laywood 9.8 x 107 Caprolactam 45.4
T-Glase 3.1 x 10%° Caprolactam 1.5
Polycarbonate 6.2 x 10'° Caprolactam 1.5

2 Average of reported emissions in the referenced study.

VOCs = volatile organic compounds; 3D = three-dimensional; #/min = particles per minute; ug = micrograms; PLA = polylactic acid; ABS =
acrylonitrile butadiene styrene; HIPS = high-impact polystyrene; PCTPE = plasticized copolyamide thermoplastic elastomer; N/A = not applicable.

Evaluating Exposure Control Strategies

We also modeled the impacts of several control strategies on
resulting pollutant concentrations in the office space, includ-
ing: (1) upgrading the central HVAC filtration throughout the
office; (2) operating portable stand-alone air cleaners within
close proximity to the 3D printer; (3) installing spot ventila-
tion systems within close proximity to the 3D printer; and (4)
operating the 3D printer inside a prototype sealed enclosure
with recirculating gas and particle filtration. For this analysis,
we modeled only the highest emission rates for each of the pri-
mary emitted pollutants to model the likely impacts of control
strategies on only the worst-case scenarios (i.e., emission rates
of 6.1 x 10' particles per minute [#/min] for UFPs, 183 mi-
crograms per minute [pg/min] for caprolactam, 50 pg/min for
styrene, and 4 pg/min for lactide).

Upgraded Central Heating, Ventilation, and Air Condi-

tioning System Filtration

In the first exposure control scenario, we assumed that the
HVAC filters installed in the central AHUs were upgraded to
MERYV 16 media impregnated with activated carbon to provide
both gas and particle filtration. We estimated the UFP removal
efficiency of the MERV 16 filter to be 97% using the same
matching approach with data from Fazli and Stephens (2016)
described earlier for MERV 8 filters. Because there is a lack of
literature on the gas-phase removal efficiency of impregnated
activated carbon filters for caprolactam, styrene, or lactide, we
relied on estimates from Sidheswaran and colleagues (2012)
who reported VOC removal efficiencies of activated carbon
fiber filters for six speciated VOCs ranging between 60% and
80%. Therefore, we assumed that the removal efficiency of
the high-efficiency particulate arrestance (HEPA) filters with
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activated carbon fibers for all of the emitted VOCs is equal
to 70%.

Operating Portable Stand-Alone Air Cleaners

Several previous studies have measured clean air delivery
rates (CADRs) and/or single-pass removal efficiencies for UFPs
from a number of commercial stand-alone air cleaners. Waring
and colleagues (2008) reported a single-pass removal efficiency
of ~60% for two HEPA air cleaners with average CADRs across
all particle sizes of 188 and 324 m?/hr, respectively. Other stud-
ies have reported CADRs for UFPs from other similar commer-
cial air cleaner products ranging from ~100 to ~300 m?/hr,
with single-pass efficiencies typically ranging from ~45% to
~60% (Mglgaard et al. 2014; Sultan et al. 2011). Therefore,
we modeled two distinct portable air cleaner scenarios with
CADRs of 100 and 300 m?/hr for UFPs. Assuming a single-
pass efficiency of 60% for the HEPA filters, the airflow rates
of the two air cleaners were calculated to be 167 and 500
m’/hr, respectively. We assumed that the filters also contained
impregnated carbon with 70% removal efficiency for each of
the VOCs modeled herein (Sidheswaran et al. 2012), which
yields CADRs for the modeled VOCs of 117 and 350 m’/hr
for the low- and high-efficiency air cleaner scenarios, respec-
tively. Both air cleaners were modeled in CONTAM as an
air handling system with equal supply and return air flows in-
side the near-distance zone and without any air exchange with
outdoor air.

Spot Ventilation Systems

Next, we modeled the impacts of introducing spot ventila-
tion in the near-distance zone within the immediate vicin-
ity of the operating 3D printer. For lack of other data on
exhaust systems that are designed specifically for 3D printer
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Figure 2 Typical hourly indoor concentration results from the CONTAM model with a single ABS printer operating in “near-distance,”

“adjacent,” and "far" zones. UFP = ultrafine particle; #/cm’® = particles per cubic centimeter; ug/m? = micrograms per cubic meter.

applications, we assumed that spot ventilation systems per-
formed similar to exhaust hoods installed in small commercial
or residential kitchens. We assumed that the hoods were lo-
cated approximately 1.5 m above the desktop 3D printer and
exhausted directly to the outdoors. A few recent studies in test
kitchens have reported widely varying nominal and measured
airflow rates, as well as capture efficiencies for both gas and par-
ticle emissions from cooking, that are achievable by a number
of kitchen exhaust fans (Delp and Singer 2012; Logue 2014;
Singer et al. 2012). The nominal airflow rates in these studies
ranged from 325 to 1,300 m?/hr (with measured airflow rates
from 75 to 650 m’/hr), and with low, moderate, and high pol-
lutant capture efficiencies (CEs) ranging from less than 50% to
greater than 75%, generally scaling with airflow rates (Singer
et al., 2012). Moreover, if we were to consider the 67.3-m?
printing area in the office space as a “chemical storage room,”
ASHRAE Standard 62.1 would require a minimum exhaust air-
flow rate of 27 m?/hr per m? of floor area (i.e., a total exhaust
rate of 1,817 m?/hr) to meet minimum ventilation requirements
(ASHRAE 2010).

Given these bounds of reasonable airflow rates and CEs,
we modeled three distinct spot ventilation scenarios with the
following characteristics: (1) low effectiveness with 90 m’/hr
(25 liters per second [L/s]) and 25% CE; (2) medium effec-
tiveness with 360 m’/hr (100 L/s) and 63% CE; and (3) high
effectiveness with 1,800 m>?/hr (500 L/s) and 100% CE. To
model the spot ventilation scenarios in CONTAM, we defined
a hypothetical 1-m? space inside the near-distance zone with
an exhaust fan ducted to the outdoor air. We divided the emis-
sion sources between the zones based on the CE of the spot
ventilation scenario. For example, if the CE was 25%, 75% of
the total emissions of the four main pollutants were assumed
to flow into the near-distance zone where they could be trans-
ported to other spaces and result in exposure, whereas 25% of
the total emissions remained only in the 1-m? “spot ventilation
zone.” We divided the HVAC system supply airflow rates be-
tween the near-distance and spot ventilation zones in such a
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way that both zones have equal pollutant concentrations when
the 3D printer operates and the spot ventilation airflow rate is
zero.

Sealed Enclosure with Recirculating Filtration

Finally, we modeled the impacts of operating the 3D print-
ers inside a prototype sealed enclosure with recirculating gas
and particle filtration to reduce emissions. For this analy-
sis, a pilot experimental chamber study was conducted with
two high-emitting filament and printer combinations installed
inside a prototype enclosure (Azimi et al. 2016). Average
total VOC and UFP removal efficiencies of the enclosure
were measured as ~90% and ~80%, respectively. For lack of
other data, we assumed that the enclosure reduces the gas-
phase emission rates equally (by 90%) for all speciated VOCs
and all UFP emission rates equally (by 80%). The source
emissions were simply reduced by 90% and 80% relative to
the baseline scenario for gases and particles, respectively, in

CONTAM.

Results and Discussion

Predicted Concentrations of Pollutants Emitted from
Various Three-Dimensional Printer Filaments

Figure 2 shows an example of modeled time-varying
concentrations of UFPs and styrene in the three defined
locations inside the small office environment during the week-
days of first week of January resulting from operating a sin-
gle 3D printer with ABS filament (assuming the average ABS
emission rate from data from Azimi and colleagues [2016] in
table 1).

The modeled time-varying concentration results demon-
strate that the peak exposure to pollutants emitted by the 3D
printer in the near-distance zone are typically more than 9 and 4
times higher than in the adjacent zone for UFPs and styrene, re-
spectively, whereas a much smaller fraction of pollutants would
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Figure 3 Ranges of predicted daily maximum |-, 8-, and 24-hour concentrations of ultrafine particles (UFPs) and speciated volatile
organic compounds (VOCs) in the “near zone” for a typical year assuming a single desktop 3D printer with nine different filaments operates
continuously for 8 hours per day. ABS = acrylonitrile butadiene styrene; HIPS = high-impact polystyrene; PCTPE = plasticized copolyamide
thermoplastic elastomer; PLA = polylactic acid; 3D = three-dimensional; #/cm? = particles per cubic centimeter; ug/m® = micrograms

per cubic meter; |-h = one hour concentration; 8-h = eight hour concentration; 24-h = 24 hour concentration.

actually reach the far-distance zone. The model results also re-
veal that the increase in both gas and particle concentrations
in the near and adjacent zones occurs almost immediately after
the printer begins operating, whereas concentrations peak much
later in the far-distance zone. Modeled concentrations in the
far zone are also more variable because of changes in air infiltra-
tion conditions. For example, the relative standard deviation of
the predicted maximum 1-hour concentrations throughout the
entire year is only 2% for UFPs and 15% for styrene in the near
zone, slightly more variable in the adjacent zone (41% for UFPs
and 58% for VOCs) and most variable for the far zone (114%
for UFPs and 106% for VOCs). These profiles are repeated
with reasonable consistency for all weekdays throughout the
year.

Figures 3 and 4 summarize the predicted time-varying con-
centrations of UFPs and speciated VOCs in all three zones
over the course of an entire year for each printer and fila-
ment combination. Figure 3 shows concentrations predicted in
the nearest zone, and figure 4 shows concentrations predicted
in both the adjacent and far zones. Results are presented as
ranges of daily maximum 1-, 8-, and 24-hour concentrations
(i.e., there is a total of 260 data points representing 260 week-
days in each series), because some of these metrics can be used
to compare directly to regulatory limits. The daily maximum
8-hour concentrations during each weekday are calculated by
taking 8-hour averages of the predicted hourly concentrations
and selecting the highest average 8-hour concentration period
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for each day. The daily 24-hour concentrations are simply the
daily averages for each weekday over the course of the entire
year.

The median values of daily maximum 1-hour UFP concen-
trations in the near zone ranged from just under 100 particles
per cubic centimeter (#/cm’) for Laybrick, Laywood, and PLA
filaments to nearly 80,000 #/cm® for ABS and polycarbonate
filaments. Median values of daily maximum 1-hour VOC con-
centrations ranged from 0.7 to 80 ug/m’® with caprolactam-
emitting filaments (highest with nylon and PCTPE), from
8 to 22 pg/m’® with styrene-emitting filaments (ABS and
HIPS) and were consistently under 2 jtg/m? for lactide-emitting
filaments. Because we assumed that the printer operates
8 hours per day, the maximum 1- and 8-hour daily concen-
trations are relatively similar, whereas the average 24-hour
concentrations are substantially lower, with median values ap-
proximately 3% and 67% lower than the maximum 1-hour
concentration, respectively.

The median values of daily maximum 1-hour UFP concen-
trations in the adjacent zone ranged from less than 20 #/cm’
for low-emitting filaments (e.g., Laybrick, Laywood, and PLA)
to nearly 10,000 #/cm’ for ABS and polycarbonate filaments.
The median values of daily maximum 1-hour VOC concentra-
tions ranged from 0.2 to 20 pug/m’® with caprolactam-emitting
filaments, 2 to 6 ug/m’ with styrene-emitting filaments, and
were consistently lower than 1 pg/m® for lactide-emitting fila-
ments. UFP and VOC concentration followed similar patterns
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Figure 4 Ranges of predicted daily maximum |-, 8-, and 24-hour concentrations of ultrafine particles (UFPs) and speciated volatile organic
compounds (VOCs) in the (a) “adjacent zone" and (b) “far zone” for a typical year assuming a single desktop 3D printer operates with 9
different filaments continuously for 8 hours per day. ABS = acrylonitrile butadiene styrene; HIPS = high-impact polystyrene; PCTPE =
plasticized copolyamide thermoplastic elastomer; PLA = polylactic acid; 3D = three-dimensional; #/cm? = particles per cubic centimeter;

ug/m?® = micrograms per cubic meter; |-h = one hour concentration; 8-h = eight hour concentration; 24-h = 24 hour concentration.

in the far zone, albeit at much lower absolute concentrations.
The median 1-, 8-, and 24-hour UFP concentrations in the
far zone were only 60, 20, and 7 #/cm’, respectively, when
the 3D printer was modeled with polycarbonate and ABS fila-
ments. The highest median 1-hour maximum concentrations of

Azimi et al., 3D Printer Emissions—Exposure and Control

caprolactam, styrene, and lactide were only 0.5, 0.1, and
0.01 pug/m’ when the 3D printer was modeled with nylon,
ABS, and PLA filaments, respectively. Thus, UFP and VOC
emissions from the lowest-emitting filaments had essentially no
impact on concentrations in the far-distance zone.
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Implications for Human Health

Predicted concentrations in the near and adjacent zones
have important implications for human health. For example,
the California Office of Environmental Health Hazard Assess-
ment (OEHHA) maintains acute (i.e., 1-hour average), 8-hour
average and chronic (i.e., continuous lifetime) reference ex-
posure levels (RELs) of caprolactam of 50, 7, and 2.2 ug/m?,
respectively (OEHHA 2014). Moreover, acute exposure to high
concentrations of caprolactam is known to be “irritating to the
eyes and the respiratory tract” and “may cause effects on the
central nervous system” (CDC 1994). Results from the simu-
lations herein suggest that operating a 3D printer with most
of the nylon-based filaments (except T-Glase and polycarbon-
ate) would increase the concentration of caprolactam in both
the adjacent and near zones to levels that would exceed both
the 8-hour and chronic RELs set by OEHHA. Further, the
predicted caprolactam concentration in the near zone during
printing with nylon and PCTPE filaments would also exceed
the acute REL. The predicted caprolactam concentrations in
the far-distance zone consistently remain under all RELs for all
modeled nylon-based filaments.

Existing guidelines and recommendations for indoor styrene
concentrations are limited to those set for industrial and work-
place environments, including an 8-hour time-weighted av-
erage of 85 and 426 milligrams (mg)/m’ from the American
Conference of Governmental Industrial Hygienists and the
Occupational Safety and Health Administration Standard #29
CFR 1910.1000, respectively, and nearly 3,000 mg/m? from the
National Institute for Occupational Safety and Health. Fur-
ther, the U.S. Environmental Protection Agency (US EPA)
maintains a Reference Concentration for styrene of 1 mg/m’
based on central nervous system effects in occupationally ex-
posed workers (US EPA 2000). However, other health impacts
of styrene exposure have also been shown in epidemiology stud-
ies at much lower concentrations than these reference levels.
For example, styrene concentrations as low as a few pg/m’ have
been associated with elevated risk of pulmonary infections in
infants (Diez et al. 2000). Our results demonstrate that the
median styrene concentrations in the near-distance zone can
easily reach more than 10 times this value and can be as much as
3 times higher than the highest measured styrene concentration
of 7.5 ug/m’ in typical commercial buildings in the US EPA
BASE study (Girman et al. 1999). Further, styrene is classified
as a “possible human carcinogen” by the International Agency
for Research on Cancer (IARC classification group 2B) (IARC
2002) and is “reasonably anticipated to be a human carcinogen”
by the National Toxicology Program (National Toxicology Pro-
gram 2014). These levels suggest that although the predicted
styrene concentrations in all zones from all printer and filament
combinations used herein are all lower than defined exposure
limits, resulting concentrations still may pose a health risk to
occupants.

Although we are not aware of any regulatory limits for in-
door UFP concentrations, increases in UFP concentrations of
~80,000 #/cm’ in the near-distance zone and ~10,000 #/cm’
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in the adjacent zone resulting from printing with polycarbonate
and ABS filaments, as well as increases of ~40,000 #/cm? in the
near-distance zone and ~5,000 #/cm’ in the adjacent zone with
some other filaments, are substantial, particularly given what is
known about the health effects associated with outdoor UFPs.
For example, UFP concentrations of ~80,000 #/cm’ have been
reported within 100 m of highly trafficked roadways (Zhu et al.
2002), and some of the observed associations of adverse health
effects with proximity to busy roadways are likely attributable,
in part, to elevated UFPs (McConnell et al. 2010; Gauderman
et al. 2005, 2007). Further, recent studies have shown that in-
creases in outdoor UFP concentrations of ~10,000 #/cm’ are
associated with a ~3% increase risk in daily mortality (Stolzel
et al. 2007), and increases in outdoor UFP concentrations of
only ~1,000 #/cm’ are associated with increased blood pressure
in children (Pieters et al. 2015).

Comparing the modeled UFP concentrations to levels mea-
sured in other indoor environments, 80,000 #/cm’ is around
50% higher than the highest time-averaged UFP indoor con-
centrations that have been observed in schools in previous
investigations (Diapouli et al. 2007). Printing with other fil-
aments such as PCTPE, T-Glase, and HIPS would also increase
the near-zone UFP concentrations to between 2 and 5 times
higher than indoor UFP concentrations typically observed in
other buildings in the adjacent and near-distance zones, respec-
tively. Although much less is known about the adverse health
effects of indoor-generated UFPs, recent studies of nanoparticles
emitted from photocopiers and laser printers illustrate the po-
tential hazard for human health. For example, UFPs collected
from a university copy center were recently shown to induce
lung injury and inflammation in mice (Pirela et al. 2013) and
upper-airway inflammation and oxidative stress in healthy hu-
man volunteers (Khatri et al. 2013). These data suggest that
controlling emissions and/or exposures from high-emitting 3D
printer and filament combinations is warranted in settings sim-
ilar to the one modeled herein.

Impacts of Control Strategies on Pollutant
Concentrations

Next, we chose the highest emitting printer and filament
combinations for each pollutant and explored the impacts of
various control strategies on the resulting concentrations in the
same three locations within the modeled office environment.
ABS, nylon, and PLA filaments were selected to represent the
highest UFP and styrene, caprolactam, and lactide emissions,
respectively. Figure 5 shows the predicted impacts of the vari-
ous control strategies on maximum 1-hour UFP concentrations
in the near, adjacent, and far distances with the 3D printer
operating on the same schedule as all other simulations.

Upgrading the central HVAC system filter to a MERV 16
with activated carbon and installing a low-flow (and low cap-
ture efficiency) spot ventilation system are predicted to yield the
smallest reductions in daily maximum 1-hour UFP concentra-
tions in the near zone. Conversely, installing a high-flow (and
high capture efficiency) spot ventilation system has the greatest
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Figure 5 Modeled impacts of various control strategies on maximum |-hour ultrafine particles (UFPs) concentrations in the near; adjacent,

and far distances. CADR = clean air delivery rate; #/cm> = particles per cubic centimeter; MERV = minimum efficiency reporting value.

potential for reducing UFP concentrations in the near zone,
followed by using the sealed enclosure with particle and gas
filtration. Both are predicted to reduce median values of daily
maximum 1-hour UFP concentrations from ~80,000 #/cm’ to
less than ~4000 #/cm>. Both air cleaner scenarios have mod-
erate impacts on UFP concentrations in the near zone. These
results suggest that in order to reduce exposures in areas within
immediate proximity to operating 3D printers, it is best to pri-
oritize solutions that exhaust or control emissions directly at
the source rather than attempting to lower UFP concentrations
in the broader area with air cleaners and filtration.

Results are somewhat similar in the adjacent zone, albeit
with some variability. Installing a low-CADR portable air
cleaner and upgrading the central HVAC system filtration are
predicted to yield the smallest reductions in UFP concentra-
tions in the adjacent zone, although the relative reductions
in this zone are higher than those in the immediate vicinity
of the printer. Both moderate- and high-flow spot ventila-
tion systems, as well as the sealed enclosure, are predicted to
yield the largest reductions in median values of daily maximum
1-hour UFP concentrations (all below 500 #/cm’®). And al-
though the air cleaners and low-flow spot ventilation system
have lower UFP removal effectiveness, they can still limit in-
creases in UFP concentrations to less than 5,000 #/cm’ in the
adjacent zone. Similar relative concentration profiles are also
observed for the far zone, but the baseline UFP concentrations
are already quite low (~60 #/cm?) and thus may not necessitate
further control strategies.

Figure 6 shows the impacts of the same control strate-
gies for reducing daily maximum 1-hour concentrations of in-
dividual VOCs, including (1) caprolactam, (2) styrene, and
(3) lactide emitted from nylon, ABS, and PLA filaments,
respectively.

The relative reductions in daily maximum 1-hour concen-
trations with each control strategy are similar to those for UFP
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concentrations and are the same for all individual VOCs, be-
cause most of the same assumptions for pollutant dynamics
apply to each VOC. However, absolute concentrations vary
based on the strength of the emission source. In the near zone,
upgrading central HVAC filtration and installing low-flow spot
ventilation again have the smallest impacts on VOC concen-
trations, allowing most of the daily maximum 1-hour caprolac-
tam concentrations from nylon-based filaments to still exceed
the OEHHA acute REL of 50 pg/m?. The remaining control
strategies would all reduce the median daily maximum 1-hour
caprolactam concentration below this level. Both the high-
flow spot ventilation and the sealed enclosure with gas and
particle filtration are predicted to reduce the median daily max-
imum 1-hour caprolactam concentration to less than 2 ug/m’.
Similarly, both moderate- and high-flow spot ventilation sys-
tems and the sealed enclosure are predicted to reduce the me-
dian daily maximum 1-hour styrene concentration to less than
7.5 ug/m’ (i.e., the maximum level measured in U.S. commer-
cial buildings in the BASE study).

Installing moderate- and high-flow spot ventilation systems
and the sealed enclosure are predicted to yield the largest re-
ductions in VOC concentrations in the adjacent zone, reduc-
ing daily maximum 1-hour caprolactam and styrene concentra-
tions to less than 0.5 ug/m’. The portable air cleaner scenarios
yield smaller reductions in VOC concentrations in both the
adjacent and far zones, but could still reduce peak caprolac-
tam concentrations below the OEHHA acute REL for most
days. All of the control strategies except for the low-CADR
portable air cleaner are predicted to maintain the median
daily maximum 1-hour styrene concentration in the adjacent
zone below 2 pug/m’. Median daily maximum 1-hour lactide
concentrations remain below 2 pg/m® for all scenarios in all
three zones, suggesting that lactide emissions from 3D print-
ers using PLA filaments are likely not problematic for human
exposure.

SIS

3SUR0 | SUOWILLOD aA 11D a|geat|dde ayy Aq pausenob afe sapile YO ‘8sn Jo Sa|nJ oy Arlg 1 auluQ AS|1/W UO (SUOIIPUO-PUR-SWLIBYWOD" AB | 1M Ae.g 1 pU1[UO//SANY) SUOIPUOD pue SWd | 8Y) 39S “[£202/2T/22] Uo AfiqiauliuQ AB|IM ‘1D 0Ju| d1SHON DA Ad 8/62T 901 [/TTTT OT/I0p/W0 A3 | 1M Aeiq 1 U1 |UO//SANY WOy papeojumod ‘TS ‘2TOZ ‘06260EST



I RESEARCH AND ANALYSIS

150+
Near | 60+

1001 o

501 - = * 20+

a)

Adjacent | 31 Far

Caprolactam concentration (pg/m?)

AP S A ) W0 & & & & © & & & 0@
fi@ \0"90'9@'\;}@ ' &&i@ o 0‘9\@'@“‘0 e @‘\i@\ X 0"9\0“'\:}@ e
F S S LFEE FESFELETS FES FF LFE
P& LS P F & F
F o o &S 0‘99*0‘?\ S 0@0@0&\ ¥
(e \\0 990\\0“,,@ SO < R \‘0 O o RO
ks > Lol o >
A 5 o
E a0 20 : .
‘g Near Adjacent | 0.8 ' Far
§ 301 151
£ 0.6
b) § 201 " _ 101 - 1
s '
(]
2 10 ; 51 0.2 L]
- - =T
2 - s
@ 0 - = | 04 - — = | 00 -+ - =
LOELSF S LS E COFFS LS CORFFE & #2SE
FEITEF G AETIGEEE AT EESE
TSP P FFC TN & & <& TNV .\6\\9@
«\‘@&"' & & o‘@&v SO o\@&\‘ & &
0°~p’°\e°qc}(§@\‘\ go‘p@\poé,\@\"qoé F oQ‘,\@\’PQO\Q
v_g‘O?\\Og\\\eo)@ *Ov}‘Ongg ‘S‘O\‘Og\\\eg
o 2 g o
i 0.08
Adjacent i Far
0.06-
c) 0.04-

Lactide concentration (ug/m3)
- ~N w
f
HH
b
L]
g
o - -
4 b s
—-—
HH

04 = onl 0.04
) WO N @S @ » O & & > & @ > & ¢ S L

FREE, SRy St
Q’@“'&Q@Qs\’« %\0@@“ VS S §@° NI 6‘@‘9@&

& &S S RIS Sgip S & & & & S
00@@@@00@ N < @0@@0@ N 00‘\@0&‘&0& N

FO o\ o f FO L\ o O o e
o QS‘ Aa @\ h o
L) L)

Figure 6 Modeled impacts of various control strategies on daily maximum |-hour concentrations of (a) caprolactam, (b) styrene, and
(c) lactide in the near, adjacent, and far zones. CADR = clean air delivery rate; ug/m?® = micrograms per cubic meter; MERV = minimum

efficiency reporting value.

Pollutant Removal Effectiveness of the Various Control
Strategies

These same data were also used to calculate the effective-
ness of each of the control strategies for reducing UFP and

Slié Journal of Industrial Ecology

VOC concentrations in each zone using equation (2). Removal
effectiveness values are shown in figure 7.

Ci
Cbaseline,i

Econm)l,i =1- (2)
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concentrations in the near, adjacent, and far zones. CADR = clean air delivery rate; MERV = minimum efficiency reporting value.

Where:

Econmoli = Effectiveness of a particular control strategy for re-
moving UFPs/VOCs from a specific location (-)

C;=Median concentration of UFPs/VOCs in a specific location
predicted with the use of a particular control strategy (#/cm’
or pg/m?)

Chaseline,i = Median concentration of UFPs/VOCs in a specific
location predicted without the use of any control strategies
(#/cm’ or pg/m?)

Removal effectiveness values range from as little as 2% for
the expected impact of a low-flow spot ventilation system on
UFPs in the near zone to between 95% and 100% for the ex-
pected impact of a high-flow spot ventilation system or sealed
and filtered enclosure on both UFPs and VOC:s in all zones.
Both portable air cleaner scenarios have similar UFP and VOC
removal effectiveness for all zones: 38% for UFPs and 46% for
VOCs with the low-CADR air cleaner and 64% for UFPs and
72% for VOCs with the high-CADR air cleaner. The effective-
ness of all other control strategies varied by zone. For example,
the UFP and VOC removal effectiveness of upgraded central
HVAC filtration is 6% and 21% in the near zone, 43% and
73% in the adjacent zone, and 77% and 95% in the far zone,
respectively.

While these results provide insight into the likely impacts of
realistic exposure control strategies on indoor concentrations
of gas and particle emission products from desktop 3D printers,
we should also note that some of these control strategies are
more practical and cost-effective to apply than others. For ex-
ample, high-flow rate spot ventilation systems that exhaust to
the outdoors are likely cost prohibitive or impractical in many
locations, and thus a sealed and filter enclosure may be a more
appropriate solution in many environments. Further, operating
a high-CADR stand-alone air cleaner with both gas and parti-
cle filtration can have a meaningful impact on both UFP and
VOC concentrations in all zones, but could also come with a
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substantial energy penalty. We should also note that while the
UFP and VOC emission rates from table 1 span a wide range of
reasonable values, other printer and filament combinations will
likely vary in both the magnitude of emissions and the types of
individual VOCs emitted. Future work should also verify these
findings with experimental data on both realistic exposures and
the impact of control strategies in real environments.

Conclusions

Results from the simulations herein provide insight into
the likely magnitude of human exposures to gas and particle
emission products generated by desktop 3D printers and pro-
vide practical recommendations for exposure control strategies.
Modeled concentrations in the three zones demonstrate that
UFP and VOC concentrations within close or moderate prox-
imity to some operating desktop 3D printers can exceed recom-
mended exposure levels and may be cause for concern for both
acute and chronic health effects. The results also suggest that
the most effective control strategies for reducing both UFP and
VOC concentrations in all zones from high emitters used in the
modeled environment, in descending order of impact, include:
(1) installing a high-flow spot ventilation system; (2) operating
the printer in a sealed enclosure with high efficiency gas and
particle filtration; (3) installing a moderate-flow spot ventila-
tion system; and (4) operating a high-CADR stand-alone air
cleaner with both gas and particle filtration within immedi-
ate proximity to the operating 3D printer. Upgrading central
HVAC filtration, installing low-flow spot ventilation, and op-
erating a low-CADR portable air cleaner are the least effective
methods for reducing UFP and VOC concentrations resulting
from 3D printer operation in this modeled environment. Results
also demonstrate that some 3D printer and filament combina-
tions with lower emissions (e.g., PLA filaments, which have
both low UFP and VOC emissions) should be prioritized over

higher emitting filaments to limit human exposures.
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