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ABSTRACT

In 2019, an air emission field sampling study was conducted by the Colorado Department of Public
Health and Environment (CDPHE) Air Pollution Control Division (APCD) at three commercial
cannabis cultivation facilities. The goal of the study was to quantify biogenic-terpene volatile
organic compound (VOC) emissions from growing cannabis at cultivation facility exhaust points
to estimate a VOC emission rate by a top-down approach. The resulting VOC emission rates were
then used in combination with 2019 commercial cannabis cultivation facility biomass production
volumes (harvest weight) and cultivation locations from the Colorado Department of Revenue’s
Marijuana Enforcement Division (MED) to model the potential ozone and PM, 5 formation impacts
of the cannabis industry in the Denver Metro North Front Range (DM/NFR) Ozone Nonattainment
Area (NAA). Despite cannabis cultivation facilities’ high nuisance odors, this study found the
biogenic VOC emission rate from the sampled indoor facilities to be low (2.13 lbs to 11.12 Ibs of
VOC/ton of cannabis harvested), even at large production facilities. The dominant terpenes from
this sampling study present in most samples were -caryophyllene, D-limonene, terpinolene, a-
pinene, B-pinene, and B-myrcene, respectively, by concentration. Interestingly, the cannabis emis-
sions exhaust profile lacked isoprene, a terpene commonly emitted from other plants that is highly
reactive and has great potential to contribute to ozone formation (Sharkey et al. 2008). The low
biogenic VOC emission rate and the lack of isoprene from the cannabis cultivation facilities sampled
resulted in a very low to negligible impact on both ozone formation (0.005-0.009% increase in
ozone from cannabis cultivation) and PM, s formation (largest maximum 24-hr PM, 5 difference of
0.009 pg/m3) in the DM/NFR NAA.

Implications: This study concluded that even though cannabis cultivation facilities can have
overwhelming nuisance odor impacts, based on samples collected and production rates they
actually have a low VOC emission rate (2.13 to 11.12 lbs of VOC/ton of cannabis harvested), even
at large high-volume production facilities. Additionally, the dominant VOC emissions from samples
collected at the three cannabis cultivation facilities were 3-caryophyllene, D-limonene, terpinolene,
a-pinene, B-pinene, and 3-myrcene. The low biogenic VOC emission rate and the lack of isoprene
from the cannabis cultivation facilities sampled resulted in a very low to negligible impact on both
ozone formation (0.005%-0.009% increase in ozone from cannabis cultivation) and PM, 5 formation
(largest maximum 24-hr PM, 5 difference of 0.009 pg/m3) in the DM/NFR NAA.

Introduction o o 3 o
restrictions, a majority of these marijuana cultivation

Colorado legalized the medical and recreational use of
cannabis through State Constitution Amendments 20
and 64 following referendums that won the support of
a majority of voters in 2000 and 2012, respectively. Since
Colorado began implementing marijuana licensing, the
cannabis industry has grown rapidly. In Colorado, large-
scale commercial marijuana cultivation occurs primarily
indoors, allowing for greater compliance and process
control along with optimizing crop-yield and year-
round harvesting. Due to the infrastructure require-
ments of these indoor cultivation facilities and zoning

and marijuana infused product manufacturing (MIP)
facilities are located in dense urban and industrial
areas, and specifically within the Denver Metro North
Front Range (DM/NFR) Ozone Nonattainment
Area (NAA).

As cannabis plants grow, they naturally emit biogenic
volatile organic compounds (VOCs) primarily as ter-
penes, similar to many other plants and trees
(Fischedick et al. 2010; Fuentes et al. 2000; Marchinia
et al. 2014; Ross and ElSohly 1996; Samburova et al.
2019; Sharkey et al. 2008; Turner et al. 1979; Wang
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et al. 2018). VOCs rapidly react with atmospheric oxi-
dants in the presence of oxides of nitrogen (NOx) and
sunlight to form ground-level ozone (EPA 2021).

Ozone is one of six criteria pollutants that the U.S.
Environmental Protection Agency (EPA) regulates (EPA
2021). EPA has promulgated National Ambient Air
Quality Standards (NAAQS) to help protect against the
adverse health effects of ground-level ozone (Clean Air
Act 1990). Adverse health effects of ozone include short-
ness of breath, asthma attacks, increased risk of respira-
tory infections and pulmonary inflammation, and even
premature mortality (EPA 2015). The DM/NFR NAA is
currently in violation of two ozone NAAQS:

(1) The 70 parts per billion (ppb) ozone NAAQS
promulgated in 2015; and
(2) The 75 ppb ozone NAAQS promulgated in 2008.

Understanding the potential impact of cannabis cul-
tivation on ozone levels is complicated by a lack of
understanding about the types and concentrations of
VOCs emitted from cannabis. Each strain of cannabis
has unique biochemical processes in its metabolism
that results in a unique biochemical composition of
terpenes (Fischedick et al. 2010). Studies that have
examined the emission profile of terpenes in the can-
nabis bud and cannabis-derived oils find a high con-
centration of monoterpenes, sesquiterpenes, and
cannabinoids, with monoterpenes typically dominating
the terpene profile (Fischedick et al. 2010; Marchinia
et al. 2014; Ross and ElSohly 1996; Samburova et al.
2019; Turner et al. 1979). The VOC emissions of the
cannabis plant are closely related to their subjective
smell, though the odor intensity is not a proxy of
VOC concentration due to the presence of other odor-
ous compounds of the cannabis plant (Rice and Koziel
2015). A study estimated the basal emission rate (BER)
of VOCs from four strains of cannabis in an enclosure
experiment with a limited number of plants (not repre-
sentative of a commercial cultivation) and found a wide
range (4.3 to 8.6 ug C g~' hr') of BERs between
different strains of cannabis and also that the emissions
are dependent on the strain of the plant and environ-
mental conditions (Wang et al. 2019).

Quantifying the VOC emissions from the cannabis
plants in commercially grown environments is of scien-
tific interest to be able to quantify the impact on air
quality. To better understand how Colorado’s growing
cannabis cultivation industry may contribute to ozone
levels within the state, the CDPHE Air Pollution Control
Division (APCD) and partners conducted an air quality
sampling study to quantitatively estimate the VOC emis-
sion rate and speciation profile for indoor cannabis
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cultivation facilities. Photochemical modeling was con-
ducted to evaluate potential impacts on ozone formation
in the DM/NFR NAA.

Methods

The goals of this study were to measure total VOC
emission rates from exhaust points at representative
cannabis cultivation facilities, estimate the total VOC
emissions from the marijuana industry in the state of
Colorado, and conduct photochemical air quality mod-
eling to assess the potential impacts that cannabis culti-
vation VOC emissions have on ozone and PM, ;
formation in the DM/NFR NAA. CDPHE APCD’s staff
and sampling equipment was used for the study, and
laboratory analysis of samples was conducted by Desert
Research Institute (DRI).

Cultivation facility selection and details

In 2019, there were 1,167 licensed marijuana cultivation
facilities in Colorado according to the Marijuana
Enforcement Division. We elicited study participation
by reaching out to cannabis industry stakeholders about
the study and doing preliminary site evaluations at
interested facilities to select representative facilities to
sample. Facility selection criteria included diversity in
strains grown, facility size, and location. Four cultivation
facilities within the DM/NFR ozone NAA volunteered to
anonymously participate in this study originally: two
large (>100,000 harvested plants per year) facilities
(Facility A and B), one medium (Facility D), (>20,000
harvested plants per year) and one small (Facility C)
(<1,000 harvested plants per year). Unfortunately, the
small facility had no clear exhaust points to collect
samples from therefore the sampling team was not able
to collect exhaust samples from Facility C.

Plants at indoor cannabis grows are generally culti-
vated within 11 to 17 week cycles, with three primary
stages of plant growth (clone, vegetative, and flowering)
that are segregated into different rooms of varying light
and environmental conditions (e.g., temperature and
humidity) to optimize plant growth. Due to the high-
intensity lighting, cultivation facilities have high heating,
ventilation, and air conditioning (HVAC) loads due to
heat and humidity. After the plants have fully developed
flowers, they are harvested. In the harvesting process,
excess stalks, stems, and fan leaves are cut and discarded,
and the flowers and sugar leaves are dried in a controlled
process called “curing.” Once cured, the sellable flowers
are trimmed and packaged. The excess plant material
and some regular flowers typically go to an extraction
process to make various concentrated products (e.g.,
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concentrates, edibles, topicals). Some extraction pro-
cesses utilize VOC-based solvents like propane, butane,
and ethanol in closed-loop systems.

Facility A details

Facility A is a large cannabis cultivation facility that is
licensed to cultivate up to 60,000 plants simultaneously
with a modern infrastructure that was explicitly
designed for precise climate-controlled cannabis cultiva-
tion. Over 160,000 marijuana plants across 41 cannabis
strains were harvested in 2019. The HVAC system is
designed with two main exhaust points (north and
south). The HVAC system has a high exchange rate
that can be found in Table S2 of the supplemental
documents resulting in about a 2-min residence time
of air in the rooms. There are currently 64 carbon filters
in the north exhaust and 48 carbon filters in the south
exhaust, for a total of 112 carbon filters at Facility A. The
filters are changed when an “unreasonable amount of
odor” is detected at the perimeter of the parking lot,
which is monitored on a bi-weekly basis. Table S1 in the
supplemental documents lists the pertinent sampling
information for Facility A. Note that Facility A exhaust
samples were collected prior to the carbon filter controls
to capture uncontrolled VOC emissions.

Facility B details

Facility B is a large indoor cannabis cultivation facility
that harvested over 130,000 marijuana plants in 2019 and
has around 60,000 mature plants at any given time.
Facility B also operates a marijuana infused products
facility that utilizes industrial solvents for extraction.
Facility B has 60 20-ton rooftop HVAC units that recir-
culate recycled-air within the facility and only one dedi-
cated facility exhaust point for air to leave the building.
The daily exhaust volume of facility B is over 20 times
lower than facility A exhaust rates as seen in Table S2 in
the supplemental documents, which results in a lower
VOC emission factor in Table. This single exhaust point
and other recirculation points do not have any installed
filtration. See Table S1 in the supplemental documents for
a list of the pertinent sampling information.

Facility C details

Facility C is a small indoor cultivation and retail facility.
Facility C has a unique HVAC system that utilizes
a “lung room.” Intake air is pulled from the lung room,
and exhaust air is pumped into the lung room, creating
a challenge for air sampling. Due to this HVAC set up,
we were unable to capture exhaust emissions from
Facility C as they would be mixed within the lung
room with intake air.

Facility D details

Facility D is a medium-sized cannabis cultivator that
harvested over 20,000 plants in 2019. They cultivate
a diversity of 60 strains of cannabis and typically about
36 strains at any one time. This facility has at least two
exhaust points per room with plant activity (growing,
flowering/harvesting, drying/curing). Each exhaust port
is equipped with a carbon filter in the internal (room)
side of the port. The exhaust samples taken here were
collected on the roof, post carbon filtration, as the filters
were unable to be removed easily to allow for sampling.
Table S1 in the supplemental documents shows the
pertinent sampling information for Facility D.

Operational uncertainties

Many variables potentially impact the final VOC emis-
sion profile of a cannabis cultivation facility. Growing
different strain varieties results in different terpene pro-
files and concentrations (Wang et al. 2018). Room con-
ditions can vary widely from temperature, plant density,
type of cultivation lights, as well as HVAC methodology
and exchange rates. Facility A had a very high HVAC
exchange rate versus Facility B, which had as little
makeup air as possible. How the plants are disturbed
throughout the day can also impact emission profiles
from pruning and trimming to pesticide application.
The grow media, which can vary from rockwool to coco-
coir to soil, impacts how the plants grow and therefore
the resulting VOC emission profile. How plants are
watered and fed nutrients will also impact the plant’s
growth, the HVAC load, and ultimately the emission
profile. Trends in continuous measurements showed
that having staff working within the cultivation rooms
results in increased VOC emissions as compared to off
hours. Additionally, manufacturing activities like sol-
vent extraction can also impact the emission profile
(Samburova et al. 2019; Valizadehderakhshan et al.
2021). At each facility, the strains in each sampling
room were identified with a plant inventory and are
provided in the supplemental documents (Tables S7-
S14). Activities performed during the sampling like
trimming or harvesting were also noted in the supple-
mental documents. Exhaust rates and temperatures were
collected at the same time as VOC concentrations. Also
unaccounted for are the effects of facility entry and exit
doors being opened or closed, while staff enter/exit the
buildings or the delivery/pickup of supplies from load-
ing docks at various times throughout the day and the
amount of air that is exchanged during those processes.
Ultimately, every cultivation facility and room within
will have a unique emissions profile based on all these
variables.



Sample collection methods

Pilot study sample collection

A pilot study was conducted at Facility A in
September 2018. This small-scale study was performed
to aid in the sampling and analytical development pro-
cesses of the main study. CDPHE APCD staff collected
continuous total VOC emissions with a ppbRAE 3000
Photo-Ionization Detector (PID) (calibrated to 10 parts
per million (ppm) isobutylene) in addition to 12 whole
air samples, which included four samples using
6-L canisters (SUMMA; pre-cleaned and batch certified,
Restek, USA) and eight samples using porous polymer
adsorbent glass tubes (Tenax TA 60/80 sorbent in glass
tube, PerkinElmer, CT, USA). Four tubes were placed as
the primary samples, with a secondary set of four tubes
attached inline behind the primary samples. The sec-
ondary samples were used to quantify any potential
compound breakthrough, as well as to test the defined
sampling methodology and limitations.

To be able to make rough trend estimates about
longer-term VOC emission trends at the facilities, the
PIDs were used to monitor total VOC concentrations
for at least a week at each sample collection point for
each facility. The PID data were then analyzed, and
times of predicted maximum and minimum concentra-
tions were determined. The sampling was designed to
take place at two times of day: one at the time of pre-
dicted maximum concentration at the facility, in order
to capture a “worst case scenario” type event and
another sample at the time of minimum concentration
to determine a “background” concentration at the facil-
ity when no production activities were occurring.
During the pilot study, the PIDs were placed at different
sampling points in the facilities for several days to
a week to determine an optimal sampling time. Tube
samples were collected using constant flow sampling
pumps made by Markes, International, and calibrated
individually to the optimal sample flow rate (based on
PID results) using a reference flow meter. Sampling
times were limited to 5-15 minute periods, dependent
upon the concentrations seen in the data collected from
the PIDs at the sampling points, to avoid saturation and/
or breakthrough of the Tenax media.

Exhaust study sample collection

CDPHE APCD staff collected air samples from Facilities
A, B, and D at their HVAC exhaust points by pulling air
through porous polymer adsorbent glass tubes (Tenax
TA) at a constant flow rate of approximately 30 ml/min
for durations ranging from 5 to 15 min per sample,
based on the levels of concentrations expected deter-
mined from PID monitoring. PID data are available on
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request from CDPHE. Duplicate (parallel) tube samples
were also taken at each facility. To accomplish this,
a second identical tube sampling setup was added to
the exhaust with the two tube inlets placed as closely as
possible to one another during the sampling to compare
parallel sample results to ensure accuracy in laboratory
analysis. The pumps were operated in identical manners
for the same amount of time to ensure comparability of
the samples. Breakthrough tube samples were also taken
at the two larger facilities (A and B) by placing one tube
in series with a second and using one pump to pull the
sample air through both tubes, one after another. These
samples were taken in an effort to determine if the
sampling times and flow rates being used were appro-
priate, or were too long/high, thus causing a bleed-
through effect and subsequent inaccurate concentration
data. After sampling, all tubes were immediately sealed
with brass end-caps and placed on ice for storage, and
then overnight cold-pack shipped the samples to DRI in
Reno, NV, for analysis.

In addition to the tube sampling, two ppbRAE 3000
PID units were used to support sampling collection
efforts. The PIDs were used to monitor total VOC
concentrations for at least one week at each sample
collection point to be able to make rough trend esti-
mates about diurnal and longer-term VOC emissions
at the facilities that could not be captured with the
limited 5-15 minute sampling times of the Tenax
tubes. Those readings provided the ability to extrapo-
late the short-term tube concentrations to
a continuous estimate of each compound’s concentra-
tion profile over a typical one-week period. Tube sam-
ple collection times were based on the high and low
concentration times captured by the PID. Each tube
sample was taken with a collocated PID to allow for
the collection of speciated monoterpene data. The spe-
ciated data was then scaled to the PID signal to
develop estimates of speciated compound concentra-
tion for time periods when tube samples were not
collected.

In order to create an emission rate estimate, accurate
exhaust flows were necessary. For each exhaust port,
dimensional measurements were taken, and a size-
appropriate grid was created. With the use of
a calibrated anemometer, temperature, pressure, and
air flows were taken at the central point of each grid
section. These flows were then averaged to a single value
to give a representative flow from the exhaust port into
ambient air, and that value was converted to a flow at
standard temperature and pressure (25°C and 1 atmo-
sphere). This flow and the dimensions of the exhaust
port were used to calculate the total volume of air (in
cubic meters per second) exiting the facility at each port.
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Sampling at facility A

The PID was placed inside both the north and south
exhaust systems in front of the carbon filters to assess the
uncontrolled total VOC concentration and flow rate
profile before and during the exhaust sampling. The
PID data was used to identify daily high and low con-
centration times as well as the weekday having the high-
est VOC exhaust concentrations, which was the day the
facility ran double shifts for harvesting.

Tenax tube samples were simultaneously collected at
the north and south exhaust points prior to the carbon
filters on February 27, 2019, and June 5, 2019.
Breakthrough samples were collected on February 27,
2019, and duplicate samples were collected on June 5,
2019. Once the sampling methodology was established via
the pilot study, two different trials were done at Facility
A to determine the viability of the method, and the
comparability of the data from two different time periods.
The data obtained from both sampling rounds was com-
parable, in that the range of percent differences for the
total of all compounds detected in both sampling rounds
was between 4% and 25%. Individual compounds tended
to show larger variabilities due to being detected in one
round and not the other, but several compounds showed
very good correlation between both sampling rounds.
One such compound is beta-myrcene, which had percen-
tage differences between the two rounds of 29% or less. It
should be noted that there was an issue with a sample
pump not working for the 4:00 p.m. sample in the south
exhaust during round one, but the other values were
comparable. Data for Facility A sample results can be
seen in Table S3 in the supplemental documents.

Sampling at facility B

As with Facility A, the PID was placed for two separate
one-week periods. The first week was used to establish
days/times of highest and lowest concentrations to devise
a facility-specific sampling plan, and the second week the
equipment was left in place for monitoring the days
immediately before and during the tube sampling times.
After reviewing the week-long PID data, it was deter-
mined that tube samples would be collected from the
single exhaust point on two separate dates, July 15,
2019, and July 18, 2019. The best sampling times were
determined to be at approximately 07:00 a.m., 11:30 a.m.,
and 03:30 p.m. The July 15, 2019, samples were approxi-
mately 5 min in duration, and duplicate samples were
collected on this date. On July 18, 2019, the sampling time
was increased to 10 minutes and a second tube was placed
in series behind the first to measure any breakthrough
that may have been occurring during the increased sam-
pling time. Data for Facility B sample results can be seen
in Table S3 in the supplemental documents.

Sampling at facility D

Preliminary PID data from a flower room exhaust port
indicated low total-VOC concentrations in comparison
to the exhaust port from the dry/cure room. Therefore,
subsequent sampling occurred primarily at the dry/cure
room exhaust port instead of at the flower room exhaust.
This facility presented a unique situation in that the front
exhaust of the dry/cure room was located very near to the
front door of the room, which was opened and closed
several times per day as newly harvested plants were
added or checked on. Directly outside the door to the
dry/cure room is the facility’s product processing room.
This room is the only one in the facility that does not
have its own separate exhaust port. Because of this, and
considering that the emissions from the other rooms in
the facility were so low due to the carbon filters in place,
the sampling plan was altered to determine any differ-
ences between the emissions from the exhaust port at the
front of the dry/cure room versus that located in the back
of the room. There was very little difference in results
between the two sampling points (front and back of the
dry/cure room). The calculated emission factors can be
seen in Table S5 in the supplemental documents.

Tenax Tube samples were collected at three of Facility
D’s exhaust ports. One sample was taken at a flower room
exhaust port in the morning sampling session, while the
remaining samples were taken from the front and rear
ports of the dry/cure room in both the morning and
afternoon sessions. These samples were taken during
times that the door to the processing room was open
and again when it was closed for comparison purposes.
Each sample was taken for approximately 10 minutes each
at two different time periods, 9:00 a.m. and 2:00 p.m.
Duplicate tube samples were collected at the front exhaust
port during the morning sampling session for quality
assurance purposes. Data for Facility D sample results
can be seen in Table S3 in the supplemental documents.

Analytical uncertainty

There are multiple uncertainties in the method used
here, including those for analytical and laboratory
methods. Analytical method uncertainties for mea-
surements are listed in Table 1. Analytical uncertain-
ties are low relative to uncertainties in processes and
modeling.

Laboratory analysis methods

After the Tenax sorbent tube samples were collected,
they were sealed, kept cold, and shipped overnight to
the DRI laboratory. At the DRI laboratory, VOCs (ter-
penes) were desorbed from the Tenax tubes using an
automated thermal desorber (TurboMatrix 650),



Table 1. Sampling equipment uncertainties.
Equipment
Honeywell ppbRAE 3000 PID

Uncertainties

+ 5% on 10 ppm isobutylene
calibration gas cylinder
Extech SDL 300: Metal Vane + 2% velocity accuracy
Thermo-Anemometer/Data

logger

Markes ACTI-VOC low-flow Sample  flow control of 5% of set point or +

Pump 3 mL/min, whichever is greater
VWR Traceable Digital + 0.05°C

Thermometer
VWR Traceable 4198 Digital + 0.2363 “Hg, + 8 mbar

Barometer/Stopwatch

followed by gas chromatographic separation on Clarus
680 and analysis by mass spectrometry on Clarus SQ8
(all equipment by Perkin Elmer, CT, USA). An Elite-
5 MS (30 m x 0.25 mm LD. x 0.25 pm) column
(PerkinElmer) was used in the gas chromatography
(GC). The thermal desorber was operated such that
10% of the sample was transferred to the GC, while the
remaining part was collected on a clean Tenax tube in
case a re-analysis was required. VOCs were identified by
their retention time and mass spectra. The target com-
pounds in Table 2 were quantified using calibration with
analytical standards [Restek Cannabis Terpenes stan-
dard (Restek Co., Bellefonte, PA)] that were transferred
to Tenax tubes that were subsequently desorbed and
analyzed. The average R* value for calibration curves
was 0.966 (the median value was 0.995) and the calibra-
tion range was 20 ng to 1 pg. Minimum detection limits
(MDL) were measured by exposing pre-cleaned Tenax
tubes to small amounts of terpenes. MDLs for individual
compounds ranged between 0.6 and 1.8 ng per sample.
Repeatability of the study methodology was assessed
using the relative standard deviation (RSD) of field col-
lected replicate samples and ranged from 0.01% for beta-
Myrcene to 76% for alpha-Terpinene and trans-beta-
Ocimene. Averaging the RSD for all compounds yields
a mean value of 21%, with a median value of 7%.

Data analysis and calculation methods

PID data

The PIDs were calibrated before and after each deploy-
ment to determine any drift that may have occurred.
PID drift was corrected by calculating the percent drift

Table 2. Terpene compounds in the laboratory analysis.

Terpene compounds that the tube samples were analyzed for

a-Pinene Limonene Geraniol

Camphene Eucalyptol B-Caryophyllene
B-Pinene B-Ocimene a-Humulene
B-Myrcene -Terpinene Nerolidol

A3-Carene Terpinolene Caryophyllene oxide
a-Terpinene Linalool Guaiol
para-Cymene Isopulegol a-Bisabolol
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over the time period the unit was in place, and dividing
by the total number of minutes the PID was in operation
during that particular sampling period to get a value
for percent drift per minute. Each 1-min average reading
from the PID was then corrected by applying the correc-
tion factor as follows:

PIDc = PIDu + (PIDu x M x CF) (1)

PIDc: Corrected PID concentration

PIDu: Uncorrected PID concentration

M: Overall minute number in sequence from start of
monitor, after first minute of monitoring (i.e., if sam-
pling started at 14:50, 14:51 would be the first minute
value corrected, or M = 1, 14:52 would be M = 2, and
SO on)

CF=(C1 — C2)/Mt )

CF; Correction factor

C1: Pre-deployment span concentration reading
C2: Post-deployment span concentration reading
Mt: total number of minutes in deployment

Once the weekly PID data were corrected they were
averaged into 15-min intervals for use in scaling the tube
data to representative weekly concentration values. This
process is explained further in the Emission Factor
Calculation section.

Exhaust volumes

Each facility had different exhaust systems. Facility
A had two very large exhaust ports (6’ x 3.5 opening)
pumping out a combined total of nearly 600 cubic
meters per minute. Facility B had one small exhaust
port (127 diameter opening) putting out almost 26
cubic meters per minute. Facility D had several small
exhaust ports (12” diameter openings) with exit volumes
of approximately 30 cubic meters per minute each. See
Table S2 in the supplemental documents for calculated
exhaust volumes from each facility. Exhaust flows were
calculated by:

(1) Measuring the opening of the exhaust, and calcu-
lating the area of the opening,

(2) Creating a size-based grid model for the opening,

(3) Measuring the air speed, temperature, and ambient
air pressure at the center of each point in the grid,

(4) Averaging the grid values for air speed, tempera-
ture, and pressure into one value for each
parameter,

(5) Calculating the volume of air per second that is
leaving the exhaust port, and

(6) Correcting the calculated volume to standard
conditions of 25 degrees C and 1 atmosphere.



834 K. URSO ET AL.

Flows were calculated for both exhaust ports at
Facility A, but not at each of the exhaust ports at
Facility D. Air speed measurements of several different
exhaust ports at Facility D showed identical or nearly
identical values. As such, only one exhaust port was
gridded and tested. It was assumed that the remaining
exhaust ports would all give similar results as they were
all from the same manufacturer and showed very similar
exit velocities upon cursory testing.

Tenax tube data

The Tenax tube sampling data obtained from DRI were
blank corrected by taking the average concentration for
each compound in the blank samples and subtracting them
from the corresponding compound concentration values
reported by the laboratory. This correction did not amount
to significant changes in the concentrations of the com-
pounds detected. The concentrations were then converted
from micrograms per meter cubed to parts per billion by
volume (ppbv) for direct comparison to the PID data.

Emission factor calculation

Using the corrected PID data, the exhaust volumes, and
the speciated tube data, emission factors were calculated
for each facility. The method for calculating emission
factors is:

(1) The corrected one-minute average PID data
taken during each tube sample period was aver-
aged to a single value (based on each tube’s sam-
ple duration) for use in the scaling of the
speciated concentration data. For example, 15-
min tube samples resulted in an average PID
value over the same 15-min period. This can be
seen in panels a, b, and ¢ of Figure 1.

(2) A scaling factor was created to normalize the
individual terpene compound concentrations to
the week-long PID signal. The scaling factor was
determined by plotting the tube concentration (y
point) versus the Tenax tube sampling time aver-
age PID concentration (x point) from step one.
Two assumptions were made: (1) that the spe-
ciated concentrations for each compound would
be zero when the PID signal was zero, and (2) that
the PID had a linear response to the terpene
compounds being measured. It should be noted
here that while the assumption of linearity is true
for the PID response (based on calibration data),
there were also other VOC compounds present in
the whole air being measured that were not
accounted for in the scope of this study. These
compounds and their variances throughout
the day also contributed to the overall PID signal

used to create the scaling factors. Data were fit
with a linear regression model, and the slope of
this line was used as the scaling factor for each
compound at each of the sampling times. Scaling
factors ranged from a low of 2.0 x 107 to a high
of 0.135. Scaling factor values can be found in
Table S4 in the supplemental documents.

Panels g, h, and i of Figure 1 show an example of this
process for the compound beta-myrcene. The panels in
Figure 1 illustrate the data from the north exhaust of
Facility A. The PID concentrations during sampling are
seen as the line plot, with the shaded box indicating the
tube sampling time period. Also included are the average
PID values observed during the time tube samples were
being taken. Panels d, e, and f show the speciated mixing
ratios obtained from the tube sample for each time period.

(3) Once the scaling factors were determined for each
compound at each sampling time, the week-long
PID data was then averaged from one-minute inter-
vals to 15-min intervals to reflect the 15-min sample
times at the first facility. It should be noted here that
although different sampling times were used at the
other facilities (5 and 10 min) we continued to use
15-min intervals for averaging the PID data at all
sites. Calculation of the 5, 10, and 15-min averages
at the other facilities indicated that there was
a negligible difference in the overall emission factors
calculated when using any of those averaged con-
centrations, so the decision was made to move for-
ward using 15-min averages. This was also done to
keep consistency with how the PID data was
handled throughout the project. Each 15-min aver-
age point was then assigned to a bracketed time
interval as described next.

(4) Sampling time brackets were created based on
inspection of the PID data. The brackets were
picked based on the time the tube sample was
taken, and the individual facility’s activity at that
time. For instance, at Facility A, three different
rounds of samples were taken (5:00 a.m., 10:00
am., and 4:00 p.m.). The data brackets created
for this facility are labeled as the 5:00 a.m., 10:00
a.m., and 4:00 p.m. brackets. The 5:00 a.m. bracket
reflects facility concentrations during the idle
activity period (little to no staff in building, no
product/plant activity taking place). Data assigned
to this bracket included the PID values from 7:00
p.m. to 7:00 a.m. for Facility A. The 10:00 a.m.
bracket includes data from 7:00 a.m. to 1:00 p.m.,
which includes the routine daily start-ups, har-
vesting and processing activities at Facility
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Figure 1. Example determination of speciated VOC scaling factors (SF) from data collected at the Facility A north exhaust. Panels (a)-(c)
show signals from the photoionization detector (PID) measured at three different times of the day: 5:00 a.m. representing idle-
operations, 10:00 a.m. representing morning operations, and 4:00 p.m. representing afternoon-operations emissions. The shaded

boxes signify the time period that sorbent tubes were co-sampl

ed, where speciated terpene results are shown in panels (d)-(f). The

average PID signal during the sorbent tube co-sampling is also shown in panels (a)-(c). Panels (g)-(i) show the linear fit of B-myrcene
(as an example species) and the average PID signal, where the slope is equal to the scale factor for that individual species.

A. The 4:00 p.m. bracket includes data from 1:00
p-m. to 7:00 p.m., reflecting the end of the daily
activities and clean-up processes at Facility A. This
process can be seen in panel (a) of Figure 2.

Facilities A and B were bracketed into three sepa-
rate groupings based on the criteria mentioned
above since three different samples were taken dur-
ing the day. Facility D was bracketed into only two
groups as there were only two time periods during
which samples were collected. As Facility D was
a medium-scale growth with carbon filters in place,
it was decided to treat this facility as having one
type of regular daily activity with a period of no
activity instead of categorizing the daily activity into
two levels as with Facilities A and B. Bracket

times were slightly different at each facility
based on the individualized sample plans used at

each.

(5) Once all the 15-min average PID points were
assigned to an appropriate activity bracket, the nor-
malized concentrations for the speciated tube data
were calculated for the entirety of the week-long
PID signal. This was accomplished by multiplying
each 15-min PID data point value by the scaling
factor associated with each compound during each
bracketed time interval. An example of this process
using the compound f-myrcene is seen in panel (b)
of Figure 2. The equation used for this was:

CnA = PID;5 X SFA (3)
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Figure 2. Example determination of weekly extrapolated B-myrcene emissions from data collected at the Facility A north exhaust.
Panel (a) shows data from the photoionization detector (PID) at 1-min time resolution (green shaded) and 15-min averages (black
circles). The gray shaded areas represent the hours, within a 24-hr period, that the B-myrcene response factor (see Figure 1) was
multiplied by the 15-min average PID to extrapolate f-myrcene emissions over the entire week, as shown in panel (b). The average

weekly extrapolated B-myrcene mixing ratio is also shown on panel (b).

Cny: normalized concentration of compound A
PID,5: 15-min averaged PID data point, and

SF4: scaling factor for compound A from appropriate
time bracket

(6) After the speciated tube data were scaled to

(7)

the week-long PID signal, a weekly average
was taken for each individual compound.
Assumptions made during this step are that
the overall makeup of the terpene compounds
in the exhaust samples was not going to
change as different strains are processed
through the facility, and that the facility’s
activity levels would remain consistent
throughout the year. This is not actually the
case, as different plant strains have
different terpene profiles. This study is
merely a snapshot of the concentrations seen
on one or two days of the year at each facility
and is highly dependent on the strains grow-
ing or being harvested or processed on
that day.

The normalized weekly average concentrations
for each compound were converted from ppb to
micrograms per cubic meter.

(8) This value was then converted to an estimated

emission value (E) of micrograms per week (mg/
week) by multiplying it with the total exhaust air
flow volume in equation (4) (in cubic meters per
week, Table S2 in the supplemental documents).
The values were subsequently transformed into
micrograms per year by multiplying by 52 weeks
per year, and then into pounds per year by multi-
plying by the conversion by 1 microgram equals
2.2 x 107 pounds.

E =Cny x Fv (4)

E: Emission rate (mg/week)
Cn,: Concentration (mg/m3)
Fv: Flow volume (m®/ week)

(9) The pound per year values were then summed up

to provide an overall total for the exhaust point.
In the case of Facility A, two emission values were
obtained, one for the north exhaust and one for
the south. These values were then summed to
provide a total terpenes emission value for the
facility. At Facility B, there was only one exhaust
point, but sampling was performed on two



different occasions, so the values obtained from
each day of sampling were averaged to provide
a facility total. The calculations for Facility
D were slightly more complex with the two
exhaust points in that the values obtained for
the front exhaust with the door both open and
closed were averaged together to provide a single
value for the front exhaust. This value was then
added to the value obtained for the rear exhaust
to provide a facility total for terpene emissions.

Calculation uncertainties
Calculation uncertainties are due to a number of factors.
These include:

e Assuming zero tube concentrations when the PID
signal is zero.

e Assuming PID signal obtained is due only to the
compounds measured with the tubes.

¢ Inaccurate measurements of flow, temperature, and
pressure in the exhaust systems.

e Assuming activity brackets and subsequent value
assignments are the same from day to day.

Ozone modeling methods

Ozone modeling was performed by Ramboll US
Consulting, Inc for the DM/NFR ozone NAA for the
2016 summer ozone season and was used as a base case
(Ramboll 2020). The results of this sampling study were
used to perform additional modeling specifically to
assess if there are impacts on ozone formation due to
cannabis VOC emissions. For both the base case and the
additional simulations, ozone was modeled using
a photochemical grid model (PGM). PGMs are compu-
ter models used to simulate changes in pollutant con-
centrations for particular locations using complex
physical and chemical mathematical equations. Model
inputs include meteorological data and gridded emis-
sions data based on anthropogenic and biogenic emis-
sion inventories. Model outputs include gridded ozone
and fine particulate matter (PM, 5) concentrations. The
PGM modeling was conducted using the same 2016
PGM modeling platform as used in the ozone attain-
ment demonstration modeling for the DM/NFR NAA
Serious ozone State Implementation Plan (SIP) under
the 2008 ozone NAAQS. The base case simulation was
subject to a model performance evaluation to establish
the reliability of the base case modeling for predicting
MDAS8 ozone and related concentrations. The evalua-
tion compared the base case model estimates against
observed ambient MDAS8 ozone concentrations and
assessed the ability of the model’s air quality predictions
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to correctly respond to changes in emissions and
meteorology. Details on the 2016 PGM modeling plat-
form development and model performance evaluation
are provided in the Serious ozone SIP 2016 base case
modeling report (Ramboll 2020a) and Air Quality
Technical Support Document (AQTSD; Ramboll
2020e). Three simulations were conducted:

(1) Base case using 2016 actual emission data without
emissions from cannabis cultivation;

(2) Average cannabis case that added cannabis culti-
vation VOC emissions to the 2016 base case
determined from the average study emission fac-
tors; and

(3) High cannabis case that added cannabis cultiva-
tion VOC emissions to the 2016 base case based
on the highest study emission factor.

The 2016 base case model was used to assess the
impact of adding cannabis cultivation VOC emissions.
Model results with and without cannabis emissions were
compared for assessment of increases in modeled ozone
MDAS values resulting from the added cannabis VOC
emissions (Ramboll 2020).

Model selection
Ramboll US Consulting, Inc. used the Comprehensive
Air-quality Model (CAMx 2021) PGM to simulate
ozone and PM, 5 concentrations across nested 36/12/
4-kilometer (km) modeling domains, shown in
Figure 3, for May through August 2016. May 2016 was
used as a model initialization period using just the 36-
km modeling domain for computational efficiency, with
the full 36/12/4-km domain configuration started on
June 1. The domains utilized two-way interactive grid
nesting with boundary conditions for the 36-km domain
based on output from the GEOS-Chem global chemistry
model. The PGM modeling platform used the same 36-
km 36US3 and 12-km 12US2 domains used in the final
(EPA 2016) modeling platform (2016v1) (EPA 2016).
A 4-km grid resolution domain covering Colorado was
added to the 36/12-km domain structure. The CAMx
model vertical grid included 35 layers from ground level
to 50 mb (approximately 17,500 m above ground level).
Inputs to CAMx were developed using several tools.
Meteorology was modeled using the Weather Research
Forecast (WRF) prognostic meteorological model
(NCAR 2021). Model-ready emission data were gener-
ated using the Sparse Matrix Operator Kernel Emissions
(SMOKE) model (CMAS 2019). Biogenic emissions
were modeled using the Model of Emissions of Gases
and Aerosols from Nature (MEGANv3.1) (UCI 2019).
CAMXx pre-processors were used for windblown dust
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Figure 3. Air quality modeling domains used for CAMx (Ramboll 2019a). The 36US3 (36-km) and 12US2 (12-km) gridded domains are
the same as used in the EPA 2016v1 platform. The 4 km Colorado domain is from the DM/NFR Serious Ozone State Implementation

Plan’s (SIP) photochemical modeling demonstration (Ramboll 2020).

(WBD), lightning NOx (LNOx), sea salt (NaCl), and
dimethyl sulfide (DMS) emissions. The 2014 version of
the Motor Vehicle Emissions Simulator (MOVES2014b)
on-road mobile source emission model was used with
SMOKE-MOVES and 2016 WRF meteorological data to
generate on-road mobile source emissions (EPA
MOVES 2020b). Link-based vehicle activity data within
the DM/NFR NAA was used at the county level.

Model data inputs

Meteorological inputs to CAMx were based on EPA’s
2016 36/12-km WRF simulation with the 4-km
Colorado domain meteorology interpolated from the
12-km resolution data using the CAMx flexi-nest fea-
ture. Boundary conditions for the 36-km 36US3 domain
were based on a 2016 simulation using the GEOS-Chem
global chemistry model (Harvard 2021). The GC2CAMx
processor was used to generate day-specific diurnally
varying boundary conditions extracted from GEOS-
Chem to define the lateral boundaries around the 36-
km 36US3 modeling domain.

CAMX requires model-ready emission data con-
sisting of hourly emissions of specific gas and particle
species for the horizontal and vertical grid cells
within the modeling domain. The 2016 base case
emission data were based on the EPA 2016vl

emission estimates (EPA 2016). For the 4-km
Colorado domain, CDPHE APCD updates for
Colorado oil and gas and on-road mobile sources
were used. New emissions were generated for natural
emission sources, including biogenic and LNOx for
all three domains (Ramboll 2020a). The 2016 EPA
platform used the BEIS biogenic emission model
(EPA 2020a). These emissions were replaced by
MEGAN biogenic emissions in all three domains
(UCI 2019). Monthly emission inventories were pro-
cessed using SMOKE to provide speciated emission
data and to spatially allocate emissions both laterally
and vertically to grid cells and temporally to day-of-
week and hour-of-day. The base case simulation did
not include cannabis cultivation emissions. Two
simulations were run with cannabis cultivation emis-
sions added to the base case emission inventory;
a high emission scenario and an average emission
scenario.

Cannabis emission inventory development and
processing

Sampling data and cannabis harvest data for 2019 were
used to generate a VOC emission inventory for cannabis
grow operations in Colorado. A ratio of measured VOC
in the cultivation facility exhaust streams and the total



Table 3. Cannabis cultivation VOC emission factors.

Terpene Harvested plant ~ VOC EF (Ibs terpenes/

emissions weight (tons/ ton harvested plant
Facility (Ibs/year) year) weight)
Facility A 1,417 + 452 127 1112 £ 3.56
Facility B 385 + 121 180 2.13 £ 0.67
Facility D 105 £ 55 23 451 + 239
Average EF - - 5.92 + 251

harvested plant weight was used to calculate a VOC
emission factor (EF) for each facility. Table 3 shows
the calculated emission factors for the three study facil-
ities in terms of pounds (Ibs) of VOC emitted per ton of
harvested plant weight.

The emission factors were used to develop an emis-
sion inventory for two modeling scenarios, a high emis-
sion scenario and an average emission scenario. The
high emission scenario was based on the emission factor
for Facility A, the highest EF among the three facilities.
The average emission scenario was based on the average
VOC EF for the three facilities that exhaust samples
were collected from.
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An emission inventory for each scenario was built
based on the emission factor and the commercial
cannabis cultivation facility biomass production for
each county from 2019 MED data. The locations of
cultivation facilities in 2019 are shown in Figure 4. In
some cases, production data were only available for
a group of counties instead of a single county. For
those counties, the total harvested plant weight was
divided by the number of facilities in the affected
counties, then apportioned to each county by the
number of facilities in that county. Equation (3) is
used to calculate emissions and build a county-level
inventory in terms of tons of VOC per year for each
of the two scenarios.

voc — e ;)

ton

t t
* Wet weight of harvest Qﬂ> (ﬂ>

ear year
+0.0005 28 (5)
' Ib

Jinta Coun
Sweetwater County
| Carbon County

alte County

Scotts Bluff County
Goshen County

Grant County

Banner County

Morrill County \]

Summit Coffity T

Daggett County
[

Duchesne.

“arbdh Couity

[Emfery Courfty

irapd County .
Mesa County

—

Gunnison County

fvayne Cougty Montrose County

San Jua

|

Apache C

San Juan County

Rig Arriba Coupt

Albany County

unty
Larimer County
.
S,
Uintah County .

g
&
af

Costilla County

County

1]

M KeithfCounty
.
Sedgwick County|  poual o

Phillips County \{“
Chase (ounty

Dundy

Laramie County

Cheyenne County

founty

Washington County Yuma County

Adams County
Cheyenne C

unty

Sherman Cdpinty

Kit Carson County

\\'ﬂllﬂcc Counfy

Bent County

amilton Coun

Prowers County

ney County

ant County|

forton County,

“sﬂ

| | |

Colfax County

Union County o o
X Cimarron County ESaEICs
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The cannabis emission inventories were estimated
and processed using SMOKE to generate hourly gridded
speciated emission inputs that were merged with the rest
of the 4-km Colorado domain emissions. SMOKE uses
spatial surrogates to distribute emissions laterally to
modeling grid cells. These surrogates were developed
for cannabis cultivation facilities by overlaying the
4-km modeling domain on a map of the facility locations
with their latitude/longitude coordinates. Vertical allo-
cation to grid cells assumed new cannabis emissions
were released into layer 1 of the CAMx modeling
domain, up to approximately 20 m above ground level.
While cultivation facilities are considered point sources,
the PGM models do not explicitly resolve point source
plumes. Point source emissions were distributed into
a 4-km grid cell. Due to data confidentiality issues, the
location data did not include associated production data.
Therefore, marijuana production rates and subsequent
emissions were assumed to be equally distributed among
facilities within a given county.

The data collected at each facility were used to
develop a chemical speciation profile for the CB6r4
photochemical mechanism used in the CAMx modeling.
This profile showed 98.8% by weight of cannabis emis-
sions were terpenes (TERP) and 1.2% by weight were
sesquiterpenes. Atmospheric chemistry consists of mil-
lions of reactions among many thousands of chemical
compounds. Condensed chemical mechanism is an inte-
gral part of the photochemical modeling and cannot
address individual species reactivities.

The study included a week-long period of 1-min PID
data for each of the three study facility’s exhaust points.
This data was used to develop weekly and diurnal tem-
poral profiles to allocate monthly emissions to day-of-
week and hour-of-day. The profile showed that emis-
sions were larger when workers were working in the
building from 8am-6pm Monday through Friday and
lower outside of working hours. The profile also showed
increased emissions toward the end of the week, which is

Diurnal Temporal Profile
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consistent with an operational practice of harvesting
more toward the end of the week. The weekly and
diurnal temporal profiles are shown in Figure 5.

Air modeling uncertainties

The VOC emission increase due to commercial canna-
bis cultivation is very small and the analysis of the
model results took the difference between two model
simulations, a base case and two cannabis emission
scenarios. Thus, there is a potential for model noise to
be of a comparable magnitude to the difference
between ozone or PM, 5 concentrations in the simula-
tions. Model noise refers to changes in ozone or PM, 5
concentrations between the two simulations that are
not directly related to the changes in emissions being
analyzed. Model noise can occur due to round-off
errors in the calculations. Another potential source of
model noise is if the numerical algorithms in the solu-
tions of the differential equations use branching and
extremely small changes that cause the numerical algo-
rithm to take two different branch solutions that cause
a higher concentration change than there should be.
The ISORROPIA aerosol thermodynamic module is
especially susceptible to causing model noise in ammo-
nium nitrate PM,s concentrations (Miami
ISORROPIA II 2007).

Difference plots in the maximum daily average 8-hr
(MDAS) ozone and 24-hr PM, 5 concentrations between
the cannabis scenarios and the base case were examined
to determine whether the model noise comparable to the
ozone impacts of the cannabis VOC emissions occurred.
Model noise is usually indicated by patches of pixelated
differences of adjacent grid cell increases and decreases
in the spatial difference plots. For the ozone modeling,
possible model noise was detected during July 6-10,
2016, so those five days were eliminated from the ana-
lysis. For PM, s, possible model noise was detected on
June 19, 2016, and in additional days that were also
eliminated from the analysis (Ramboll 2020).
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Figure 5. Weekly and diurnal temporal profiles for cannabis emission (Ramboll 2020).



Although model noise was detected on some days of
the modeling, through elimination of those days in the
analysis, the results presented are believed to be reliable
and represent real calculated impacts of the effects of
cannabis cultivation VOC emissions on ozone and
PM, 5 concentrations.

Results
Pilot study

The Pilot Study results determined that SUMMA® canis-
ters proved to be a less viable option than the Tenax tubes
for quantifying cannabis terpenes due to the “sticky” nat-
ure of the semi-volatile terpenes and terpenoid com-
pounds. Terpene compounds can adhere to the canister
walls after sampling, making it difficult to extract them
from the canisters for lab analysis. The Tenax tubes proved
to be a more reliable sampling media for that same reason-
the terpenes were efficiently trapped within the sorbent
media inside the tubes, and subsequently thermally des-
orbed for the lab analyses in a more effective manner.

The pilot study results provided an indication of what
concentration levels to expect, how well the instrumenta-
tion captured the VOC profile, and the best way to
approach future sampling. The SUMMA?® canister results
indicated low isoprene concentrations and other VOCs
relative to the total mass of monoterpenes, which resulted
in the decision not to use them in the remainder of the
project. During the pilot study, DRI researchers estimated
that the monoterpenes contributed 86% to 99% of the total
VOC mass. The pilot study also revealed the presence of
other sources of VOCs in addition to the plant terpenes in
the form of cleaning/sterilization solvents. Emissions from
these compounds were not accounted for in this study as
we were focused on the plant-based emissions. Solvent
emissions for facilities can be estimated based on annual
purchases and/or permit requirements. While Summa
canisters are effective at collecting and quantifying VOCs
in the C1 to C10/11 range, Tenax tubes are effective at
collecting them in the C6/7 to C26 range. Many of the
solvents used in the facilities were alcohol based, and in the
C1 to C3 range. Using the Tenax tubes instead of the
Summa canisters for the analyses lowered the necessity of
accounting for solvent concentrations because they were
not retained on the tubes’ sample medium, though they are
picked up in the PID signal.

Main study

Table 3 shows the calculated emission factors for the
three study facilities in terms of pounds (Ibs) of VOC
emitted per ton of harvested plant weight. To obtain
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the emissions factors used in the model, the terpene
emissions in pounds per year were divided by the
harvested wet plant weight. Standard deviations were
calculated from the weekly average compound concen-
trations that were scaled from the total VOC signal of
the PID. The VOC emission factor for facility A is
much higher than the others due to the Facility’s
HVAC design having over 20 times the exhaust
volume of facility B as demonstrated in Table S2 in
the supplemental documents and a larger amount of
plant weight harvested as shown in Table 3.

Annual emissions for the high, average, and low
estimated VOC emissions are shown in Table 4. These
values were obtained using the VOC EF values in
Table 3, multiplying them by the total wet weight of
the plant harvest statewide and in the NAA (in tons,
obtained from 2019 marijuana harvest information from
the Department of Revenue), and finally by a conversion
factor, as in equation 5. There were 1,167 grow facilities
in Colorado, and 589 in the NAA according to the
Marijuana Enforcement Division. To obtain a possible
range of annual emissions statewide and in the NAA (in
TPY), the highest and lowest emission rates from
Table 4 were multiplied by 1,167 (statewide) or 589
(NAA) to calculate possible high and low VOC emis-
sions for both in tons per year (TPY). These calculations
provide an estimated range of 5,401 to 28,196 total TPY
for the state, and 1,722 to 8,933 total TPY for the NAA.
As the wet weights were calculated on a county-wide
basis, the 9-county DM/NFR NAA VOC emissions
include the full counties, not just the portions within
the NAA boundary. The distribution of commercial
cannabis cultivation facilities is shown in Figure 4. The
statewide range values are much smaller than those
found in the Wang et al. study, which found a biogenic
VOC emission rate of 340,268 metric TPY (375,081 US
tons) statewide (Wang et al. 2018). For the NAA, Wang
calculated a biogenic VOC emission rate of 265 metric
TPY (292 US tons), which is much smaller than the
range calculated in this study (Wang et al. 2018). The
large differences are due to each study’s sampling meth-
odology and assumptions made.

The five dominant terpenes at Facility A were B-
caryophyllene, D-limonene, terpinolene, f-myrcene, and
a-pinene respectively. The five dominant terpenes at
Facility B were B-caryophyllene, D-limonene, a-pinene,

Table 4. Estimated cannabis cultivation VOC emissions as ter-
penes in tons per year.

VOC emissions in tons of terpenes/year

Region High Average Low
State-wide 242 +77 129 £ 55 46+15
9-county DM/NFR NAA 152 £ 4.9 8.1+34 29+09
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terpinolene, and y-terpinene, respectively. The five domi-
nant terpenes at Facility D were B-caryophyllene, terpino-
lene, D-limonene, f-myrcene, and a-pinene respectively.
Terpene concentrations can be seen in Table S3 in the
supplemental documents section.

Air modeling results

Ramboll US Consulting, Inc. conducted three CAMx
simulations for the May-August 2016 ozone season using
the CAMx 36/12/4-km base case configuration. Ozone and
PM, 5 results were reviewed based on the averaging times
in their respective NAAQS. For ozone, this was the MDA8
ozone concentration, and for fine particulate matter, this
was the maximum 24-hr PM, 5 concentration. The CAMx
output for the average and high emission cases were com-
pared to the base case. The contribution of cannabis culti-
vation emissions to ozone and PM,s was obtained by
taking the difference between the modeling results for the
base case and each of the two cannabis simulations (aver-
age and high) (Ramboll 2020).

Ozone impacts

The increase in VOC emissions due to the addition of
the high and average cannabis cultivation VOC emis-
sions was very small. The largest concentration of can-
nabis cultivation facilities is located in the DM/NFR
NAA and the addition of the high and average cannabis
VOC emissions represented an increase in VOC emis-
sions of only 0.009% and 0.005%, respectively, across the
9-county DM/NER area (Ramboll 2020).

The majority (98.8%) of the cannabis VOC emissions
are terpene species represented by the TERP species in the
CB6r4 chemical mechanism used in the CAMx simula-
tions. Condensed chemical mechanism is an integral part
of photochemical modeling and cannot address individual
species reactivities. These species can participate in photo-
chemistry to form ozone in the presence of sunlight with
other VOC species and NOx. These species can also react
directly with ozone resulting in reduced ozone concentra-
tions when photochemistry is low or non-existent
(Ramboll 2020). Table 5 shows the total 2016 base case

Table 5. Estimated cannabis VOC comparison to 2016 VYOC
emissions in 9-county DM/NFR.

VOC in tons/day

Scenario % Increase

Biogenic  Anthropogenic  Total
2016 Base Case 178.68 367.99 546.68 -
Cannabis High - 0.05 546.73 0.009
Cannabis Average - 0.03 546.71 0.005

a(includes northern Larimer and Weld Counties), in tons per day (Ramboll
2020).

VOC emissions in the nine counties of the DM/NFR NAA
and the additional VOCs included in the high and average
cases.

Ozone impacts were evaluated by comparing dif-
ferences in MDAS8 ozone concentrations. The highest
MDAS8 ozone concentration in each simulation for
each grid cell for the June-August 2016 modeling
period was identified. The difference between the
highest base case MDAS8 ozone concentration and
the highest cannabis scenario MDAS8 ozone concen-
tration was calculated for each grid cell and for each
of the cannabis scenarios. The highest base case and
cannabis scenario MDAS8 concentration could have
occurred on different days. Increased ozone concen-
trations were seen in Denver County, portions of
counties adjacent to Denver County, and along the
Larimer and Weld County border. The largest max-
imum MDAS8 ozone increase for the high and aver-
age cannabis scenarios, respectively, was 0.011 and
0.006 parts per billion (ppb) ozone and was seen in
the southwest corner of Denver County (Ramboll
2020). The cannabis scenarios also showed slight
decreases in the highest MDAS8 ozone concentrations
in the eastern portions of Adams and Weld Counties
in the DM/NFR and in Park, Clear Creek, and Grand
Counties to the west of the DM/NFR. The results for
the two cannabis scenarios are shown in Figure 6.

The largest differences in MDAS8 ozone concentra-
tions were also evaluated. For each day in the modeling
period and for each grid cell, the difference between the
base case MDAS8 ozone concentration and each cannabis
scenario MDAB8 ozone concentration was calculated and
the maximum difference for the modeling period was
identified. For the high cannabis scenario, the largest
MDAS ozone difference was 0.015 ppb and occurred in
the northern part of Denver County near Adams
County. The average cannabis scenario had
a maximum impact of 0.009 ppb and occurred in south-
west Denver County near Jefferson County . There were
three areas that showed an increase in the MDAS differ-
ence, northern Denver County, southwest Denver
County, and northern Jefferson County. These results
are shown in Figure 7 (Ramboll 2020).

Model results were evaluated across the entire 4-km
Colorado domain at the time and location of the highest
differences in MDAS8 ozone concentrations. The largest
modeled difference in MDAS8 concentrations occurred
on July 22, 2016, and was 0.015 ppb for the high canna-
bis emission scenario. For the grid cell where the max-
imum difference occurred, a time series of hourly ozone
concentrations for the base case and the two cannabis
scenarios was reviewed for July 21-23, 2016, as shown in
Figure 8. The base case total ozone at this grid cell was in
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Figure 6. Differences in highest MDA8 ozone concentrations. L = Larimer County, GR = Grand County, B = Boulder County, G = Gilpin
County, CC = Clear Creek County, P = Park County, J = Jefferson County, D = Denver County, W = Weld County, AD = Adams County,
AR = Arapahoe County, DG = Douglas County, E = Elbert County (Ramboll 2020).
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L o ‘({ W 0.02 0.02
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-0.001 -0.001
-0.005 -0.005
-0.008 -0.008
-0.01 -0.01
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-0.02 -0.02
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& max(19, .015 ppl
O min(17,43) = 0.001 ppb

O max(17,14) = 0.009
O min(34,16) = 0.001

ppb
ppb

Figure 7. Largest ozone increases for differences in MDA8 ozone concentrations between the base case and cannabis scenarios. L =
Larimer County, GR = Grand County, B = Boulder County, G = Gilpin County, CC = Clear Creek County, P = Park County, J = Jefferson

County, D = Denver County, W = Weld County, AD = Adams County, AR = Arapahoe County, DG = Douglas County, E = Elbert County
(Ramboll 2020).

the 60-70 ppb range. The peak hourly ozone concentra-  the base case. A 0.025 ppb difference occurred at 4:00
tion on July 22, 2016, at this location was 73 ppb occur- ~ a.m. MST and a second 0.029 ppb peak occurred at 12:00
ring at 1:00 p.m. Mountain Standard Time (MST). The = p.m. MST. The 4:00 a.m. peak appears to be remnants of
model results show two peaks on July 22 in the differ-  the previous day’s ozone as photochemistry would not
ences in hourly ozone between the cannabis cases and  be occurring that early in the day. The second peak
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Figure 8. Time series of hourly ozone concentrations on July 21-23, 2016, comparison of base case hourly ozone (bottom) and
differences in hourly ozone for the high and average cannabis scenario (top) (Ramboll 2020).

occurred at noon, which is earlier in the day than total
hourly ozone concentration peaks occur (1:00 p.m. -
3:00 p.m.). This reflects the more VOC-limited photo-
chemistry in the Denver urban areas in the morning and
more NOx-limited photochemistry in the afternoon.
Thus, cannabis VOC emissions produce more ozone in
the morning than later in the day (Ramboll 2020).
Ozone concentrations and the impact of cannabis VOC
emissions across the Colorado 4-km domain were evalu-
ated for four high-ozone days in the DM/NFR NAA. These
days were June 21, July 25, August 3, and August 12, 2016.
Base case ozone concentration and contributions from the
high emission scenario and average emission scenario are
shown in Table 6. On all four dates, the highest base case
ozone concentration and the maximum cannabis contribu-
tion for both scenarios occurred in the DM/NFR NAA. On
June 21, 2106, the highest base case ozone concentration
was 76.7 ppb and occurred in the southeast corner of
Larimer County. The highest MDAS8 contribution due to
the high cannabis emission scenario was 0.006 ppb and
occurred just north of Broomfield County, slightly south of
where the highest MDAS8 ozone occurred in the base case.
The highest MDAS contribution due to the average canna-
bis emission scenario was 0.003 ppb and also occurred just
north of Broomfield County. On July 25, the base case peak
MDAS8 ozone concentration of 70.4 ppb occurred at the
border of Jefferson and Clear Creek Counties. The highest
contributions due to the high and average cannabis VOC
emissions were, respectively, 0.015 and 0.009 ppb and
occurred in the northeast corner of Denver County. The

peak MDAS8 ozone concentration on August 3 was 83.6 ppb
and occurred in central Jefferson County. The highest
contributions due to the high and average cannabis VOC
emissions were, respectively, 0.006 and 0.004 ppb and
occurred in Adams County just north of Denver. On
August 12, the base case MDAS8 ozone peak was 74.8 ppb
and occurred in Jefferson County just west of Denver
County. The maximum contributions of the high and
average cannabis scenarios were, respectively, 0.005 and
0.002 ppb and occurred near the base case peak location.
It is recognized that more sensitivity runs and scenario
variations could be modeled but due to time and budget
constraints this study focused on modeling just the high
and average scenarios as the main focus was the impact that
the cannabis industry has on ozone formation in the DM/
NFR NAA (Ramboll 2020).

PM, s impacts

Cannabis VOC emissions can increase fine particulate
matter concentrations through two main pathways.
Cannabis emissions are mostly terpenes with a small
amount of sesquiterpene. Both terpenes and sesquiter-
pene are precursors to Secondary Organic Aerosol
(SOA) PM, 5. Cannabis VOCs can also participate in
photochemistry that can convert gaseous species into
secondary PM, s such as sulfate and nitrate (Pye et al.
2010, 2019). The first of these two pathways is believed
to be more important as the cannabis VOCs are a small
portion of total VOCs in the state.

Table 6. High and average scenario cannabis contributions to ozone (Ramboll 2020).

Date Base ozone (ppb) High scenario ozone (ppb) Average scenario ozone (ppb)
June 21, 2016 76.7 0.006 0.003
July 25,2106 70.4 0.015 0.009
August 3, 2016 83.6 0.006 0.004
August 25, 2016 74.8 0.005 0.002




In the CAMx model, TERP reacts with hydroxyl
radical (OH) to form a condensable gas (CG) that is in
thermodynamic equilibrium with particulate SOA. Cool
moist conditions favor particulate SOA and hot dry
conditions favor CG. Since a summer period was mod-
eled, the equilibrium would favor the CG. This may
result in an underestimation of the maximum PM, 5
concentrations that will form during the year.

There are two PM, 5 NAAQS; one is a 24-hr standard
with a threshold of 35 ug/m’, and the other is an annual
standard with a threshold of 12 pg/m’. Since only the
summer of 2016 was modeled, the impact of cannabis
emissions on PM, 5 was evaluated by comparing maximum
24-hr PM, 5 concentrations in the base case and the two
cannabis scenarios. Differences in the highest 24-hr con-
centrations and the highest differences in 24-hr concentra-
tions were evaluated, in the same manner as for ozone. The
highest 24-hr PM, 5 concentrations in each simulation for
the June-August 2016 modeling period were compared.
The highest 24-hr PM, 5 concentration in each grid cell for
each scenario was identified, and the difference between the
base case and each cannabis scenario was calculated. The
high cannabis scenario produced increases of 0.001 pg/m?>
or higher in the highest 24-hr PM, 5 concentrations. The
highest increases in PM, 5 concentrations due to the high
and average cannabis scenarios are, respectively, 0.004 and
0.002 pg/m> (Ramboll 2020).

The largest difference in maximum 24-hr PM, 5 con-
centrations was selected in each grid cell across the days
in the modeling period. For the high and average can-
nabis scenarios, the largest maximum 24-hr PM, s dif-
ference was, respectively, 0.009 pg/m’ and 0.005 pg/m’
(Ramboll 2020).

Overall study uncertainty

Uncertainties for each step in the process are
reported in the method section. In general, the ana-
lytical and laboratory uncertainties are less than 40%.
The uncertainty is estimated based on the variability
in the sampling and analytical equipment, the
assumptions of (1) a linear response of the PID to
individual terpene compounds, (2) consistent facility
activity brackets, and (3) no interference from non-
terpene based VOC sources (the PID signal is due
only to the terpenes being measured). Modeling
uncertainty is generally based on the assumptions
made and is therefore larger than analytical uncer-
tainty. For example, representative VOC reactivities
are used for monoterpenes, terpenoids, and sesqui-
terpenes, rather than compound-specific reactivities.
While this is unlikely to affect the results of the
analysis in a significant way, the relative error is
greater than that of the analytical uncertainty. In
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addition, many assumptions have been made in the
calculation of the emission factors, such as assuming
zero tube concentrations when the PID signal is zero
for creation of the scaling factors, assuming the PID
signal is due solely to the VOCs measured via the
tube samples, and assuming that activity levels and
species grown are the same throughout the year. The
dominant uncertainty in this analysis is the variabil-
ity between facilities in terms of processes, staffing,
operational methods, strains grown, and exhaust
methods. Collectively, these are, by far, the largest
sources of uncertainty in this effort. We collected
samples at three very different facilities, all typical
for the industry in Colorado and averaged their
emission factors to mitigate this uncertainty.
However, there is no way to quantify this uncertainty
definitively. With that in mind, the results of model-
ing show that terpenoid emissions would have to be
orders of magnitude larger to have a significant effect
on ozone formation in the DM/NFR NAA.

Comparing results to previous study results

The dominant terpenes from this sampling study pre-
sent in most samples B-caryophyllene,
D-limonene, terpinolene, a-pinene, p-pinene, and B-
respectively, by concentration. DRI’s
(Samburova et al. 2019) study found (-myrcene,
D-limonene, terpinolene, a-pinene, and p-pinene to be
the dominant terpene emissions from cannabis, which is
also consistent with the results of this study. The DRI
Truckee study also found a-pinene to be a dominant
terpene emitted from cannabis (Samburova et al. 2019).
Our study was also in alignment with the results of
Wang et al. (2019), which identified p-myrcene and
d-limonene as dominant terpenes emitted from canna-
bis with the addition of eucalyptol and y-terpinene. This
sampling study did also result in notable amounts of
eucalyptol and y-terpinene emissions from Facility B but
only trace levels at Facility A and D, which is most likely
attributed to the unique strains grown at the facility.
Ross and ElSohly (1996) also found PB-myrcene and
limonene to be dominant terpene emissions from can-
nabis, which is in alignment with our study. Overall, the
dominant terpenes in the samples collected for this
study were similar to previous study findings with the
exception of high levels of B-caryophyllene that the
other studies did not find. Table 7 shows the values for
some of the top compounds seen in this and other
studies. The differences in terpene concentrations
between this study and other studies can be attributed
to the diversity of cannabis strains grown at each facility,
operational parameters, and sampling methodology.

were

myrcene,
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Table 7. Comparing terpenes concentrations to previous studies.

(ug/m?’)
Study B-myrcene Terpinolene a-pinene B-pinene A-limonene
CDPHE, weekly avg scaled concentration 1381 + 830 188 + 178 78 £39 53+£10 433 + 206
Samburova et al. 2019 (cure room) 840 + 96 312+ 23 1036 = 124 3766 + 452 202 £12
ppbv

Study B-myrcene Terpinolene a-pinene B-pinene A-limonene
CDPHE, weekly avg scaled concentration 248 + 149 34+ 32 14+7 105 78 + 37
DRI-Washoe, 2016 (max of canister samples) 909 + 17 329+6 168 + 9 95 + 2 232+ 10
DRI-Truckee, 2014 (canister sample) 3.6

Conclusion

Cannabis cultivation terpene emissions

Based on our sample results and calculated VOC emis-
sion rates, overall cannabis emissions are a very small
percentage of total biogenic and anthropogenic VOC
inventory in the DM/NFR NAA. The cannabis cultiva-
tion terpene emissions account for less than 0.01% of
total VOC in the DM/NFR NAA (Ramboll 2020). A vast
majority (~99%) of the cannabis VOC emissions are
terpene species with the remainder being sesquiterpene.

Ozone impacts of cannabis VOC emissions

Given that the cannabis VOC emissions are a small
fraction of the total VOC emissions in the DM/NFR
NAA, it is not surprising that the ozone impacts are
also very small. The largest change in the mean MDA
ozone concentrations in the high and average cannabis
VOC emission scenarios were, respectively, 0.015 and
0.009 ppb (Ramboll 2020). Most of the time, the largest
increase in MDAS8 ozone due to the cannabis VOC
emissions occurred in Denver County or nearby. The
ozone impacts of the cannabis emissions were small and
below what is routinely reported in ozone observations.

PM, s impacts of cannabis VOC emissions

The highest increases in 24-hr PM, 5 concentrations due
to the high and average cannabis scenarios were, respec-
tively, 0.009 and 0.005 pg/m’ (Ramboll 2020). Like for
ozone, these PM, 5 increases are also very small and
below what is routinely reported in PM, 5 observations.

Overall conclusion

This study concluded that even though cannabis cultivation
facilities can have overwhelming nuisance odor impacts,
based on samples collected and production rates they actu-
ally have a low VOC emission rate (2.13 to 11.12 lbs of
VOC/ton of cannabis harvested), even at large high-volume
production facilities. Additionally, the dominant VOC
emissions from samples collected at the three cannabis
cultivation facilities were f-caryophyllene, D-limonene, ter-
pinolene, a-pinene, -pinene, and B-myrcene, terpenes

common to many other types of trees and plants
(Fischedick et al. 2010; Fuentes et al. 2000; Marchinia
et al. 2014; Ross and ElSohly 1996; Samburova et al. 2019;
Sharkey et al. 2008; Turner et al. 1979; Wang et al. 2018). It
is interesting to note that the emission profile lacked iso-
prene, a terpene commonly emitted from other plants that
is highly reactive for ozone formation (Sharkey et al. 2008).
The resulting low VOC emission rate and the lack of iso-
prene from cannabis cultivation facilities sampled resulted
in a very low to negligible impact on both ozone (0.005-
0.009% increase in ozone from cannabis cultivation) and
PM, 5 formation (largest maximum 24-hr PM, 5 difference
of 0.009 pg/m) in the DM/NFR NAA (Ramboll 2020).
Given the potentially large uncertainties and variability in
cultivation facilities coupled with a small sampling budget
and specific ozone model inputs, the resulting cannabis
VOC emissions could vary widely in different areas of the
country based on many industry variables such as cultiva-
tion methodology, location, production rates, strains
grown, ambient air chemistry, local weather, proximity to
other industries, etc. Further sampling and research could
help refine the VOC emissions rate and speciation of
cannabis.
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Acronym Glossary

APCD Air Pollution Control Division
BEIS Biogenic Emission Inventory System
BER basal emission rate

CAMx Comprehensive Air-quality Model

CDPHE Colorado Department of Public Health and
Environment

CG condensable gas

DM/NEFR Denver Metro North Front Range

DMS dimethyl sulfide

DRI Desert Research Institute

EF Emission Factor

EPA U.S. Environmental Protection Agency

HVAC Heating, ventilation, and air conditioning

LD. inner diameter

km kilometer

L liter

Ibs pounds

LNOx lightning NOx

m meter

mm millimeter

MDAS3 maximum daily average 8-hour

MDL minimum detection limit

MED Colorado  Department of Revenue’s
Marijuana Enforcement Division

MEGAN Model of Emissions of Gases and Aerosols

from Nature
MIP Marijuana Infused Product

MOVES Motor Vehicle Emissions Simulator
MST Mountain Standard Time

NAA Nonattainment Area

NAAQS National Ambient Air Quality Standards
NaCl sea salt

NOx Oxides of Nitrogen

OH hydroxy radical

PGM photochemical grid model

PID photoionization detector

PM Particulate Matter

ppm parts per million

ppb parts per billion

ppbv parts per billion by volume

SOA Secondary Organic Aerosol

SIP State Implementation Plan

SMOKE Sparse Matrix Operator Kernel Emissions
TPY Tons per Year

ug micrometer
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ug/m’ micrometers per cubic meter
vocC Volatile Organic Compound
WBD windblown dust

WREF Weather Research Forecast
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