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Timothy E. Foster (“Petitioner”), registered elector of Mesa County and the
State of Colorado, through undersigned counsel, respectfully petitions this Court
pursuant to C.R.S. § 1-40-107(2), to review the actions of the Title Setting Board
with respect to the title, ballot title, and submission clause set for Initiative 2023-
2024 #45 (“Discontinue Issuance of New Oil and Gas Permits”).

STATEMENT OF THE CASE
A. Procedural History of Proposed Initiative 2023-2024 #45.

Paul Cunlan and Patricia Nelson (hereafter “Proponents”) proposed
Initiative 2023-2024 #45 (the “Proposed Initiative). Review and comment
hearings were held before representatives of the Offices of Legislative Council and
Legislative Legal Services. Thereafter, the Proponents submitted original,
amended, and final versions of the Proposed Initiative to the Secretary of State for
submission to the Title Board.

A Title Board hearing was held on May 3, 2023, at which time titles were set
for 2023-2024 #45. On May 10, 2023, Petitioner, Timothy E. Foster, filed a
Motion for Rehearing, alleging that a title was set for Initiative #45, contrary to the
requirements of Colo. Const. art. V, sec. 1(5.5), and that the Title Board set titles
which were misleading and confusing as they do not fairly communicate the true

intent and meaning of the measure.



The Title Board’s rehearing was held on May 17, 2023, at which time the
Motion for Rehearing was granted to the extent of certain changes made by the
Board to the titles but denied as to other requested relief.

B. Jurisdiction

Petitioners are entitled to review before the Supreme Court pursuant to
C.R.S. § 1-40-107(2). Petitioners timely filed the Motion for Rehearing with the
Title Board. See C.R.S. § 1-40-107(1). Additionally, Petitioners timely filed this
Petition for Review seven days from the date of the hearing on the Motion for
Rehearing. C.R.S. § 1-40-107(2).

As required by C.R.S. § 1-40-107(2), attached to this Petition for Review are
certified copies of: (1) the draft, amended, and final version of the initiative filed
by the Proponents; (2) the original ballot title set for this measure; (3) the Motion
for Rehearing filed by the Petitioners; (4) the ruling on the Motion for Rehearing
as reflected by the title and ballot title and submission clause set by the Board.
Petitioners believe that the Title Board erred in denying certain aspects of the
Motion for Rehearing; and (5) exhibits submitted to the Board by the parties at the

rehearing. The matter is properly before this Court.



GROUNDS FOR APPEAL

The titles set by the Title Board violate the clear titl requirements imposed
by the Colorado Constitution and pertinent statute. The following is an advisory
list of issues to be addressed in Petitioners’ brief:

1. Whether the Title Board erred by setting misleading titles for
Initiative #45 in stating that the measure “allow[s] permitted oil and gas operations
to continue” even though there is no such provision in #45.

2. Whether the Title Board erred by setting misleading titles for
Initiative #45 in stating the measure requires “the phase-out of new oil and gas
operation permits” when it limits only the granting, not the duration, of such new
permits.

3. Whether the Title Board erred by failing to reflect in the titles the
measure’s prohibition on modification to any new permits that can be granted.

4. Whether the Title Board erred by failing to disclose that Initiative #45
explicitly “prohibit[s]” permitting of any new “oil and gas facilities” and “oil and

gas locations.”



PRAYER FOR RELIEF

Petitioner respectfully requests that:

(1)because the Proposed Initiative is not a ballot issue arising under Art. X,
sec. 20 of the Colorado Constitution (“TABOR”) and may therefore only
be considered at the 2024 general election, the Court set a briefing
schedule in compliance with the posted notice on its website, allowing
twenty (20) days for the filing of simultaneous opening briefs and twenty
(20) days for the filing of simultaneous answer briefs; and

(2) after consideration of the parties’ briefs, this Court determine that the
titles are legally flawed, and direct the Title Board to correct the title’s
misstatements and correct its confusing phraseology.

Respectfully submitted this 24th day of May, 2023.

s/ Mark G. Grueskin

Mark G. Grueskin, #14621
Nathan Bruggeman, #39621
RECHT KORNFELD, P.C.
1600 Stout Street, Suite 1400
Denver, CO 80202

Phone: 303-573-1900
Facsimile: 303-446-9400

mark@rklawpc.com
nate@rklawpc.com

ATTORNEYS FOR PETITIONERS
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I, JENA GRISWOLD, Secretary of State of the State of Colorado, do hereby certify that:
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the rulings thereon ofthe Title Board for Proposed Initiative "2023-2024 #45 'Discontinue Issuance
Of NeW Oil and Gas Permits™ ..ot ssesssse s s s b esssbesss bbb s ssssessasanes

..................................... IN TESTIMONY WHEREOF I have unto set myhand .......cccocovenviininie.
and affixed the Great Seal ofthe State of Colorado, at

the City of Denver this 19" day of May, 2023.

SECRETARY OF STATE
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Ballot Title Setting Board

Proposed Initiative 2023-2024 #45!

The title as designated and fixed by the Board is as follows:

A change to the Colorado Revised Statutes concerning discontinuing the issuance of new
oil and gas operation permits by December 31, 2030, and, in connection therewith, requiring the
phase-out of new oil and gas operation permits in order to protect land, air, and water, while

allowing existing oil and gas operations to continue.

The ballot title and submission clause as designated and fixed by the Board is as follows:

Shall there be a change to the Colorado Revised Statutes concerning discontinuing the
issuance of new oil and gas operation permits by December 31, 2030, and, in connection therewith,
requiring the phase-out of new oil and gas operation permits in order to protect land, air, and water,

while allowing existing oil and gas operations to continue?

Hearing May 3, 2023:

Single subject approved, staff draft amended, titles set.
Board members: Theresa Conley, Kurt Morrison, Jerry Barry
Hearing adjourned 11:07 A.M.

! Unofficially captioned “Discontinue Issuance of New Oil and Gas Permits” by legislative staff for tracking
purposes. This caption is not part of the titles set by the Board.



Ballot Title Setting Board

Proposed Initiative 2023-2024 #45!

The title as designated and fixed by the Board is as follows:

A change to the Colorado Revised Statutes concerning discontinuing the issuance of new
oil and gas operation permits by December 31, 2030, and, in connection therewith, requiring the
phase-out of new oil and gas operation permits while allowing permitted oil and gas operations to

continue.

The ballot title and submission clause as designated and fixed by the Board is as follows:

Shall there be a change to the Colorado Revised Statutes concerning discontinuing the
issuance of new oil and gas operation permits by December 31, 2030, and, in connection therewith,
requiring the phase-out of new oil and gas operation permits while allowing permitted oil and gas

operations to continue?

Hearing May 3, 2023:

Single subject approved, staff draft amended, titles set.
Board members: Theresa Conley, Kurt Morrison, Jerry Barry
Hearing adjourned 11:07 A.M.

Rehearing May 17, 2023:

Motion for Rehearing (Foster and Ward): granted only to the extent that the Board made changes
to the title.

Board members: Theresa Conley, Kurt Morrison, Jerry Barry

Hearing adjourned 4:06 P.M.

! Unofficially captioned “Discontinue Issuance of New Oil and Gas Permits” by legislative staff for tracking
purposes. This caption is not part of the titles set by the Board.



CDOS Received: April 21, 2023 9:20 A.M. CH 2023-2024 #45 - Final Text
Proposed Initiative 2023-2024 #45 Final Clean

Be it Enacted by the People of the State of Colorado:

SECTION 1. Declaration of purpose. (1) The People of the State of Colorado find and
declare that:

(a) Protecting Colorado’s land, air, and water depends upon an expeditious transition
from polluting fossil fuel energy sources to clean energy sources;

(b) Oil and gas operations in our state contribute significantly to water shortages and
degradation, ozone pollution, and greenhouse gas emissions, which lead to increased drought,
wildfires, and dangerous air quality, which results in significant harm to public health and safety,
agriculture, winter sports, and other sectors of our economy; and

(c) Ending the expansion of oil and gas operations in an orderly and planned manner
through a gradual phase out of new permits by 2030, and prioritizing permit reductions in
disproportionately impacted communities will reduce greenhouse gas emissions and other
pollution, protect lands and water, and enhance economic growth in the state as part of an
ongoing transition to clean renewable energy.

SECTION 2. In Colorado Revised Statutes, 34-60-103, add (4.1) as follows:
34-60-103. Definitions.

(4.1) “DISPROPORTIONATELY IMPACTED COMMUNITY” HAS THE SAME MEANING AS
PROVIDED IN SECTION 24-4-109(2)(b)(II).

SECTION 3. In Colorado Revised Statutes, 34-60-106, amend (2.5)(b) and add
(H(H)(IV) and (20.5) as follows:

34-60-106. Additional powers of commission — rules — definitions — repeal.

(1) The commission also shall require:
(f) (IV) THIS SUBSECTION (1)(f) IS REPEALED EFFECTIVE DECEMBER 31, 2030.

(2.5)(b) The nonproduction of oil and gas resulting from a conditional approval or denial
authorized by this subsection (2.5), AND THE PHASING OUT AND DISCONTINUATION OF NEW OIL
AND GAS OPERATION PERMITS REQUIRED BY SUBSECTION (20.5), dees-DO not constitute waste.

(20.5) BY JANUARY 1, 2026, THE COMMISSION SHALL PROMULGATE RULES TO DISCONTINUE
THE ISSUANCE OF NEW OIL AND GAS PERMITS BY DECEMBER 31, 2030 TO REDUCE WATER
CONSUMPTION, LOWER GREENHOUSE GASES AND OTHER POLLUTANTS, AND PROTECT LAND, AIR AND
WATER. AT A MINIMUM, THE RULES SHALL ADDRESS:

(a) A TIMETABLE FOR THE ORDERLY SUBMISSION AND CONSIDERATION OF APPLICATIONS FOR
NEW OIL AND GAS PERMITS BY OPERATORS BETWEEN JANUARY 1, 2026, AND DECEMBER 31, 2030,
WITH CRITERIA FOR AN ITERATIVE AND CONSISTENT REDUCTION IN PERMITS APPROVED EACH YEAR
DURING THAT TIME PERIOD, WHILE PRIORITIZING REDUCTIONS IN DISPROPORTIONATELY IMPACTED
COMMUNITIES;

(b) THE REPEAL OF EXISTING COMMISSION RULES RELATED TO THE ISSUANCE OF NEW
PERMITS AS DEFINED IN SECTION 34-60-103(7.5);



(¢) THE AMENDMENT OF CURRENT COMMISSION RULES TO PROHIBIT THE MODIFICATION
AND REQUIRE THE EXPIRATION OF ALL PREVIOUSLY ISSUED PERMITS BY DECEMBER 31, 2033, IF
DRILLING OPERATIONS HAVE NOT COMMENCED BY THAT DATE;

(d) THE CONTINUATION OF COMMISSION RULES ENSURING THE PROTECTION OF PUBLIC
HEALTH, SAFETY, WELFARE, THE ENVIRONMENT AND WILDLIFE FOR ALL EXISTING OIL AND GAS
OPERATIONS, AND

(e) TRANSITIONING THE COMMISSION’S DUTIES TO PRIMARILY THE MONITORING, PLUGGING,
AND REMEDIATING OF FACILITIES PERMITTED PRIOR TO DECEMBER 31, 2030.

SECTION 4. In Colorado Revised Statutes, amend 29-20-104(1)(h)(IT) as follows:

29-20-104. Powers of local governments — definition. (1) Except as expressly provided
in section 29-20-104.5, the power and authority granted by this section does not limit any power
or authority presently exercised or previously granted. Each local government within its
respective jurisdiction has the authority to plan for and regulate the use of land by:

(h) Regulating the surface impacts of oil and gas operations in a reasonable manner to
address matters specified in this subsection (1)(h) and to protect and minimize adverse impacts to
public health, safety, and welfare and the environment. Nothing in this subsection (1)(h) is
intended to alter, expand, or diminish the authority of local governments to regulate air quality
under section 25-7-128. For purposes of this subsection (1)(h), “minimize adverse impacts”
means, to the extent necessary and reasonable, to protect public health, safety, and welfare and
the environment by avoiding adverse impacts from oil and gas operations and minimizing and
mitigating the extent and severity of those impacts that cannot be avoided. The following matters
are covered by this subsection (1)(h):

(IT) The location and siting of oil and gas facilities and oil and gas locations, as those
terms are defined in section 34-60-103 (6.2) and (6.4) UNTIL THE PERMITTING OF NEW OIL AND
GAS FACILITIES AND OIL AND GAS LOCATIONS BY THE COLORADO OIL AND GAS CONSERVATION
COMMISSION IS PROHIBITED PURSUANT TO SECTION 34-60-106(20.5);

SECTION 5. Effective Date:

This act takes effect on the date of the proclamation of the Governor announcing the
approval, by the registered electors of the state, of the proposed initiative.



CDOS Received: May 10, 2023 4:47 P.M. CH 2023-2024 #45 - Motion for Rehearing (Ward)

COLORADO TITLE SETTING BOARD

IN THE MATTER OF THE TITLE AND BALLOT TITLE AND SUBMISSION CLAUSE
FOR INITIATIVE 2023-2024 #45

MOTION FOR REHEARING

On behalf of Steven Ward, registered elector in the State of Colorado the undersigned
counsel, hereby submits this Motion for Rehearing of the Title Board’s May 3, 2023 decision.

The petitioner asserts that the title as set violates contains multiple subjects and violates
clear title as they incorrectly describe the measure.

On May 3, 2023, the Title Board conducted a hearing Proposed Initiative 2023-2024 #44.
The Board found a single subject and proceeded to set title as follows:

“A change to the Colorado Revised Statutes concerning discontinuing the issuance of
new oil and gas operation permits by December 31, 2030, and, in connection therewith,
requiring the phase-out of new oil and gas operation permits in order to protect land, air,
and water, while allowing existing oil and gas operations to continue.”

Petitioner incorporates all arguments presented in Motion for Rehearing IN THE MATTER OF
THE TITLE AND BALLOT TITLE AND SUBMISSION CLAUSE FOR INITIATIVE 2023-2024
#45.

Respectfully submitted this 10th day of May, 2023.

s/Suzanne Taheri

Suzanne Taheri

West Group

6501 E Belleview Ave, Suite 375
Denver, CO 80111

Phone: (303) 218-7150




CDOS Received: May 10, 2023 4:00 P.M. CH 2023-2024 #45 - Motion for Rehearing (Foster)

IN RE: TITLE, BALLOT TITLE, AND SUBMISSION CLAUSE
FOR INITIATIVE 2023-2024 #45
(“DISCONTINUE ISSUEANCE OF NEW OIL AND GAS PERMITS”)

Initiative Proponents;
Paul Culnan and Patricia Nelson

Obijector:
Timothy E. Foster

MOTION FOR REHEARING

By undersigned counsel, Timothy E. Foster, a registered voter of Mesa County, objects to
the titles set for Initiative #45, pursuant to C.R.S. § 1-40-107(1)(a)(l).

On May 3, 2023, the Title Board set the following ballot title and submission clause for
Initiative #45:

Shall there be a change to the Colorado Revised Statutes concerning
discontinuing the issuance of new oil and gas operation permits by December 31,
2030, and, in connection therewith, requiring the phase-out of new oil and gas
operation permits in order to protect land, air, and water, while allowing existing
oil and gas operations to continue?

. Initiative #44 violates the single subject requirement.

A. Initiative #44 eliminates an overarching doctrine relating to “waste” of natural
resources in what otherwise appears to be an Oil and Gas Commission rules
revision process about oil and gas permitting.

The General Assembly recognizes, and the courts emphasize, the existing policy of
preventing waste of the natural resources at issue here. Specifically, priority is currently given to
“the state’s interest in efficient production and development of oil and gas resources in a manner
preventing waste and protecting the rights of producers.” Town of Frederick v. N. Am. Res. Co.,
60 P.3d 758, 761-762 (Colo. App. 2002), citing Voss v. Lundvall Brothers, Inc., 830 P.2d 1061,
1065-68 (Colo. 1992). This policy is so central that it is the basis for finding the statewide
concern relating to oil and gas policy making. Board of County Comm rs v. Bowen/Edwards
Assoc., 830 P.2d 1045, 1058 (Colo. 1992).

Initiative #44 carves a reversal in policy to prevent permitting of otherwise qualifying
lands. See proposed amendment to § 34-60-106(2.5)(b). But it does so in the context of a bill that
mostly appears to be about rule making, requiring the Commission to adopt some types of rules



and repeal other types of rules. Further, its central prohibition refers back to the multifaceted rule
making mandated. See proposed 8§ 34-60-106(20.5) and proposed amendment to § 29-20-
104(h)(11). Much like the combination of a new water doctrine and water agency reorganization,
this amalgamation violates the single subject requirement. See In re Title, Ballot Title and
Submission Clause for 2007-2008 #17, 172 P.3d 871, 875 (Colo. 2007) (citing precedent for an
initiative in which “the public trust standard was joined with a proposal for reforming water
district rules,” contrary to the single subject requirement).

Therefore, the Board lacked jurisdiction to set this title.
1. The Board approved a misleading and inaccurate title.

A. The title is misleading where it states a potential effect rather than a central
feature of the initiative itself.

The inclusion of “in order to protect land, air, and water” in the title is clear error that the
proponents urged the Board to make. This phrase is an aspirational statement in #45, see
proposed § 34-60-106(20.5), but that does not make it a central feature of the measure or even a
statement of the “intent and meaning” of the text they support.

As the Board knows, its job is “merely to summarize the central features of the initiated
measure in a clear and concise manner without arguing either for or against the proposal.” In re
Title, 756 P.2d 995, 999 (Colo. 1988). No matter how laudable the goals of the measure may be,
they are statements of the hoped-for effects of the measure, not the legal change it actually brings
about in the Colorado Revised Statutes. The Board must be able to know that a statement in a
title is accurate, based on the text submitted. The Board simply “may not speculate on the
potential effects of the initiative if enacted.” In re Title, Ballot Title, and Submission Clause for
Initiative 2013-2014 #89, 2014 CO 66, 124, 328 P.3d 172, 179, citing In re Proposed Initiated
Constitutional Amendment Concerning the Fair Treatment of Injured Workers Amendment, 873
P.2d 718, 720-21 (Colo. 1994).

The Board should be wary about including such a phrase in this ballot title, lest the Board
have to state the desired outcome of other proponents in other ballot measures. Had the Board
done this in just those titles it set earlier this year, such titles would likely read as follows:

For Initiative 2023-2024 #3 relating to affordable housing, the title would have
included the highlighted language below:

Shall there be a change to the Colorado Revised Statutes concerning funding to
increase attainable housing, and, in connection therewith, on and after January 1,
2024, imposing a community attainable housing fee IN ORDER TO PROVIDE
HOUSING FOR WORKERS SUCH AS NURSES, TEACHERS, FIREFIGHTERS
AND LAW ENFORCEMENT OFFICERS,! payable by the purchaser, upon the

! See proposed § 29-4-1201(1) of Initiative #3;
https://www.coloradosos.gov/pubs/elections/Initiatives/titleBoard/filings/2023-2024/3Final.pdf




recording of deeds for real property equal to 0.1% of the amount by which the
purchase price exceeds $200,000....

The title for Initiative #3 could just as easily address other goals that initiative says it
seeks to achieve (thus replacing the capitalized language above with any of the following):

IN ORDER TO LIMIT LONG COMMUTES FOR WORKERS AND IMPROVE
AIR QUALITY;?

or

IN ORDER TO MAKE COMMUNITIES STRONGER AND MORE RESILIENT
BECAUSE WORKERS LIVE CLOSE TO THEIR JOBS;?

or

IN ORDER TO ENHANCE THE CULTURE, INCLUSIVITY, AND DIVERSITY
OF COMMUNITIES;*

or

IN ORDER TO HAVE FULLY STAFFED SCHOOLS, HOSPITALS,
HEALTHCARE PROVIDERS, EMERGENCY SERVICE PROVIDERS, AND
GOVERNMENT OFFICES.®

Initiative #3’s title isn’t the only one this cycle where, if the practice of using proponents’
list of policy goals was a standard Board undertaking, this year’s ballot titles would read
differently than the Board’s actual decisions. For instance, the title for Initiative 2023-2024 #19
addressing school choice could very well read:

Shall there be an amendment to the Colorado constitution concerning the right to
school choice, and, in connection therewith, creating a right for parents and
guardians to direct per pupil funding to schooling of their choice which includes
public and private schooling; home schooling; and open enrollment IN ORDER
TO GIVE ALL CHILDREN EQUAL OPPORTUNITY TO ACCESS A QUALITY
EDUCATION?®

2 See id. (language found in proposed § 29-4-1201(3).
3 See id. (language found in proposed § 29-4-1201(7).
4 See id. (language found in proposed § 29-4-1201(8).
5 See id. (language found in proposed § 29-4-1201(9).

& See proposed article IX, section 18(1) of Initiative #19;
https://www.coloradosos.gov/pubs/elections/Initiatives/titleBoard/filings/2023-2024/19Final.pdf

3



And the title for Initiative 2023-2024 #45 dealing with parole eligibility would read:

Shall there be a change to the Colorado Revised Statutes concerning parole
eligibility for an offender convicted of certain crimes, and, in connection
therewith,... IN ORDER TO PRESERVE THE SAFETY AND WELFARE OF
SOCIETY,’ continuing the governor’s authority to grant parole for any such
offender before the eligibility date if extraordinary mitigating circumstances
exist?

Here, Initiative #45 contained three policy objectives of the proponents: “to reduce water
consumption, lower greenhouse gases and other pollutants, and protect land, air, and water.” See
proposed § 34-60-106(20.5). If the Board is going to go down the road of including vague policy
aims rather than actual proposed changes to the law in the titles it sets, it has some fundamental
questions to decide.

- How many of the proponents’ stated goals are enough to include in the titles?
- How will the Board choose which one(s) to incorporate in the titles?

- If policy goals constitute a measure’s “true meaning and intent,” what guidelines will
the Board use to decide what statements in the measure cannot be used in the titles?

Putting aside the practical problems with such language, the legal issue is clear. A
statement about what a measure might bring about is not a statutory change but is, instead, a
statement of what proponents think will be an effect of the measure. An initiative’s effects
belong in the campaign rather than the titles; it is the campaign where they can be “brought to the
attention of the voters by public debate.” In re the Title, Ballot Title, Submission Clause and
Summary Pertaining To Sale of Table Wine in Grocery Stores, 646 P.2d 916, 921 (Colo. 1982).

Addressing an uncertain future effect in a ballot title is not required or warranted under
the Title Board’s operative statute. But the wording sanctioned here opens the door to
proponents’ arguments as to all future titles that the Board should state what proponents hope
will happen if their measure is adopted. There is simply too great a potential for gamesmanship
in drafting initiative texts to justify creating precedent for the practice at issue here.

Further, statements about a measure’s intended objective will always be a positive
statement that will appear to be a Title Board endorsement of the measure’s merits. Of course,
characterizing an initiative’s merits is far beyond the role of title setting. Bauch v. Anderson, 497
P.2d 698, 699 (Colo. 1972) (“We must not in any way concern ourselves with the merit or lack
of merit of the proposed amendment since, under our system of government, that resolution rests
with the electorate™).

" See proposed § 17-22.5-303.3(5);
https://www.coloradosos.gov/pubs/elections/Initiatives/titleBoard/filings/2023-2024/30Final.pdf
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Therefore, the titles should be amended to exclude this language that is not a “central
feature” of the initiative.

B. The title is misleading where it contains the political catch phrase, “in order
to protect land, air, and water.”

A catch phrase is a term or phrase that “mask][s] the policy... [and] tips the substantive
debate surrounding the issue to be submitted to the electorate.” In re Title, Ballot Title &
Submission Clause, 4 P.3d 1094, 1100, (Colo. 2000). It makes no difference that the phrase in
question is included in the initiative itself. 1d.

The finding that such wording is a political slogan is “an imprecise process” but it must
be based on some “convincing evidence.” In re Title, Ballot Title & Submission Clause for
Initiative 1997-1998 #105, 961 P.2d 1092, 1100 (Colo. 1998). Here, a poll® released publicly in
the weeks leading up to the filing of this initiative established that 75% of Coloradans find the
impact of oil and gas drilling on the “land, air, and water” is a “serious problem,” and forty-four
percent (44%) found it to be an “extremely” or “very” serious problem.®

The measure — and now the title — refer to one of the aspirational goals of the measure:
“to protect land, air, and water.” See proposed 8 34-60-106(20.5). It’s virtually the same litany of
words as are found in the above-referenced poll. This is not what the measure actually does as a
matter of amending Colorado law; it’s what the proponents say the impact of their measure they
hope will be. And here they do it with the support of a poll that reflects current political
sensitivities — not just the views of national voters or even regional voters. The concerns of
Coloradans are documented by bipartisan pollsters who publicized their results just prior to the
filing of language for this measure.

A ballot title should not be part and parcel of a political argument. Regarding the
language at issue here, that’s exactly what this ballot title does, and it should be amended to
delete this of goals.

C. The title is misleading as it states only “existing” oil and gas operations will
be allowed to continue their operations.

The title states that #45 “allow[s] existing oil and gas operations to continue.” In fact, it
allows operations that exist on, and beyond, Election Day (when voters will evaluate the ballot

& The poll was conducted for the Colorado College State of the Rockies Project Jan. 5-22, 2023 and
included 437 registered voters Colorado. See
file:///C:/Users/mark/Downloads/2023%20Conservation%20in%20the%20West%20Presentation.pdf at 2
(last viewed May 10, 2023) (attached hereto). The “effective margin of error is +2.4% at the 95%
confidence interval for the total sample; and at most +4.9% for each state.” See
https://www.coloradocollege.edu/other/stateoftherockies/ documents/2023-poll-data-and-
graphics/ccpoll%202023%20national%20release.pdf at 3.

91d. at 57.



title and submission clause) to operate. Applications can be submitted and will be considered
from Jan. 1, 2026 to Dec. 31, 2030. See proposed § 34-60-106(20.5)(a).

In referring only to “existing” operations, the titles’ language communicates that entities
receiving permits after Election Day (or, at the latest, after the effective date of the initiative) but
before Dec. 31, 2030 cannot operate. There is no question that is inaccurate, and this title
wording is error.

D. The title is misleading in stating that the measure “allow][s] existing oil and
gas operations to continue” as there is no such provision in #45.

Initiative #45 does not expressly provide for the continued operation of any permitted
location or facilities. At most, it provides for “[t]he continuation of commission rules ensuring
the protection of public health, safety, welfare, the environment, and wildlife for all existing oil
and gas operations.” See proposed § 34-60-106(20.5)(d).

In other words, #45 provides for continued rules for issues relating to oil and gas
operations. It does not affirmatively provide for continuation of oil and gas operations in their
own right. If such continuation may occur due to already existing laws, that is a characterization
of current law that is beyond the Title Board’s power to include here. This phrase should thus be
deleted from the titles.

E. The title is misleading because it does not state that there will be a consistent
reduction in permits approved each year between Jan. 1, 2026 and Dec. 31.
2030.

The measure requires “an iterative and consistent reduction in permits approved each
year” between Jan. 1, 2026 and Dec. 31, 2030.

The mandated limit on permits is not implied by the single subject statement of
“discontinuing the issuance of new oil and gas permits by December 31, 2030.” The meaning of
“discontinue” is “to stop doing or providing something.”° But this measure does not stop the
provision of permits by a single point in time; fewer permits will be granted for four years before
that date. The titles should not conceal the limits to be imposed well before the date specified in
the single subject statement.

F. The title is misleading where it in referring to the “phasing out” of permits.

The title states that this measure “requir[es] the phase-out of new oil and gas operation
permits.” This reference will confuse voters.

10 https://dictionary.cambridge.org/us/dictionary/english/discontinue




The common meaning of “phase-out” is “to stop using something gradually in stages
over a period of time.”*! As a result, voters will be left with the impression that #45 imposes
limited durations on any new permits granted. But that’s not what the measure does. It changes
the Commission’s power to grant permits rather than changing the effective period during which
new permits can be used.

In terms of the substantive law changed by this measure, #45 only uses “phasing out” of a
new permit regarding its provision that its new limits “do not constitute waste.” See proposed §
34-60-106(2.5)(b). To the extent that Proponents intend that “phasing out” is shorthand for the
required “reduction in permits approved each year” between 2026 and 2030, the title should be
specific about that construction, as addressed above.

G. The title is misleading because it does not reflect #45’s prohibition on permit
modification or its required expiration of certain of the new permits.

Initiative #45 requires Commission rules “to prohibit the modification and require the
expiration of all previously issued permits by December 31, 2033, if drilling operations have not
commenced by that date.” See proposed 8 34-60-106(20.5)(c); see also proposed § 29-20-
104(2)(h)(I1) (permitting of new facilities and locations “is prohibited pursuant to section 34-60-
106(20.5)”).

A provision that alters the modification of operating permits is a key element of an
initiative. Changes to what will or will not be permitted under the initiative — such as potential
modification of permits — must be accurately described in the titles. See In re Title, Ballot Title
and Submission Clause, and Summary for Initiative 1999-2000 #215, 3 P.3d 11 (Colo. 2000)
(striking title language that incorrectly portrayed a measure’s limit on modifying certain
extractive permits).

Similarly, the title is silent about the required expiration of permits granted where oil and
gas production has not commenced. The expiration of permits is a key element of the measure,
particularly given the array of possible lead-up activities that necessarily precede production.
About this, the Board heard testimony on May 3.12 The measure does not just limit the number of
new permits to be issued but also adds a time clock for activation of certain of those new
permits. This is an important feature of Initiative #45 that should be related in the titles.

11 https://www.oxfordlearnersdictionaries.com/us/definition/american _english/phase-
out#:~:text=phase%20somethingout&text=t0%20stop%20using%20something%20qgradually ,phased%20
out%20by%20next%20year.

12 See note 1, supra at 10:20-40 (testimony of M. Foote); see also C.R.S. § 34-60-103(6.5) (listing of
activities comprising “oil and gas operation”).



H. The title is misleading in that it does not relate that the measure specifically
“prohibit[s]” permitting of any new “oil and gas facilities” and “oil and gas
locations.”

This title is couched as a discontinuation of permitting of oil and gas operations. But the
measure itself refers to the legal changes as a prohibition. See proposed 8 34-60-106(20.5)(c)
(permit modification is prohibited) and § 29-20-104(1)(h)(I1) (permitting of new oil and gas
facilities and locations is prohibited).

In addition, the title does not identify to what this prohibition applies. Yet, the measure is
specific that it applies to “oil and gas facilities” and “oil and gas locations” which have specific
definitions that are different than “oil and gas operations.” Compare C.R.S. 8 34-60-103(6.2),
(6.4), and (6.5).

The titles should be specific as to the measure’s undisputed “prohibition” on permitting
of oil and gas “facilities” and “locations.”

I. The title is misleading as it is silent about the changed mission of the
Colorado Oil and Gas Commission whose future activities will be limited to
monitoring, plugging, and remediating oil and gas facilities.

Under current law, the Oil and Gas Commission has exceedingly broad powers. For
example:

The commission has jurisdiction over all persons and property, public and
private, necessary to enforce this article 60, the power to make and enforce rules
and orders pursuant to this article 60, and to do whatever may reasonably be
necessary to carry out this article 60.... Any delegation of authority to any
other state officer, board, or commission to administer any other laws of this
state relating to the conservation of oil or gas, or either of them, is hereby
rescinded and withdrawn, and that authority is unqualifiedly conferred upon the
commission, as provided in this section.

C.R.S. 8 34-60-105 (a), (b) (emphasis added). Under Initiative #45, though, the Commission’s
duties will have no such breadth and will be restricted to “primarily the monitoring, plugging,
and remediating” of these facilities. See proposed 8 34-60-106(20.5)(e). This is a fundamental
change in powers that should, at the very least, be communicated in the titles.

J. The title is silent about the fact that the doctrine of waste cannot be applied
based on the Commission’s acts to restrict oil and gas permitting.

Voters should, at a minimum, be informed through the ballot title of the change to the
doctrine of waste and thus the lack of associated remedies for holders of the rights of
development. The underlying basis and importance of this doctrine are set forth in the single
subject argument above and are incorporated here.
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Abstract: City and County of Broomfield (CCOB) residents reported over 500 health concerns between
January 2020 and December 2021. Our objective was to determine if CCOB residents living within
1 mile of multi-well unconventional oil and gas development (UOGD) sites reported more frequent
health symptoms than residents living > 2 miles away. We invited 3993 randomly selected households
to participate in a health survey. We applied linear regression to test associations between distance
to UOGD and summed Likert scores for health symptom categories. After covariate adjustment,
respondents living within 1 mile of one of CCOB’s UOGD sites tended to report higher frequencies
of upper respiratory, lower respiratory, gastrointestinal and acute symptoms than respondents
living more than 2 miles from the sites, with the largest differences for upper respiratory and acute
symptoms. For upper respiratory and acute symptoms, scores differed by 0.81 (95% CI: 0.06, 2.58)
and 0.75 (95% CI: 0.004, 1.99), respectively. Scores for adults most concerned about air pollution,
noise and odors trended higher within 1 mile for all symptom categories, while scores among adults
least concerned trended lower. Scores trended higher for lower respiratory, gastrointestinal and acute
symptoms in children living within 2 miles of UOGD, after covariate adjustment. We did not observe
any difference in the frequency of symptoms reported in unadjusted results. Additional study is
necessary to understand relationships between proximity to UOGD and health symptoms.

Keywords: epidemiology; unconventional oil and gas development; health symptoms; air pollution;
hydraulic fracturing; acute exposure symptoms

1. Introduction
1.1. Unconventional Oil and Gas Development

The United States (US) is now the world’s top producer of both oil and natural gas [1],
largely because of advances in extraction technology over the past 20 years [2,3]. These
technological advances allow operators to co-locate many wells on one site (multi-well
sites) and reduce the number of well pads in an area, as well as pipeline routes, and
production facilities [4]. However, there is a growing concern regarding the increase in
intensity, frequency and duration of air pollutant and noise emissions related to multi-well
unconventional oil and gas development (hereinafter referred to as UOGD) sites [5,6].

Colorado is among the top five oil-producing states, with the majority of UOGD
sites operating within the Denver—Julesburg basin (D]B) in northeast Colorado, including
the urban corridor along the Northern Front Range [7]. Concurrent to UOGD growth,
the Northern Front Range has experienced intensive population growth over the past
20 years [8]. Co-current intensive population and UOGD growth in the DJB led to a
14% increase in the size of the DJB population living within 1 mile of an UOGD site
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between 2000 and 2012 [9]. The rate of population growth continues to increase across
Colorado’s Front Range, but especially within the City and County of Broomfield (CCOB).
The CCOB is expected to experience a population increase of 24% by 2030 (from 2020
population counts) [10], double the projected population increase of 12% for the entire
state [8]. Approximately 10.4% of CCOB’s 74,112 residents currently live within 1 mile of
6 multi-well UOGD sites; another 15.1% live between 1 and 2 miles from the sites [11].

1.2. Oil and Gas History in the City and County of Broomfield

The CCOB is one of two consolidated municipal and county governments in the
state of Colorado [12], created out of parts of four neighboring counties in 2001. These
adjacent counties are as politically and economically diverse as Boulder County, which has
historically had a progressive environmental and conservation ethos [13], and Weld County,
whose economy relies heavily on resource and mineral extraction [14]. This diversity
provides a unique nexus and test case for the risks, challenges and opportunities relating to
UOGD in proximity to urban environments.

In 2018, a Denver-based UOGD operator received permits [15] from the Colorado Oil
and Gas Conservation Commission (COGCC) to drill 84 unconventional oil and gas wells
across six UOGD sites in the rapidly urbanizing area of north/central Broomfield. Prior
to COGCC approval and amidst much public outcry from high-income neighborhoods
opposing the construction of the UOGD sites, city officials negotiated the final locations
of the pads along with an agreement that enumerated a series of measures (referred to as
best management practices, or BMPs) intended to reduce impacts to health, safety and the
environment [16].

The final, negotiated well pad locations were constructed on CCOB-owned public
lands and are surrounded by single-family residential areas, some of which are 1000 ft.
from the nearest pad (see UOGD locations in Figure 1). After the approval of the locations
for the six UOGD sites, strong opposition from nearby residents remained, and concerns
were raised about cumulative exposures to toxic air emissions from living near multiple
sites, as well as exposure to additional traffic, dust, noise and lighting. One year after the
six multi-well pad project was approved, Colorado Senate Bill 181 (SB-181), which paved
the way for the COGCC to adopt new oil and gas locations setback distances at a minimum
of 2000 ft. from occupied residential structures, was passed by the state legislature. This
landmark bill was supported, in part, by a risk assessment that demonstrated a potential
for health impacts to occur up to 2000 ft. from UOGD as a result of possible exposure to air
toxics [17,18].

1.3. Air and Noise Pollution

Multiple studies have demonstrated potential impacts to human health from air
pollutants emitted from Colorado’s UOGD well sites [5,6,18,19]. The CCOB has a robust
air quality monitoring network with 14 sensors surrounding the six multi-well UOGD
sites [20]. Previous studies indicate that the use of BMPs, such as closed loop flowback
systems, can reduce the frequency of increased ambient air volatile organic compounds
(VOCs) concentrations [21].

While BMPs, such as the closed loop flowback systems used in Broomfield, lower air
pollutant emissions from UOGD well sites, reducing VOCs during pre-production activities
is dependent upon available technological mitigations. Broomfield’s monitoring system
has demonstrated that, regardless of strict BMPs, there are still numerous increases in
the frequency, magnitude and duration of VOC emissions during pre-production oper-
ations, especially during well bore drilling (likely attributed to drill cuttings containing
hydrocarbons) and coiled tubing/mill out [22].

Noise from UOGD occurs in nearly all phases of well development and into produc-
tion [6,23]. Noise can disturb nearby residents and disproportionately impact vulnerable
populations, including the elderly and chronically ill [24]. Recent studies indicate that
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BMPs, such as sound walls, are not effective in mitigating noise exposures for nearby
residents [6,25].
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Figure 1. Kernel Density map indicating location densities of 3993 households randomly selected to
participate in the health survey. Darker colors indicate a greater number of surveys were sent to that
location.

1.4. Human Health Impacts and Proximity to UOGD

Several months after the commencement of construction and drilling at several of
the UOGD sites, residents began to complain to city officials of health symptoms they
believed were caused by air toxics and noise related to UOGD [26]. The CCOB’s Depart-
ment of Public Health and Environment formalized a way for residents to submit health
complaints online and within a 2-year period (2020-2021), during which time several well
pads were being constructed, residents reported over 500 health concerns. The majority
of concerns were related to air pollution, noise and odor associated with six multi-well
UOGD sites [26]. Health concern reports increased during pre-production and included
reports of headaches, eye and throat irritation, and nosebleeds. Over all phases of UOGD,
residents most commonly reported difficulty sleeping and anxiety or stress and often stated
noise disturbances from nearby oil and gas operations as the cause [27]. The Human
Health Risk Assessment [17,18], which gave support for the passage of Colorado Senate
Bill 181 (SB-181), was the basis for CCOB'’s health collection efforts, as the risk assessment
recommended efforts focusing on population-specific, local data collection.

The body of epidemiological literature indicates that UOGD affects the health of
nearby residents. A current review found that, in 25 of 29 studies, there was at least one
statistically significant association between UOGD exposure and adverse health outcomes
(hospitalizations, adverse birth outcomes, cancer and asthma exacerbations) [28]. More
recently published studies report associations between intensity of oil and gas activity and
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indicators and exacerbations of cardiovascular disease [29-31], and further evidence of
associations with adverse birth outcomes [32-34]. Additionally, residents living within
1 km of an UOGD site self-report more skin conditions and upper respiratory symptoms
than those living farther away [35].

Several studies document sociopsychological impacts in residents living near UOGD
sites due to anxieties related to the potential release of toxins and carcinogens [36]. Com-
monly reported symptoms from those living near UOGD included psychosocial stress
associated with community change [23], worry [37,38] and adverse mental [39] and physi-
cal health effects [40]. As UOGD outpaces the scientific community’s ability to understand
potential health effects, studies of self-reported outcomes are a vital way to understand
health impacts in order to influence public policy [40]. After the onset of pre-production
UOGD activities and the notably large number of symptoms reported to CCOB’s Depart-
ment of Public Health and Environment, it became clear that a more robust study was
needed to better assess self-reported health symptoms and distance to UOGD. Our objective
is to determine whether CCOB residents living near the CCOB’s multi-well oil and gas sites,
which are considered to have some of the most rigorous BMPs in the State of Colorado,
report more health symptoms than CCOB residents not living near the sites. At the time
this study was conducted, no other studies have aimed to associate symptoms at various
proximities to UOGD in a jurisdiction that requires such extensive BMPs.

2. Materials and Methods

We conducted a cross-sectional study of 3993 randomly selected CCOB households to
collect data on self-reported health symptoms between October and December 2021.

2.1. Study Area and Population

The CCOB is located in Colorado’s Front Range with a total land area of 33 square
miles and a population of approximately 74,000 [11]. In 2021, CCOB was rated as the fifth
healthiest county in the United States, according to research conducted by University of
Missouri Extension Center for Applied Research and Engagement Systems (CARES) [41].
Seventy-six percent of the population identifies as white alone [11]; 59% have obtained a
Bachelor’s degree or higher; and the median household income is $107,638, nearly one-
third higher than the state of Colorado’s median household income [42]. Prior to the
start of this research, 84 UOGD wells were permitted for development in Northern CCOB
(Figure 1) located across six sites. During the time health surveys were being collected,
30 wells were in the production phase, with another 21 wells in the pre-production phase
(drilling, hydraulic fracturing and/or the coiled tubing/mill out), and 33 wells had no
activity.

2.2. Survey Instrument

We designed our survey and questions based on symptoms collected in prior oil
and gas survey research [35,43] as well as symptoms collected by the State of Colorado’s
Department of Public Health and Environment’s Oil and Gas Health Information and
Response line, and the CCOB’s Health Concern line. An important objective of this
research is to understand symptoms and proximity to UOGD sites, and building off
symptoms defined in the previous literature helps to characterize how the population
in CCOB may report similar or different symptoms related to living near or away from
UOGD. Surveys contained Likert scale questions, commonly used in epidemiological
survey research [35,43], and provided a way to quantify responses. We asked about the
frequency of 20 separate symptoms experienced in the past 14 days. Choices included
never, once, 2-5 times, 5-13 times or everyday (04 Likert scale). The survey also contained
questions on occurrence of each symptom (yes, no) within the past two and five years:
before major UOGD projects began, preexisting chronic health conditions, demographics,
household size, smoking (tobacco and marijuana) status and exercise habits, as well as
the degree of concern for nine environmental issues (e.g., noise, odor, air, etc.) by using
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a 0—4 Likert scale—mnot at all concerned, slightly, somewhat, moderately or extremely
concerned (see Supplemental Material, “Survey”). Survey data were collected using ESRI’s
ArcGIS Survey123 platform.

2.3. Household Selection and Recruitment

Households were randomly selected using ArcGIS Desktop version 10.8.1. Random
selection helped reduce participant bias and ensure households were targeted at locations
throughout CCOB. There are approximately 21,000 residential parcels in CCOB [11], and
19% received a postcard in the mail with a survey link. Approximately one-fourth of the
total number of parcels are located in CCOB’s two northernmost census tracts; these tracts
contain all UOGD activity in CCOB. Since the survey mentioned that this research was
related to UOGD activity, we expected a greater response rate from those living in the
census tracts near UOGD than from those living in the tracts farther away. To ensure an
adequate sample size was collected, we weighted the distribution of randomly selected
households for population density while also oversampling in the southernmost census
tracts (which are located further from UOGD) (Figure 1). To accomplish this, a fishnet grid
was created for the two northernmost census tracts and again for the 13 southernmost
census tracts. The centroid of each grid was attached to the nearest residential parcel for
household selection. Initially, about 1800 households were selected throughout CCOB to
receive surveys in the mail. However, due to a low response rate within the first month
of data collection, this process was repeated again and approximately 2200 additional
households were selected to receive postcards with a link to the survey. Households were
also sent two to three reminder postcards to encourage participation. Overall, we sent
postcards with a link to the survey via QR code to 524 households within 1 mile of UOGD,
693 households within 1-2 miles of UOGD and 2776 households located >2 miles from
UOGD activity.

Postcards were translated into English and Spanish and stated the intent of the research,
the length of time expected to complete the health survey (20-30 min) and instructions for
accessing the survey via QR code or webpage (see Supplemental Material, “Postcard”).
Survey questions were available in English and Spanish.

We asked that only one adult complete the survey per household. To reduce selection
bias, instructions asked that the adult selected was the one whose birthday was closest
to the date they received the survey in the mail and that the adult lives in the household
full time. We encouraged additional survey questions for children to be completed per
household by an adult for a child under the age of 18 living in their household, if applicable,
and asked that the same selection method be applied for the child. The Institutional Review
Board for the University of Colorado (COMIRB) reviewed and approved this research
(COMIRB# 21-3719).

2.4. Residence Proximity to Nearest Multi-Well Oil and Gas Site

We used ArcGIS to calculate the distance between each respondent’s residence and
each UOGD site in CCOB. We then classified residences according to their distance from
the nearest UOGD site into distance bands of less than 1 mile, 1-2 miles or >2 miles.
We based the 1- and 2-mile cut points on residential locations for CCOB residents filing
health complaints attributed to UOGD between 2019 and 2021 [26]. Complainants lived
predominantly in CCOB’s two northernmost census tracts where homes are within 2 miles
of the multi-well oil and gas sites, with most complainants living within 1 mile of a multi-
well oil and gas site.

2.5. Outcomes

We grouped health symptoms from the household survey based on physiological
organ system [35] and mental health. We assigned: coughs, nasal congestion, runny nose,
throat irritation and bloody noses to upper respiratory; shortness of breath and lung ir-
ritation to lower respiratory; dizziness, difficulty concentrating, headaches, numbness
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and tingling, ringing ears and hearing loss, and muscle aches and weakness to neurolog-
ical; nausea and vomiting to gastrointestinal; and anxiety and stress, difficulty sleeping,
difficulty concentrating, and lack of energy and fatigue to mental health.

We also performed a principal component analysis on all symptoms. The first three
components capture 58% of the variability, with Eigenvalues > 1. The first component
captured 33% of the variability, with Eigenvectors > 0.1 for all symptoms. The second com-
ponent captured 7.2% of the variance, with Eigenvectors > 0.1 for primarily mental health
symptoms (anxiety /stress, difficulty concentrating, lack of energy/fatigue, difficulty sleep-
ing). The third component captured another 6.6% of the variance, with Eigenvectors > 0.1
for several acute symptoms (nausea, vomiting, nosebleeds, lung irritation, shortness of
breath, cough and throat irritation). Based on these PCA results, we assigned all symptoms
to an outcome group named total symptoms and symptoms with Eigenvectors > 0.1 in the
third component to an outcome group named acute response. We had already created a
mental health outcome group with the symptoms loading to the second component.

2.6. Statistical Analysis

The mean Likert score for each self-reported outcome and the total number of symp-
toms reported as occurring at least once (Likert score > 0) in the past 14 days for each
respondent were calculated according to the distance of the respondent’s residence (<1, 1-2
or >2 miles) from the nearest multi-well UOGD site. Because many symptoms surveyed
may also be associated with COVID and of higher COVID infection rates in Colorado’s
Hispanic/Latino, Native Hawaiian/Pacific Islander, American Indian/Alaska Native and
African American communities in 2021 [44], we assigned responses from the race/ethnicity
choices into two groups: (1) White, Asian, Asian/White or Asian/White/Native Hawai-
ian/other Pacific Islander and (2) Hispanic/Latino, Hispanic/Latino/White, American
Indian/Alaska Native, Native Hawaiian/other Pacific Islander or Black/White, or other.
No survey respondents identified as only Black. We classified reported occupation as
management or professional; service, sales, or office; natural resources, construction, main-
tenance, production, transportation, or material moving; and not working [45].

Because the distribution of the summed Likert scores for adults was log normal, all
summed scores were log transformed to approximate a normal distribution. Summed
Likert scores for children approximated a normal distribution. We applied the method of
least squares linear regression to test the association between residence distance from the
closest UOGD site (distance band) and the mean overall number of symptoms and mean
summed Likert scores for all symptoms as well as the mean summed Likert scores for each
of six groups of health symptoms (upper respiratory, lower respiratory, gastrointestinal,
neurological, acute response and mental health, see supplemental material, Table S1) for
unadjusted and adjusted models. We ran separate models for adult respondents and
children (<18 years) because children did not provide their own responses and there were
fewer covariates available for children. Based on a priori knowledge of their association
with both exposure and outcomes, we adjusted both the adult and child models for age
(ordinal), gender identification (male and female or other), smoked or smoker ever present
in household (yes/no), number of chronic health conditions reported (continuous) and
number of children under 18 years of age living in household (continuous). The adult model
was also adjusted for days per week of exercise (continuous), alcoholic drinks consumed
each week (ordinal), hours per day spent at residence (ordinal), level of education (ordinal),
race/ethnicity (dichotomous), occupation (categorical) and years at current residence (<,
>2 years). An evaluation of correlation between co-variates indicated little correlation
between covariates. We evaluated for effect modification by performing stratified analysis
for gender, smoker ever present in household, years at current residence, age (<, >55 years),
number of chronic conditions (0, >0) and hours per day spent at residence (<, >13 h).
Additionally, we evaluated for mediation as well as effect modification by the three most
frequently reported environmental concerns (air pollution, noise and odors) in CCOB’s oil
and gas complaint database [26] by using multiple linear regression with (1) the mediator
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(sum of Likert scores for air pollution, noise and odor concerns) as the dependent variable
and setback distance as the main predictor; (2) the sum of Likert scores for a group of
health symptoms as the dependent variable and the mediator as the main predictor; and
(3) the sum of Likert scores for a group of health symptoms as the dependent variable and
setback distance as the main predictor [46]. We considered mediation to be present if all
three regressions returned statistically significant results for the main predictor [47]. To
evaluate for effect modification, we stratified by the median summed Likert score (<, >4)
for air pollution, noise and odor concerns, as well as stratifying by the median summed
Likert score (<, >8) for the remaining seven environmental concerns in the survey (light,
dust, wildlife, traffic, water, oil spill, waste). Given the exploratory nature of this study,
no adjustments were made for multiple comparisons, and significance was established at
the two-sided 0.05 level. We conducted all statistical analysis using SAS 9.3 (SAS Institute,
Cary, NC, USA).

3. Results

Four hundred twenty-seven adults responded to our survey, and 59 adults provided
responses for a child living in their household. Response rates for the three distance bands
ranged from 10-11.6%, and the overall response rate was 10.7% (Table 1).

3.1. Demographics

Demographic results are presented in Table 1. According to the U.S. Census [11],
CCOB does not have extensive racial diversity, with 76% of respondents identifying as
white alone, which is reflected in our survey respondents. In general, a higher proportion
of respondents living within 1 mile and 1-2 miles (than from those living more than 2 miles
away) from one of CCOB’s UOGD sites identified as male, never smoked or lived with
someone that smoked, consumed more alcoholic beverages, were aged 55 years or older,
spent less time at home each day and lived less than 2 years in their current home. Level of
concern with oil and gas stressors (air pollution, noise and odors) did not differ by distance
band.

3.2. Self-Reported Health Symptoms

We observed no differences in unadjusted analysis of self-reported health symptoms
by setback distance (Table 2). A full list of symptoms can be viewed in Supplemental
Material (Table S1).

After covariate adjustment, the total number of symptoms reported at least once in
the past 14 days and summed Likert scores for all symptoms trended higher as distance to
UOGD decreased (Table 3). Respondents living within 1 mile of one of CCOB’s UOGD sites
tended to report higher frequencies of upper respiratory, lower respiratory, gastrointestinal
and acute symptoms than respondents living 1-2 miles and more than 2 miles from the sites,
with the largest differences for upper respiratory and acute symptoms. Mean summed
Likert scores differed by 0.81 (95% CI: 0.06, 2.58) and 0.75 (95% CI: 0.004, 1.99) for upper
respiratory and acute symptoms, respectively. We observed null results for mental health
and neurological symptoms in our adjusted model.

Level of concern for the top three environmental complaints (noise, odor and air) in
CCOPB's oil and gas complaint database did not mediate the relationships between reported
symptoms and distance band (see Supplemental Material, Tables S2 and S3); however,
air pollution, noise and odor concerns did modify the relationship (Table 3). Among
respondents reporting greater concern for air pollution, odor and noise (sum Likert scores
within the top 50th percentile, >4), those living within 1 mile of CCOB’s UOGD sites
reported 2.88 more health symptoms in the past 14 days (95% CI: 1.14, 4.63) than those
living > 2 miles from the sites. Among these respondents, we also observed a 7.26 mean
difference in the sum of Likert scores for the sum of all symptoms (95% CI: 3.16, 11.35) and
statistically higher means for all symptom categories between those living <1 mile and >2
miles from the UOGD sites (Table 4). Among respondents reporting less concern for air,
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odor and noise (Sum Likert scores less than the 50th percentile, <4), those living within
1 mile of CCOB’s UOGD sites reported fewer health symptoms in the past 14 days and
lower frequencies of all symptom categories than those living >2 miles. Stratified analysis
by the median summed Likert score (<, >8) for the six remaining environmental concerns
indicate effect modification to a lesser extent (see Supplemental Material Table S4).

Table 1. Demographics of adult survey respondents and household distance from well site.

Parameter Within 1 Mile 1-2 Miles >2 Miles Total
Number of survey respondents (response rate [%]) (1(1)16) 69 (10.0) 297 (10.7) 427 (10.7)
Age in Years (%)
18-44 18 5.9 239 21.8
45-54 8.2 29 20.2 19.9
55-64 14.8 29 20.5 21.1
65-74 41 14.5 26.9 26.9
>75 18 11.6 8.5 10.3
White alone (%) ! 89.9 90.2 90.9 90.6
Female (%) 44.3 449 59.3 54.8
Never smoked or lived with someone who smoked (%) 88.5 89.9 82.5 84.5
Average Days of Exercise per Week 39 47 3.5 3.8
Average number of alcoholic drinks per week (%)
None 31.1 449 40.7 40.1
1-2 27.9 17.4 23.6 23.2
3-5 19.7 20.3 9.5 19.7
6-10 13.1 14.5 11.1 11.9
>10 8.2 29 5.1 5.2
Average Hours Spent in Home Per Day (%)
Less than 8 6.6 5.8 1.4 2.8
8-12 19.7 14.5 12.1 13.6
13-15 16.4 24.6 20.9 20.8
1620 47.5 21.7 31 319
>21 9.8 333 347 309
<2 years in household 19.7 5.8 7.7 9.1
Occupation (%)
Management, professional and related occupations 29.5 42.0 52.5 47.5
Service, sales, office, natural resources, construction,
maintenance, production, transportation and material 11.5 8.7 9.1 9.4
moving occupations 2
Not working (retired, homemaker, student, unemployed) 59.0 49.3 38.4 43.1
Mean Likert Score for Concerns about air, noise and water 49 48 4.6 4.7

! Percentage of respondents that identified as white. Approximately 10% of respondents identified as either Asian
alone (2.6%), Hispanic/Latino alone (2.1%), American Indian/Alaska Native, Native Hawaiian/other Pacific
Islander, Asian/White, Hispanic/Latino/White, Black/White or other. No survey respondents identified as Black
or African American alone. 2 No respondents reported that they worked in the oil and gas industry.
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Table 2. Unadjusted model for difference in means for survey respondents living more than 2 miles,
1-2 miles and <1 mile from a multi-well oil and gas site in Broomfield Colorado, October-December 2021.

Unadjusted Model Main Analysis (N = 427)

Outcome
Difference between >2 Mile and 1-2 Difference between >2 Mile and <1
Mile Means (LCL, UCL) Mile Means (LCL, UCL)
Total Number of Symptoms (N) —0.31 (—1.57,0.96) —0.44 (—1.77,0.89)
Total summed Likert Score —0.92 (—3.14, 1.67) —1.01(-3.34,1.71)
lu Respirat
pper Respiratory B B _
(summed Likert Score) 0.40 (—1.06,0.41) 0.15 (—0.62, 1.09)
2 Lower Respiratory
(summed Likert Score) 0.03 (—0.16, 0.25) 0.04 (—0.16, 0.28)
3
Mental Health
(summed Likert Score) —0.06 (—0.82, 0.88) —0.88 (1.55, 0.04)
4 .
Neurological
(summed Likert Score) 0.34 (—1.10, 0.57) 0.39, (—1.18, 0.56)
5 Gastrointestinal
(summed Likert Score) —0.003 (—0.13, 0.14) 0.020 (—0.12, 0.18)
6
Acute ~0.13 (—0.70, 0.53) 0.17 (—0.46, 0.90)

(summed Likert Score)

! Upper Respiratory = cough + nasal congestion + runny nose + throat irritation + nosebleeds. > Lower Respira-
tory = short breath + lung irritation. 3 Mental Health = anxiety stress + diff sleeping + difficulty concentrating + lack
energy fatigue. * Neurological = dizziness + difficulty concentrating + headaches + numbness tingling + ringing
ears hearing loss + muscle aches weakness pain. ° Gastrointestinal = nausea + vomiting. ® Acute = nausea + vom-
iting + Nosebleeds + lung irritation + short breath +cough + throat irritation. LCL = lower 95% confidence level,
UCL = upper 95% confidence level.

While we did not observe modification by gender identification, we did observe
greater mean differences in summed Likert scores for upper respiratory (1.54, 95%CI: 0.16,
2.97) and acute symptoms (1.30, 95%CI: 0.13, 2.47) in respondents identifying as male.
Likewise, while we did not observe modification by number of chronic conditions, we
did observe lower mean differences in summed Likert scores for upper respiratory (0.75,
95%CI:—0.83, 2.33) and greater differences for acute symptoms (1.20 95%CI: —0.16, 2.58) in
respondents reporting more than one chronic condition (see Supplemental Material, Table
55). In sensitivity analyses for respondents that identified as white, never smoked or lived
with someone that smoked, lived in their current home for 2 or more years, were at home
more than 12 h per day and were aged 55 years or older, we observed results similar to
results for all respondents (see Supplemental Material, Table S6).

3.3. Results for Children

Fifty-nine respondents reported health symptoms for one child in their household.
Because of the small population of children, we compared children living < 2 miles to
children living > 2 miles from Broomfield’s UOGD sites. Parents living < 2 miles from a
Broomfield UOGD site reported more symptoms and higher frequencies of all symptom:s,
except neurological symptoms, in their children than those living more than 2 miles from
the sites, after covariate adjustment (Table 4). The mean total number of symptoms differed
by 2.29 (95% CI: 0.05, 4.53), and mean summed Likert scores differed by 0.83 (95% CI: 0.12,
1.54), 0.81 (95% CI: 0.3, 1.31) and 2.38 (95% CI: 0.36, 4.41) for lower respiratory, GI and acute
symptoms, respectively, between children residing <2 and >2 miles from Broomfield’s
UOGD sites. We observed null results for mental health and neurological symptoms in our
adjusted model for children.
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Table 3. Difference in means for survey respondents living more than 2 miles, 1-2 miles, and <1 mile

from a multi-well oil and gas site in Broomfield Colorado, October—December 2021 L

Main Analysis (N = 427)

Sum Likert Score for Odors,
Noise and Air in Top 50th

Sum Likert Score for Odors,
Noise and Air in below the 50th

Outcome Percentile (>4, N = 239) Percentile (<4, N = 188)
Difference Difference Difference Difference Difference Difference
between >2 between >2 between >2 between >2 between >2 between >2

Mile and 1-2 Mile and <1 Mile and 1-2 Mile and <1 Mile and 1-2 Mile and <1
Mile Means Mile Means Mile Means Mile Means mile Means Mile Means
(LCL, UCL) (LCL, UCL) (LCL, UCL) (LCL, UCL) (LCL, UCL) (LCL, UCL)
Eoftgl Eungsr 0.31 0.70 —0.05 (—1.59, 2.88 0.25 ~151
Y(NI; (—0.94, 1.55) (—0.62,2.02) 1.49) (1.14, 4.63) (—1.60, 2.05) (—3.26,0.23)
Total summed 0.56 1.57 ~0.37 8.53 0.61 ~3.09
Likert Score (—1.64, 4.53) (—1.04, 6.20) (—2.92,5.32) (2.39, 20.17) (—1.99, 6.44) (—4.23,0.33)
2 Upper
Respiratory ~0.15 0.81 —0.34 3.16 ~0.18 ~0.58
(summed Likert  (—0.63,0.97) (0.06, 2.58) (—0.93, 1.64) (0.82, 8.60) (—0.66, 1.34) (—0.87, 0.54)
Score)
3 Lower
Respiratory 0.09 0.18 (—0.06, 0.15 0.51 —0.11 —0.13
(summed Likert  (—0.11 0.47) 0.63) (—0.14, 0.87) (0.03,1.62) (—0.27, 0.26) (—0.28 0.22)
Score)

4

, M;'r:afi‘?ilﬁ 0.88 0.24 0.18 2.62 1.21 ~1.33
su sczre) e (—0.31, 3.43) (—0.75, 2.53) (—0.96, 3.45) (0.21, 8.45) (—0.40, 6.10) (—2.44,0.42)
5 .

( Neuroé"fllfalt 0.13 0.05 ~0.03 1.42 0.07 ~1.01
sumlsnc‘;e)l et (050, 1.42) (—0.59, 1.38) (—0.74,1.86) (0.001, 4.68) (-072,227)  (——1.29,0.25))
6 . ._

nﬁfiﬂ‘;ﬁfjﬁ 0.03 0.09 0.01 0.30 —0.03 —0.005
L ikert Seore) (—0.09, 0.23) (—0.05,0.32) (—0.17, 0.26) (0.01, 0.84) (—0.14,0.19) (—0.12,0.21)
7

( Acc‘ilf.k . 0.09 0.75 ~0.027 2.76 ~0.07 047

Sumg‘czre) et (~0.44, 1.03) (0.004, 1.99) (—0.79, 1.64) (0.89, 6.24) (—0.55, 0.94) (—0.81, 0.30)

1 Adjusted for age, sex, race, smoking, alcohol consumption, time spent in home, number of children <18 years
in home, exercise, number of chronic health conditions, time of residence at current home, education level and
occupation. 2 Upper Respiratory = cough + nasal congestion + runny nose + throat irritation + nosebleeds.
3 Lower Respiratory = short breath + lung irritation.  Mental Health = anxiety stress + diff sleeping + difficulty
concentrating + lack energy fatigue. 5 Neurological = dizziness + difficulty concentrating + headaches + numbness
tingling + ringing ears hearing loss + muscle aches weakness pain. ® Gastrointestinal = nausea + vomiting.
7 Acute = nausea + vomiting + nosebleeds + lung irritation + short breath +cough + throat irritation. LCL = lower
95% confidence level, UCL = upper 95% confidence level. Bold Italics indicate statistically significant results at a
p-value < 0.05.
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Table 4. Difference in means for 59 children living more than 2 miles and <1 mile from a multi-well
oil and gas site in Broomfield Colorado, October—December 2021 1

Difference between >2 Mile and <1 Mile

Outcome Means (LCL, UCL)
Total Number of Symptoms (N) 2.29 (0.05, 4.53)
Total summed Likert Score 3.99 (—1.65,9.64)
2 Upper Respiratory (summed Likert Score) 1.63 (—0.63, 3.89)
3 Lower Respiratory (summed Likert Score) 0.83 (0.12, 1.54)
4 Mental Health (summed Likert Score) 0.06 (—1.81,1.93)
5 Neurological (summed Likert Score) —0.36 (—1.87,1.14)
6 Gastrointestinal (summed Likert Score) 0.81 (0.3, 1.31)
7 Acute (summed Likert Score) 2.38 (0.36, 4.41)

1 Adjusted for age, sex, smoking, number of children <18 years in home, number of chronic conditions. 2 Upper
Respiratory = cough + nasal congestion + runny nose + throat irritation + nosebleeds. 3 Lower Respiratory = short
breath + lung irritation.  Mental Health = anxiety stress + diff sleeping + difficulty concentrating + lack energy
fatigue. ® Neurological = dizziness + difficulty concentrating + headaches + numbness tingling + ringing ears
hearing loss + muscle aches weakness pain. ® Gastrointestinal = nausea + vomiting. 7 Acute = nausea + vomiting
+ nosebleeds + lung irritation + short breath + cough + throat irritation. LCL = lower 95% confidence level,
UCL = upper 95% confidence level. Bold Italics indicate statistically significant results at a p-value < 0.05.

4. Discussion

This large cross-sectional health survey of randomly selected households, to the best
of our knowledge, is the first study to date on the association between self-reported health
symptoms and active UOGD sites utilizing well-defined BMPs. In adjusted models, survey
respondents living within 1 mile of a multi-well UOGD site in CCOB reported greater
frequencies of upper respiratory and acute response symptoms in the past 14 days than
respondents living more than 2 miles from the sites. Respondents living within 2 miles
of a UOGD site also reported that their children experienced greater frequencies of lower
respiratory, GI and acute response symptoms in the past 14 days as well as a greater number
of total symptoms, in adjusted models. We observed null results for mental health and
neurological symptoms in our adjusted models. Among respondents most concerned with
odors, noise and air pollution, those living within 1 mile reported greater frequencies for
all types of symptoms; while among respondents least concerned with odors, noise and air
pollution, those living within 1 mile reported less frequencies for all symptom types than
those living more than 2 miles from the sites.

Our results are similar to previously published studies that found associations be-
tween proximity to unconventional natural gas development in Pennsylvania’s Marcellus
Shale and upper respiratory symptoms [35,40,48]. However, our study is the first to report
greater frequencies of self-reported nosebleeds, nausea, vomiting and shortness of breath
symptoms near UOGD sites. One potential explanation is that the previous studies eval-
uated exposure proximity to unconventional natural gas well sites and included single
well sites, while we evaluated proximity to large multi-well unconventional oil and natural
gas sites in our study. Larger multi-well sites that include oil extraction may increase
cumulative impacts from exposure to air pollutants, such as volatile organic compounds
(VOCs), which are commonly emitted from UOGD sources and can cause a variety of
acute health reactions including, but not limited to nose and throat irritation, dizziness and
nausea [49].

The CCOB’s air quality monitoring system has documented numerous VOC release
events from multi-well UOGD sites that were attributed to drilling and hydraulic fracturing
activities during the survey period. From November-December 2021, plumes of BTEX
emissions (benzene, toluene, ethylbenzene, xylenes) were frequently observed at a monitor-
ing station within a CCOB neighborhood and were consistent with transport from UOGD
sites in pre-production phases, located 1.5 miles away. On December 4, 2021, several large
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plumes were captured throughout the day near a UOGD site, showing elevated VOCs,
including benzene levels that reached a 1-hour average estimated at 224 parts per billion
(ppb) [22], exceeding the Agency for Toxic Substances and Disease Registry’s (ATSDR)
federal, short-term Minimum Risk Level of 9 ppb [50]. One hour benzene averages are
calculated by analyzing a one minute benzene canister sample and then applying conver-
sion factors to each minute of the total VOC (TVOC) indicator reading for a one- hour
duration [51]. This event was one of the highest total TVOC readings ever recorded in
CCOB. Laboratory results of air samples confirm the plume was significantly influenced by
oil and gas activity, and wind direction suggests the plume was sourced from nearby UOGD
operations during the start of coiled tubing/mill out. Overall, air quality events captured
by CCOB’s monitoring network lasted, on average, for 3.5 h and TVOC’s concentrations
reached 23,000 ppb. Further research, which could estimate levels of pollutants for those
living at various distances, could help identify potential exposure scenarios that might be
linked to health outcomes.

Results from this research have important implications for future policy efforts that
aim to reduce resident exposure to emissions from UOGD sites. This research calls into
question the adequacy of Colorado’s current 2000 ft. setback [52] as CCOB’s air quality
monitoring program has evidence of oil and gas plumes traveling over one mile and into
neighborhoods. Residents in Broomfield are uniquely situated near six UOGD sites with
dozens of wells, which may result in cumulative emissions exposure. Even with the most
stringent BMPs in place, emissions during pre-production activities contained elevated
levels of BTEX and other air toxics that may have contributed to some of the symptoms
reported in our health survey. This research builds off the current body of epidemiological
oil and gas literature by highlighting that cumulative emissions exposure may result from
living in proximity to multiple UOGD sites. Research such as this can help inform state
policymakers about BMPs and setback distances that aim to protect public health.

Interestingly, we found that a respondent’s level of concern with the top three com-
plaints (air pollution, noise and odors) in CCOB's oil and gas complaint database signif-
icantly modified the relationship between frequency of symptoms and setback distance.
This could be due to perception bias, where those most concerned about environmental
stressors are more likely to notice and/or report symptoms and those with less concerns are
less likely to report symptoms or a psychosomatic effect where the anxiety and concern with
pollution is causing some of these symptoms. It could also be due to recall or awareness
bias in which individuals with health symptoms are more likely to remember perceived
environmental exposures or notice environmental exposures. However, our mediation
analysis indicates that level of environmental concerns did not differ by setback distance
(see Supplemental Material, Table S2), which indicates these biases may not explain the
differences in symptoms by setback distance. It also may be possible that affiliation bias
(a respondent’s affiliation concerning UOGD) affected our results through either over- or
under-reporting symptoms. Our cross-sectional design limits our ability to further evaluate
the temporality of the bias.

Our study benefited from random selection of households with response rates evenly
distributed by setback distances from CCOB’s UOGD sites and more than enough adult
respondents to detect differences in frequencies of symptoms by setback distance. We were
also able to adjust for many covariates that could be associated with the symptoms. We
used well-established methods to evaluate the proximity of households to UOGD by using
ArcGIS software 10.8.1 and geocoding the household locations for those that completed a
survey.

Inherent biases in self-reporting (as previously discussed) may have affected our
results. Additionally, selection bias within a household could have occurred if respondents
purposely selected an individual within the household with greater (or fewer) symptoms,
rather than choosing one adult (and one child, if applicable) whose birth date is closest to
the date they received the survey in the mail. Participation bias may have occurred if those



Int. |. Environ. Res. Public Health 2023, 20, 2634 13 of 16

in favor of and/or not in favor of UOGD in CCOB or those experiencing symptoms were
more or less likely to respond to the survey.

With only 59 children and fewer covariates for children, our results for children
lack precision and may be biased towards the null. While we did adjust our analysis for
many potential confounders, it is possible that an unexplained confounder or residual
confounding is present with an unknown effect on our results. Proximity to major roadways,
the COVID pandemic and source of drinking water may have affected our results. However,
respondents living within 1 mile and greater than 2 miles were equally likely to be living
near a major roadway (Figure 1); thus, proximity to a major roadway was not likely a major
confounder. Because our survey was conducted when COVID incidence in CCOB was
relatively low and COVID incidence was not associated with proximity to UOGD in CCOB,
the COVID pandemic was not likely a major confounder. We also note that our stratified
analysis by age and race, both known to be associated with COVID incidence, indicate that
neither age or race confounded the results (see Supplemental Material, Table S6). Because
CCOB lies within the Denver metro region and most residential properties are connected
to municipal water sourced from outside of Broomfield [53], source of drinking was not
likely a major confounder.

We did not include other populations living near the six UOGD sites in CCOB, and
our results may not represent resident symptoms outside of CCOB. Some residents in
adjacent Adams County were among the closest individuals living to pre-production
development. While including counties with residents living in close proximity to CCOB’s
UOGD would have improved precision, it is not possible to know how it would affect
our results. Including all residents within proximity to UOGD regardless of jurisdictional
boundaries would improve the representativeness and generalizability of future studies.

5. Conclusions

Our results indicate that people living within 1 mile of multi-well unconventional oil
and natural gas sites more frequently report upper respiratory and acute (e.g., nosebleeds,
nausea, shortness of breath) symptoms than people living more than 2 miles from the sites.
Because our cross-sectional design does not provide temporal information, it is not possible
to determine if proximity to UOGD caused any of the reported symptoms. A possible
explanation for the increase in symptoms reported near oil and gas sites could include
cumulative and additive impacts from exposure to emissions from multiple UOGD sites.
However, other explanations are possible. Additional study using more precise estimates
of exposure and objective measures of health outcomes, as well as qualitative designs with
focus groups would be useful to better understand the relationship between proximity to
UOGD and the health symptoms reported in this study.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijerph20032634/s1, Figure S1: Survey; Figure S2: Postcard; Table S1:
Frequency of health symptoms (unadjusted) for adults within the past 14 days and distance from
unconventional oil and gas development; Table S2: Mediation analysis for adult survey respondents
living more than 2 miles, 1-2 miles, and <1 mile from a multi-well oil and gas site in Broomfield
Colorado, October—December 2021: Association between distance band and summed Likert score for
oil and gas environmental concerns (air pollution, noise and odors); Table S3: Mediation analysis for
adult survey respondents living more than 2 miles, 1-2 miles and <1 mile from a multi-well oil and gas
site in Broomfield Colorado, October-December 2021: Association between Likert scores for reported
health symptoms and summed Likert score for oil and gas environmental concerns (air pollution,
noise and odors); Table S4: Difference in means for adult survey respondents living more than 2 miles,
1-2 miles and <1 mile from a multi-well oil and gas site in Broomfield Colorado, October-December
2021: Sensitivity Analysis for respondents at home more than 12 h a day and stratified analysis Likert
score for environmental concerns other than oil and gas in the upper and lower 50th percentile; Table
S5: Difference in means for adult survey respondents living more than 2 miles, 1-2 miles and <1 mile
from a multi-well oil and gas site in Broomfield Colorado, October-December 2021: Stratified by
gender and chronic conditions; Table S6: Difference in means for adult survey respondents living
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more than 2 miles, 1-2 miles and <1 mile from a multi-well oil and gas site in Broomfield Colorado,
October—December 2021: Sensitivity Analysis for respondents identifying as white, never smoked or
lived with a smoker, 55 years and older and lived in their home for 2 or more years.
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Abbreviations and Acronyms

Abbreviation Definition

AEGL Acute Exposure Guidance Level

AERMAP AERMOD terrain pre-processor

AB_Vrain Anheuser-Busch/Ft. St. Vrain

AERMET AERMOD meteorology pre-processor

AERMOD American Meteorological Society/Environmental Protection Agency Regulatory Model

APEX Air Pollutants Exposure Model

ATSDR Agency for Toxic Substances and Disease Registry (U.S. Department of Health and Human Services)

BMCL benchmark concentration-low. 95% lower confidence limit on the estimated concentration at the BR
level

BMR benchmark risk; magnitude of effect identified as “adverse” in dose-response modeling; 1.0 standard
deviation change versus controls in this analysis

BTEX benzene, toluene, ethylbenzene, xylene

CDPHE Colorado Department of Public Health and Environment

CHAD Consolidated Human Activity Database

ChilQ air concentration per unit emission, or exposure concentration per unit air concentration (depending
on the context)

cm centimeter

CoGccC Colorado Oil and Gas Conservation Commission

COOP Cooperative Observer Network

CSu Colorado State University

D-J Denver-Julesburg

deg degrees

EPA U.S. Environmental Protection Agency

ESL Effects Screening Level (from TCEQ)

°F degrees Fahrenheit

fracking hydraulic fracturing

ft feet

gls gram per second

GC Garfield County

HHRA human health risk assessment

HI hazard index

HQ hazard quotient

IRIS Integrated Risk Information System (from EPA)

IUR inhalation unit risk

LOD limit of detection

LOAEL lowest observed adverse effect level; lowest dose or exposure associated with statistically significant
effect

log10 logarithm base 10

m meters

m/s meters per second

max maximum

mg/kg/day milligrams per kilogram per day

micro microenvironment
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Abbreviation Definition

min minimum

MRL Minimum Risk Level (from ATSDR)

NA not applicable

NFR Northern Front Range

NLCD National Land Cover Database

NWS National Weather Service

0&G oil and gas

OEHHA California Office of Environmental Health Hazard Assessment

PD pharmacodynamics adjustment

PK pharmacokinetic adjustment

POD point of departure; experimental or human endpoint used to derive health criteria

ppm parts per million

ppb parts per hillion

PPRTV Provisional Peer-reviewed Toxicity Value (from EPA)

Q emission rate, or air concentration (depending on the context)

QA quality assurance

QC quality control

PEN penetration factor

RBC red blood cells

REL Reference Exposure Level (from OEHHA)

ReV Reference Value (from TCEQ)

RfC Reference Concentration (from EPA)

RGDR regional gas dose ratio; used to adjust for differences in absorption of inhaled toxicants between
animals and humans

SD standard deviation

St Vrain Ft. St. Vrain

TCEQ Texas Commission on Environmental Quality

TRM Tracer Ratio Method

u-P Uinta-Piceance

u.s. United States

UF uncertainty factor

ugm-3, ug/m"3, pug/m?

microgram per cubic meter

U™

Universal Transverse Mercator

VoC volatile organic compound
Vi vapor pressure
Nz
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Executive Summary

In 2017, the Colorado Department of Public Health and Environment conducted a screening
assessment and systematic review of potential risks associated with chemicals released to the
air from oil and gas operations. The assessment found that the concentrations of chemicals
detected in air near oil and gas operations were consistent with low risks of harmful health
effects. Systematic review of 27 studies of populations residing near oil and gas operations
found limited and inconsistent evidence for harmful health effects.

One of the recommendations of the 2017 assessment was for “continued evaluation of health
risk using more comprehensive exposure data such as data from the Colorado State University
studies that directly measured emissions of substances from oil and gas operations....” This
report summarizes the results of a quantitative human health risk assessment, based on those
emission measurements, which ICF (we) conducted in conjunction with the Colorado
Department of Public Health and Environment.

Scientists from Colorado State University conducted on-site air monitoring of 47 volatile organic
compounds at oil and gas extraction facilities in Garfield County and the Northern Front Range
in Colorado, which are areas of historically intense oil and gas extraction activity. Utilizing
emission rates estimated from the air monitoring during specific activities (drilling, hydraulic
fracturing, flowback, and production), we employed state-of-the-science air dispersion models to
estimate short- and long-term chemical air concentrations around hypothetical oil and gas
facilities of various sizes, located in Garfield County and the Northern Front Range. We then
used advanced exposure modeling and protective health-based guidelines to estimate chemical
exposures and potential health risks for hypothetical people of all ages living within 2,000 feet of
the hypothetical facilities. This includes areas 500 feet from the facilities, which is the current
Exception Zone Setback distance for well and production facilities relative to a building unit (as
established by the Colorado Oil and Gas Conservation Commission). We focused particularly
on conservative (health-protective) hypothetical scenarios where people spend all of their time
at a location close to an oil and gas facility for the lifetime of the facility. These hypothetical
locations are those that tend to experience higher modeled air concentrations, relative to other
locations, due to the interaction between emissions and meteorological conditions. The modeled
people at these hypothetical locations are often outdoors or in highly ventilated areas, especially
during times of short-term peak modeled concentrations. We assessed 1-hour (acute)
exposures as well as multi-day (subchronic) exposures and exposures greater than one year
(chronic).

Exposure modeling for most chemicals indicated that acute exposures were below guideline
levels for all hypothetical people and facilities. At the 500-foot distance, for a small number of
chemicals (including benzene, toluene, and ethyltoluenes), the highest estimated acute
exposures exceeded guideline levels at the most-exposed (downwind) locations, in isolated
cases by a factor of 10 or more during oil and gas development activities, particularly during
flowback activities at smaller well pads. Those highest predicted acute exposures decreased
rapidly with distance from the hypothetical facilities, but remained above guideline levels out to
2,000 feet under a relatively small number of oil and gas development scenarios. Our
identification of these estimated exceedances of acute health guidelines is highly conservative,
in that these highest-estimated exposures occur when the highest chemical emissions are
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highly concentrated by “worst-case” meteorological conditions onto a hypothetical person who is
outdoors or in a highly ventilated area, which might happen only rarely. For example, at the 500-
foot distance from the facility, central-tendency acute benzene exposures during flowback
activities tended to be a factor of 1.6-2.7 smaller than the absolute maximum exposures, and
while some of the highest acute benzene exposures were more than a factor of 10 above
guideline levels at the NFR site, they were below 10 for most people on most days of the
simulations. The average differences in acute exposure between sites were less than a factor of
2, and exposures were much smaller during production activities relative to development
activities.

Most modeled subchronic exposures (lasting less than one year) were also far below guideline
levels during development activities (not evaluated for production activities, which last decades).
This was true for all chemicals at the 500-foot distance from the facility, although emissions of
trimethylbenzenes during fracking activities helped lead to subchronic exposures slightly above
guideline levels for combined exposures to multiple chemicals with neurotoxicity critical effects.
These exposures were generally higher near smaller well pads, and the exposures generally
decreased with increasing distance from the facility. As with the highest acute exposures, our
identification of these estimated exceedances of subchronic health guidelines is conservative—
these are scenarios when emissions tended to be much higher than average and concentrated
frequently (by meteorological conditions conducive to worse air quality) onto a hypothetical
person who is always relatively close to the hypothetical facility and is often outdoors or in a
highly ventilated area. During more typical conditions, central-tendency multi-chemical
exposures related to neurotoxicity critical effects at locations 500 feet from the facility (for
example) tended to be a factor of 1.7-2.5 smaller than the absolute maximum exposures, and
while some of the highest neurotoxicity-related exposures were slightly above guideline levels at
the Garfield County sites, they were below guideline levels for the majority of people during
most of the simulations. The average differences in subchronic exposure between sites were
less than a factor of 2 or 3.

We also estimated chronic exposures for production operations, which can continue for up to 30
years after well development, as well as for some large flowback operations that can last 14-15
months. At the 500-foot distance from the facility, chronic exposures during the 14-15-month
flowback activities were far below guideline levels for individual chemicals and only slightly
above guideline levels for combined exposures to multiple chemicals with neurotoxicity or
hematological critical effects (which include n-nonane, benzene, m+p-xylene, and
trimethylbenzenes). Extending the exposure period to also include the preceding drilling and
fracking activities led to similar results. The chronic exposures during production operations
were generally the lowest, relative to guideline levels, from among all simulated exposures in
the assessment. At the 500-foot distance from the facility, all chronic non-cancer exposures
during production activities were below guideline levels, and the average incremental lifetime
cancer risk from chronic benzene exposure was 5-in-one million or less (dropping below 1-in-
one million before the 2,000-foot distance). When estimates of chronic exposure include
exposure to development activities occurring sequentially with exposure to production activities,
exposures were only slightly higher than those estimated during the production activities alone.

Additional measurements could help to refine the risk estimates in these assessments and/or
allow for assessments that are more site-specific. Such measurements could include additional
air monitoring similar to what this study is based on, or continuous measurements near oil and
gas sites and inside and outside buildings near those sites, including personal-exposure
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measurements. Whereas the assessment in this study is primarily focused on identifying the
potential for risks above levels of concern, assessments based on additional or different data
may be more focused on time sequences of exposure that are more site- and population-
specific.
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1. Project Background

Colorado’s rapidly growing population, in parallel with increased oil and gas extraction activities
in Colorado’s Northern Front Range (NFR) and Garfield County, has led to populations living
and working in close proximity to oil and gas (O&G) operations. As a result, growing public
health concern has developed in recent years about the health risks to people living near
existing and potential future O&G operations. To date, assessing the public health risk has
been challenging due to the lack of high quality measurements of the types and emission rates
of volatile organic compounds (VOCSs) that are emitted from O&G well development and
production activities.

Colorado State University (CSU) recently completed two studies, listed below, quantifying
emission rates of 47 VOCs* during different phases of O&G development and during O&G
production.

m  Colorado’s Garfield County (Uinta-Piceance [U-P] Basin): (CSU, 2016a)
= Colorado’s NFR (Denver-Julesburg [D-J] Basin): (CSU, 2016b)

In 2015, the Colorado Governor’'s Oil and Gas Task Force developed a set of recommendations
that would foster responsible development of O&G in Colorado. One of the recommendations
from the Task Force was to address public health concerns in part by conducting human
health risk assessments (HHRAS) using the CSU VOC emission-rate studies.

The Colorado Department of Public Health and Environment (CDPHE) developed a request for
proposal to solicit a contractor to conduct the two HHRASs listed below.

1. HHRA for O&G operations in Colorado’s NFR
2. HHRA for O&G operations in Colorado’s Garfield County

ICF was the contractor selected to conduct these HHRAS in a probabilistic fashion to
quantify the potential cancer and non-cancer (acute, subchronic, and chronic) health risk
to people from inhalation of the VOCs emitted during the different phases of O&G
development and production. ICF (*we”) are conducting this study within the framework set by
CDPHE, and all work undertaken is in consultation with CDPHE staff on the overall approach,
major assumptions, and parameterizations.

In this report, we describe the approach and results of these HHRAs. Briefly here, we show in
Figure 1-1, and enumerate below, the steps of the risk assessment methodology that we
followed for the HHRASs.

1 CSU collected samples in some cases of 49 VOCs. However, one was the tracer (acetylene, also known as ethyne)
and we do not include it in these HHRAs. Another was i-butene, which CSU did not collect during most experiments
and is chemically very similar to 1-butene, which they collected regularly; we do not include i-butene in these HHRAs.
We therefore refer to 47 VOCs in these HHRAS.
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Notes: The methods for each step of the figure are more fully described as noted: 1A = Section 2.3; 1B = Section
2.5; 2A = Section 2; 2B = Sections 2.7.3 and 2.8; 3 = Section 3; 4 = Section 4; 5 = Section 5. Figure depicting
collection of emissions data is from Figure 2.3 of (CSU, 2016a).

Figure 1-1. lllustration of the Steps in the Risk Assessment

1. Collect emissions of VOCs of interest using air sampling during O&G activities in Garfield
County and the NFR (as we describe in Section 2.3, utilizing work conducted by CSU), and
download meteorology data for several sites in those areas (as we describe in Section
2.5).

2. Simulate spatial dispersion of the VOCs, based on collected emissions data and
meteorology data (as we describe in Section 2).
a. For each scenario, we determined where VOC air concentrations are likely to be
highest (as we describe in Sections 2.7.3 and 2.8), and we used these receptor
locations for further analysis.

3. Estimate inhalation exposure to each VOC and groups of VOCs with similar critical effects
for individual adults and children, at each receptor location identified above and across
different durations of exposure (acute, subchronic, and chronic) (as we describe in
Section 3; supported by Appendix A).

4. ldentify protective health criteria values for each VOC and duration of exposure (as
described in Section 4; supported by Appendix B, Appendix C, and Appendix D).
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5. Identify activities and scenarios where inhalation exposures exceed health criteria for
hypothetical individuals living and working near the modeled, hypothetical well pads, during
each of the O&G activities (as shown in Section 5; supported by Appendix E). Also, examine
distributions of air concentrations, exposures, and hazards for the assessed VOCs.

a. We report in Section 4 the specific methods used to calculate each risk metric.

In Section 6, we present a summary of the data gaps, uncertainties, and variabilities within the
data and methods used in the HHRAS, as well as the sensitivity of the risk results to certain
aspects of the assessments (we discuss these in more detail in each preceding section). Finally,
in Section 7, we look ahead to possible future work, at the discretion of CDPHE, which may
further refine these estimates of potential health risks to individuals living and spending time
near O&G facilities.

2. Modeling of Air Concentrations

2.1. Overview of Approach

Air-dispersion model formulations and methods used to simulate the dispersion processes (e.g.,
steady-state Gaussian, Gaussian-puff, Eulerian grid models) have inherent spatial limitations for
estimating concentrations. These limitations are essential to consider in model selection, along
with how emissions are incorporated into the model, the distance over which the model
formulation is appropriate, the regulatory status, and model-evaluation history. U.S. EPA’s
AERMOD model is the best candidate model for this assessment because

1. its model formulation represents the state of the science, with similarity-theory-based
boundary layer calculations;

2. the steady-state Gaussian assumption is valid over the distances under consideration in this
study, which are 150-2,000 feet (ft) (45.7-609.6 meters [m]);

3. the model will estimate concentrations to the nearest meter; and

4. it has a long history of application and as well as model evaluation, although model-
validation studies for low-level or ground-level emission source releases are limited to
Project Prairie Grass (Haugen, 1959).

Near-source air concentrations are largely determined from the emission source strength and
ambient meteorological conditions. In both of their emission-rate studies (CSU, 2016a, 2016b),
CSU identified that individual VOC emission rates from each O&G activity may vary by
several orders of magnitude within each O&G activity type. Dispersion models applied in a
regulatory context are designed for emission sources with known emission rates or well-defined
patterns of temporal variation. For sources that emit with substantial irregularity, the acute
(short-term) health risk can be exaggerated when applying an air dispersion model to the
improbable coincidence of the highest emission-release rate with worst-case meteorological
conditions. To provide information on the probability for these events, the results are best
expressed as a probability distribution that can be solved by randomizing the emission source
strength and meteorological conditions by applying the Monte Carlo method to determine
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expected maxima of acute air concentrations, rather than using just the absolute highest (and
improbable) worst-case concentration.

A Monte Carlo air-concentration analysis builds a set of results of possible outcomes (a
distribution of values) by varying the input variables—in this case, the widely varying
VOC emission rates and meteorology, and also the variable durations of the activities.
Each AERMOD simulation, or “iteration”, creates a set of results. Thousands of simulations are
made, each using a different set of input values selected at random from the range of possible
meteorology and emission inputs as well as activity durations. The result is a distribution of
possible air-concentration outcomes. In general, we retain from each iteration the mean and
maximum air concentration at each modeling receptor (location of model outputs), creating a
distribution of mean and maximum values from across the iterations. These values are then
passed to the exposure assessment for use in exposure modeling. A sufficient number of
simulations is reached when the statistical characteristics (mean, standard deviation) of the
distribution minimally changes when more realizations are added. We conduct this Monte Carlo
analysis for well-development activities, but not for well-production activities where we are less
concerned with hour-by-hour and day-by-day variabilities and more concerned with longer-term
averages across the many years of O&G production.

Application of the Monte Carlo approach is widely used in addressing problems associated with
emissions from irregularly emitting sources, as it provides more realistic estimates of health risk
(Li et al., 2008; Lonati and Zanoni, 2013). In addition, Monte Carlo is used to establish
protective zones for intermittent irregular sources (Balter and Faminskaya, 2016). For irregularly
varying power-plant emissions, the Electric Power Research Institute sponsored the
development of a Monte Carlo tool, EMVAP (Paine et al., 2014), useful in assessing compliance
with National Ambient Air Quality Standards (Guerra, 2014). The approach is endorsed by the
State of Washington’s Department of Ecology (Washington State DOE, 2011) for use in
compliance with the 1-hour NO; standard for diesel generators.

We provide further discussion and details on the Monte Carlo approach in Section 2.7.

2.2. Oil and Gas Activities

The D-J Basin extends over an area of more than 70,000 square miles covering northeastern
Colorado and extending into southwest Nebraska and southeast Wyoming. The Wattenberg
field has been the center of unconventional O&G extraction (COGCC, 2007) and is mostly in
Weld County but also extends into portions of Adams and Boulder Counties. More than half of
COGCC permits in 2015 and 2016 were for Weld County, with about 87 percent of Colorado’s
active wells located in Weld County and five surrounding counties. This broad area is referred to
in these HHRAs as the NFR.

The other location of concentrated O&G activity is Garfield County, located in western
Colorado on top of the U-P Basin where natural gas is trapped within shale/tight sand
sedimentary formations. Most of the hydrocarbons extracted in this basin are in the form of
natural gas from sandstone lenses in the Williams Fork Formation. Extracting the gas
economically from this basin mostly requires the use of unconventional gas-extraction
techniques.
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0O&G development in both of these locations is anticipated to continue using methods such as
horizontal drilling and hydraulic fracturing along with continued refinements to these
technologies.

The typical vertical depth of a well is 5,000-9,000 ft; after reaching a location near the
shale/sandstone formation, a directional drill may be used for horizontal drilling for 5,000 ft or
more. Multiple horizontal wells accessing the same or other close-by formations can be drilled
from one pad. The drilling phase usually takes 4-10 days per well. Most wells in Garfield
County are vertically drilled, while wells in the NFR more often include horizontal drilling. After
drilling is complete, hydraulic fracturing (“fracking”) is used to inject water, sand, and
chemicals into the well at high pressures. The fluid opens the previously made fractures and
connects them to create better pathways for more efficient flow of O&G to the surface. Fracking
is applied to each well in sections and, at completion, each section is closed using a cement
plug. The fracking phase of each well can span a period of 2-5 days. After the entire well is
fracked, the plugs are drilled out to enable the flow of fracking fluid, water, oil, and natural gas to
the surface. This phase of well completion is known as flowback. The flowback water is
typically stored on-site and later transported for underground (well injection) storage or recycling
and re-use in future fracking activities. Traditionally, a flowback period can last for 6-12 days for
each well, until the fluid flow hits a marketed or metered line (signaling the start of the O&G
production phase). In the NFR, flowback periods for vertical-only wells are much shorter,
typically just a single day, while the tight sand formations in Garfield County require a flowback
period of 13-30 days.

This study estimates VOC air concentrations during each phase of well development and during

production in both the NFR and Garfield County. We discuss these O&G activities in the
following two subsections.

2.2.1. Well Development

A new well-pad site undergoes three primary development activities sequentially? to
create new, O&G-producing wells. These activities are

= drilling,

= fracking, and

= flowback.

The duration over which these activities occurs is highly variable, depending upon the
geologic setting, the operator, and so on. Horizontal drilling and flowback are generally longer
processes. To determine the best estimate for the duration of each activity in Garfield County,

CSU held discussions with site operators/supervisors who were part of CSU’s Garfield County
emission-measurement program (CSU, 2016a). The operators interviewed included: Encana,

2 Sequentially: each well is drilled one at a time, then each well is fracked one at a time, and then each well
undergoes flowback operations one at a time. In some cases, multiple wells may be undergoing flowback at the same
time (flowback is started one well at a time, but flowback may start at another well before flowback is completed on
the previous well), which may be a topic of sensitivity analysis in later stages of these HHRAs. During O&G
production, multiple wells can produce at the same time.
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Ursa Operating Company LLC, WPX (now Terra Energy Partners), and Williams. The
companies worked together to provide average duration values for O&G activities in Garfield
County. For the NFR, CDPHE estimated durations for each activity based on discussions with
COGCC and environmental managers representing a number of O&G operators.

The average durations for each development activity, shown in Table 2-1, are considered
generally representative based on the best available information. On average, horizontal wells
make up about 70 percent of the O&G development in the NFR, while in Garfield County
horizontal wells make up only about 15 percent of the O&G development. This distribution of
duration values is maintained in our Monte Carlo air-dispersion analysis, as discussed in
Section 2.7, where these durations are randomly selected and combined with randomly selected
emission rates (based on CSU measurements across a total of 20 experiments, as discussed in
Section 2.3) and randomly selected local meteorological conditions.

Table 2-1. Activity Durations (per Well) for Oil and Gas Development Simulations

Type of Horizontal Drilling  Prevalence of Drilling | Average Duration per Well (days)

Location Drilling Distance (miles Type and Distance Drilling Fracking Flowback
Northern Vertical Not applicable 30% 3 2.5 1
Front Range | Horizontal | 1 52% 4 2 6
1.5 11% 5 3 7.5
2 6% 6 4 9
2.5 1% 7 5 11.5
Garfield Vertical Not applicable 85% 4 1 13
County Horizontal | 1 13% 6 2 15
2 2% 7 4 30

Sources: Colorado State University and the Colorado Oil and Gas Conservation Commission (see text).

2.2.2. Well Production

Production from the O&G wells occurs over many years, as compared to days or weeks per
well for O&G development. CSU completed a total of 11 production experiments (locations) in
the NFR (CSU, 2016b), reflecting a variety of well ages, number of wells, and O&G production
rates. The number of producing wells per pad in each experiment ranged from one to 18. Three
of the experiments were at well pads that had recently gone into production: experiment number
7 took place two days after the well pad went into production, while experiment numbers 15 and
5 took place two and seven months, respectively, after the well pads went into production.

2.3. Emission Source Strength

A variety of VOCs can be released to the atmosphere from O&G development and production
activities. The primary focus of the CSU studies (CSU, 2016a, 2016b) was to characterize the
source strength of these VOC emissions from these activities.

CSU researchers worked with several industry partners to identify sites suitable for conducting
the studies. Table 2-2 contains a summary of the number of experiments and measurements
that CSU conducted and that are viable for these HHRAs. Experiments contain one or more
sampling events (separated by some amount of time but on the same day), and events contain
one or more unique canister sample measurements (often at different heights). Non-viable
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measurements included experiments where multiple O&G activities were occurring at the same
time (e.qg., flowback and fracking occurring for two wells at the same pad), liquid load-out
operations, and remote fracking. CSU conducted field experiments in both Garfield County and
in the NFR during flowback and fracking operations. They conducted field experiments during
drilling operations only in Garfield County, and they conducted experiments during production
operations only in the NFR.

Table 2-2. Summary of Colorado State University Field Experiments and Measurements Used in

these Assessments
Counts of Field Data with Available Emission Rates
Drilling Fracking Flowback Production

Northern | Experiments 0 3 3 11
Front (unique well pads and locations)
Range Events 0 16 14 55
(unique sampling events) (used Garfield
County data for
risk assessments)
Measurements 0 40 36 150
(total canister samples)
Garfield Experiments 5 4 5 0
County (unique well pads and locations)
Events 13 12 24 0
(unique sampling events) (used Northern Front
Range data for risk
assessments)
Measurements 35 29 80 0
(total canister samples)

The measurement approach was based on using the Tracer Ratio Method (TRM), described by
Lamb et al. (1995), which enables quantification of emission rates. In this approach, CSU used
acetylene as the tracer gas, which is co-located with the major emission source on the well pad
and is emitted at a controlled, constant rate. At the same time, CSU sampled air roughly
downwind of the source to obtain 3-minute-average air concentrations of VOCs. They did
so by positioning a vehicle, equipped with a real-time analyzer for acetylene, downwind of the
well pad to detect the tracer gas and locate the emission plume (vehicle pictured in Figure 2-1).
When a plume was clearly identified, one to three evacuated Silonite®-coated stainless steel
canister(s) were remotely triggered and filled to collect air samples for three minutes. They
typically made canister samples at 2—3 heights (typically between 6 and 16 ft, 1.8 and 4.9 m).
CSU also sampled air upwind of the source to obtain 3-minute-average background
concentrations of VOCs. We assume that the VOCs measured by the background samples do
not to originate from the well pad—an assumption based on the wind direction at the time of
sample collection.
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Source: Figure 2.3 of (CSU, 2016a).

Figure 2-1. Mobile Plume Tracker with its External
Components for Plume Identification and
Sampling

In a laboratory, CSU later analyzed the sampled canisters for a suite of 47 VOC species, listed
in Table 2-3,* using Gas Chromatography with Flame lonization Detection,?® resulting in
estimates of chemical air concentrations at each canister location and time. They corrected the
downwind air concentrations by removing background concentrations (VOCs that are not
emitted at the well pad) as measured by the upwind canisters, resulting in air concentrations
limited to emissions associated with the sources of interest on the well pad. Most of the 47
VOCs had more than 80 percent of their values above the level of detection; the exceptions
were isoprene, 1-pentene, 1-butene, and trans-2-butene. Further discussion on levels of
detection can be found in Section 2.10.1.2.

3 At the beginning of the CSU studies, they used a Hewlett Packard (HP) GC-FID system, coupled with an Entech
pre-concentration unit, for cryogenic trapping and the subsequent analysis of VOCs. This system was only able to
quantify 28 VOCs. They replaced this system with a Shimadzu GC-FID system, coupled with an in-house pre-
concentration unit, by Experiment 3, at which time the full suite of 47 VOC species could be analyzed. For these
HHRAs, we retained the data from these first two experiments, and we provide in Section 2.7.2 the details on how
these data were incorporated into the Monte Carlo simulations.
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Table 2-3. The 47 Chemicals Measured During the Field Experiments and Used in these

Assessments
benzene 2-ethyltoluene 1-pentene
isobutane 3-ethyltoluene cis-2-pentene
n-butane 4-ethyltoluene trans-2-pentene
1-butene n-heptane propane
cis-2-butene n-hexane propene
trans-2-butene isoprene n-propylbenzene
cyclohexane isopropylbenzene styrene
cyclopentane methylcyclohexane toluene

n-decane

2-methylheptane

1,2,3-trimethylbenzene

1,3-diethylbenzene

3-methylheptane

1,2,4-trimethylbenzene

1,4-diethylbenzene

2-methylhexane

1,3,5-trimethylbenzene

2,3-dimethoxypropane

3-methylhexane

2,2,4-trimethylpentane

2,4-dimethylpentane n-nonane 2,3,4-trimethylpentane
ethane n-octane m+p-xylene

ethene isopentane o-xylene
ethylbenzene n-pentane

Notes: Colorado State University collected samples in some cases of 49 chemicals. However, one was the tracer
(acetylene, also known as ethyne) and we do not include it in this assessment. Another was i-butene, which they
did not collect during most experiments and is chemically very similar to 1-butene, which they collected regularly;
we do not include i-butene in this assessment. We therefore refer to 47 chemicals in these risk assessments.

The rate of emission (mass per time) of a VOC resulting from O&G activities is the tracer
emission rate multiplied by the ratio of the background-corrected VOC air concentration to the
background-corrected tracer air concentration. Through this tracer technique, the complex
dispersion and turbulent mixing that occurs between the emission point and the measurement
point is directly accounted for by the dilution of the tracer. To assure that the best estimate of
the emission rate is used in these HHRAS, we are using the highest measured emission rate
from each sampling location and experiment, with additional processing as described in Section
2.3.1.

During O&G development activities, operators typically drill each well sequentially (if there are
multiple wells), then frack sequentially, then start flowback sequentially, before the multiple wells
enter the production phase. We ensured that the CSU-derived emission rates used in these
HHRAs reflected these typical operating procedures. Doing so allows us to estimate air
concentrations from emissions during the drilling, fracking, or flowback phases of a single well,
and then in later stages of the HHRA to aggregate over time people’s potential exposures to
0&G emissions when multiple wells undergo these activities back-to-back. At four out of the five
experiments for flowback activities in Garfield County, more than one well was undergoing
flowback simultaneously. In these cases, we divided the estimated emission rates by the
number of wells undergoing flowback, assuming that emissions from flowback were proportional
to the number of wells undergoing flowback. That is, we ensured for the HHRA that all VOC
emissions during development activities reflected a single well. In several cases, we excluded
measurements taken during times when multiple activities were occurring simultaneously at the
well pad (e.g., flowback and fracking at the same time) and measurements taken during
activities other than those listed above (e.g., liquid load-out; remote fracking).

Most of the production sites where CSU conducted experiments had multiple wells producing
0&G, but we did not normalize their emissions because we found no clear and systematic
correlation between VOC emissions and the number of producing wells, the number of on-site
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storage tanks, or the O&G production rates. This adds a high degree of uncertainty to the
scalability of O&G production emissions with the operating characteristics of the well pad.

Table 2-4 contains a summary of the 3-minute emission rates by activity for several of the
VOCs: isoprene and BTEX compounds (benzene, toluene, ethylbenzene, and xylenes). We

chose to illustrate these five (out of 47) VOCs because of the past importance of BTEX

compounds in O&G operations (particularly benzene; see McMullin et al., 2018) and because
isoprene was believed to have relatively low health-criteria values. Flowback has the highest
emission rates of these VOCs, except for toluene where drilling was highest. For a given
chemical within a given activity, the maximum and minimum emission rates differ by at least
1.49 orders of magnitude (a factor of 30), up to over 4.67 orders of magnitude (a factor of
46,700) for benzene during drilling.

Table 2-4. Statistics on 3-minute-average Emission Rates for Selected Chemicals

3-minute-average Emission Rate (grams per second)

Activity Site Statistic

Benzene Toluene Ethylbenzene @ Xylenes? Isoprene

Drilling Garfield County | Maximum | 7.67E-01 1.17E+01 | 1.63E-02 2.59E-01 1.07E-02
(used for all Mean 1.34E-01 2.70E+00 | 3.29E-03 4.87E-02 1.41E-03
sites in these Minimum 1.63E-05 7.27E-03 3.98E-04 3.90E-04 1.71E-05
assessments) Range® 4.67E+00 | 3.21E+00 | 1.61E+00 2.82E+00 | 2.80E+00

Fracking Garfield County | Maximum | 5.34E-01 2.20E+00 | 2.21E-01 6.65E+00 | 2.54E-02

Mean 1.57E-01 8.07E-01 6.01E-02 1.67E+00 | 3.14E-03

Minimum 4.36E-03 1.91E-02 3.57E-03 1.93E-03 4.67E-05

Range® 2.09E+00 | 2.06E+00 | 1.79E+00 3.54E+00 | 2.74E+00

Northern Front Maximum | 3.84E-02 2.36E-01 1.88E-02 7.43E-02 3.07E-03
Range Mean 1.04E-02 4.01E-02 3.62E-03 1.98E-02 7.45E-04
Minimum 6.06E-04 1.34E-03 3.11E-04 1.57E-03 2.20E-05

Range® 1.80E+00 | 2.25E+00 | 1.78E+00 1.68E+00 | 2.14E+00

Flowback Garfield County | Maximum | 2.29E-01 4.36E+00 | 1.55E+00 6.69E+00 | 8.32E-02
Mean 6.37E-02 4.27E-01 8.05E-02 6.22E-01 9.72E-03

Minimum 5.58E-03 1.92E-02 4.97E-04 2.04E-02 2.69E-05

Range® 1.61E+00 | 2.36E+00 | 3.49E+00 2.52E+00 | 3.49E+00

Northern Front Maximum | 1.34E+00 | 3.52E+00 | 2.73E-01 2.88E+00 | 6.42E-04
Range Mean 2.75E-01 7.25E-01 5.69E-02 5.51E-01 1.82E-04
Minimum 4.15E-02 1.15E-01 6.37E-03 6.24E-02 8.05E-06

Range® 1.51E+00 | 1.49E+00 | 1.63E+00 1.66E+00 | 1.90E+00

Production | Northern Front Maximum | 2.14E-01 2.03E+00 | 9.43E-02 3.02E-01 4.03E-03
Range (used for | Mean 1.37E-02 1.06E-01 3.73E-03 1.89E-02 4.24E-04
all sites in these | Minimum 2.64E-05 4.85E-05 4.27E-05 1.70E-04 1.73E-05
assessments) Range® 3.91E+00 | 4.62E+00 | 3.34E+00 3.25E+00 | 2.37E+00

Notes: The drilling, fracking, and flowback emissions reflect one well, while the collection of production emissions
reflect a variety of numbers of wells, from one to 18.
a All isomers of xylene are combined. All of the VOC data as reported by CSU are available in the CSU reports

(CSU, 20164, 2016b) and can be downloaded from CSU archive.at https://dspace.library.colostate.edu/.

b The range shown is in orders of magnitude, calculated as the difference in the logarithms (base 10) of the
maximum and minimum values shown; that is, log(maximum) - log(minimum). For example, a range of 4.67E+00 is
a range of 4.67 orders of magnitude (approximately a factor of 46,700).

2.3.1. Derivation of One-hour-average Emission Rates

The emission rates that CSU derived were based on 3-minute-average air concentrations and
so they are best characterized as 3-minute-averaged emission rates for each measurement.

AV
ZICF

10




Acute health effects are assessed using 1-hour exposures, not 3 minutes. Further, AERMOD
cannot model emissions and dispersion at time steps smaller than one hour, and so it typically
expects 1-hour-average emission rates and outputs 1-hour-average (or longer) air
concentrations. We did not assume that the 3-minute-average emission rates were
sustained for a full hour; such an assumption might be extreme in some cases, leading
to large overestimations or underestimations in air concentrations at the highest or
lowest emission rates, respectively. The higher 3-minute-average emissions that CSU
observed may have been short-lived times of peak emissions (e.g., several flowback collection
tanks opened at the same time), and the lower emissions may have been short-lived times of
low emissions (e.g., the process of laying down pipes during drilling). Without additional
measurements, especially continuous measurements over longer periods of time, we cannot be
certain about the frequencies and durations of particularly high and particularly low emission
rates.

However, environmental concentrations and emission rates of chemicals have historically been
shown to be well-represented by log-normal distributions (that is, the log of concentrations and
emissions are normally distributed). It is a common assumption in stochastic modeling, and it is
non-negative and has a theoretical basis whenever the process is the result of several
multiplicative random factors. Therefore, we assume that the emission rates are log-
normally distributed (both the 3-minute- and 1-hour-average rates). Theoretically, the
assumption is that the 1-hour-average emission rates are obtained by the mean of 20 3-minute-
average samples taken consecutively within an hour, and that those averages are log-normally
distributed, with a mean similar to that of the 3-minute distribution but with a lower variance (a
tighter distribution with lower maximum rates and higher minimum rates).

Given the relatively small number of emission experiments and samples, the non-continuous
nature of the experiments, and the wide variance in emission rates overall (both between
sampling events and within the same hour when available), we made use of all the highest
measured emission rates for each VOC from each sampling location and experiment (as
discussed in Section 2.3 above). We assumed that there was no difference in the distribution of
emission rates from one day or sampling event to another. We also assumed that the 3-minute-
average emission rates are uncorrelated.

We detail below the steps for deriving the new distributions of 1-hour-average emission rates.
Note that all specifications of “log” in this section represent the natural logarithm.

1. For alog-normal distribution with mean m and variance v, the underlying normal has:
2.
m
mean = m_log = log (m) Eg. 2-1

standard deviation = s_log = sqrt (log (1 + #)) Eqg. 2-2

The mean of 20 3-min samples will make up a 1-hour sample.

[The variance of the mean of 20 uncorrelated 3-minute samples] is 1/20 of [the variance of
one mean 1-hour sample]. However, we reduce this by one degree of freedom due to the
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uncertainty in the mean of the distribution, which is calculated here rather than given or
assumed (i.e., 1/19 rather than 1/20).

3. Let x represent a vector of 3-minute samples, with mean mx, standard deviation sx, and
variance vx.

Let y represent the corresponding vector of 1-hour samples, assuming no correlation
between 3-minute intervals used to arrive at them. Then it is expected to have:

mean = my = mx Eq. 2-3
variance = vy = % Eg. 2-4

4. Let mx_log and sx_log respectively be the mean and standard deviation of the underlying
normal distribution for the 3-minute samples. Then:

5.
mean = mx_log = lo L,,x Eg. 2-5
09 g<sqrt(1+(mx)2)> q
standard deviation = sx_log = sqrt <log (1 + (7:;2)> Eq. 2-6

Let my_log and sy_log respectively be the mean and standard deviation of the underlying
normal distribution for the 1-hour samples. Then:

mx

mean = my_log = log 23 Eq. 2-7
sqrt<1+(ni;)2>
standard deviation = sy_log = sqrt (log <1 + %)) Eq. 2-8

6. From the mean mx and standard deviation sx of vector x (a set of 3-minute sample data for
a chemical), we can estimate the mean and standard deviation of the underlying normal
distribution (using Eq. 2-5 and 2-6).

Using Eg. 2-7 and 2-8, we can calculate mean my and standard deviation sy of the
underlying normal distribution for the corresponding mean 1-hour data y.

Using the above values, we can estimate the vector of mean 1-hour data y:

Each x value has a z-score, which is the number of standard deviations above or below
the mean on the underlying normal, given by:

z[i] = log(x[ih—mx.log Eq. 2-9

sx_log
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The z-scores for the corresponding y values (samples from the distribution of 1-hour
data) are:

y[i] — emy_log+(z[i] x sy_log) ECI- 2-10

Due to the relatively small sample size for the 3-minute-average data, the means will sometimes
be noticeably different between the 3-minute-average and derived 1-hour-average distributions.
Maximum acute exposures in these HHRAs will typically coincide with the maximum emissions,
and so we expect that maximum acute exposures and risks will tend to be several factors
smaller using the 1-hour-average rates compared with 3-minute-average rates, which we
believe is reasonable given the variable nature of O&G emissions and the assumed log-normal
distribution.

We replaced each CSU-measured 3-minute-average emission rate with a 1-hour-average rate
from the same part of the distribution. For example, for the drilling activity, if the 3-minute-
average rate for benzene in the first experiment corresponded to the 25th percentile of the
overall distribution of 3-minute-average benzene emission rates from drilling, then we replaced it
with the 25th-percentile value from the corresponding distribution of 1-hour-average rates. This
means that we do not extrapolate out beyond the maximum and minimum percentiles present in
the 3-minute data.

Whereas Table 2-4 contains summary statistics on 3-minute-average emission rates, Table 2-5
contains the same summaries but for the corresponding 1-hour-average emission rates. The
means of the 1-hour-average rates and means of the 3-minute-average rates typically agree
within about 10 percent for these chemicals (and generally across all chemicals and O&G
activities, not shown). With the 1-hour-average rates, it still remains true that flowback has the
highest emission rates for benzene, ethylbenzene, and isoprene, and drilling has the highest
emission rates for toluene, though emissions of xylene are now highest during fracking in
Garfield County. As expected, the maximum values in Table 2-5 are all lower than those in
Table 2-4, typically by a factor of 2—3 for development activities and by a factor of about 4 for
production, while the minimum values are several factors to several orders of magnitude higher
(the same is generally true across all chemicals, not shown). As a result, the ranges of the 1-
hour-average rates decrease sometimes by more than a factor of 2 relative to those of the 3-
minute-averge rates, so that the maximum and minimum 1-hour-average rates differ by at least
a factor of 2.6 for the chemicals shown in the tables, up to 2 orders of magnitude for toluene
during O&G production.
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Table 2-5. Statistics on Derived 1-hour-average Emission Rates for Selected Chemicals

- 1-hour-average Emission Rate (grams
Activit Statistic Benzene Toluene Ethylbenzene Xylenes Isoprene
Drilling Garfield County Maximum | 2.72E-01 4.84E+00 | 5.93E-03 9.51E-02 3.64E-03
(used for all sites | Mean 1.14E-01 2.30E+00 | 3.21E-03 4.36E-02 1.11E-03
in these Minimum | 8.57E-03 4.89E-01 1.96E-03 1.20E-02 3.48E-04
assessments) Range? 1.50E+00 9.96E-01 4.81E-01 9.00E-01 1.02E+00
Fracking Garfield County Maximum | 2.35E-01 1.11E+00 | 9.32E-02 2.73E+00 | 8.34E-03
Mean 1.48E-01 7.59E-01 5.74E-02 1.49E+00 | 2.67E-03
Minimum | 6.35E-02 3.19E-01 2.97E-02 2.58E-01 8.36E-04
Range? 5.68E-01 5.40E-01 4.97E-01 1.02E+00 | 9.99E-01
Northern Front Maximum | 1.64E-02 7.86E-02 6.59E-03 3.18E-02 1.23E-03
Range Mean 9.60E-03 3.74E-02 3.44E-03 1.86E-02 6.87E-04
Minimum | 5.08E-03 1.59E-02 1.95E-03 1.02E-02 2.96E-04
Range? 5.09E-01 6.93E-01 5.30E-01 4.93E-01 6.19E-01
Flowback | Garfield County Maximum | 9.34E-02 1.15E+00 | 4.42E-01 1.77E+00 | 2.44E-02
Mean 6.20E-02 4.21E-01 6.58E-02 6.04E-01 7.57E-03
Minimum | 3.55E-02 1.75E-01 1.10E-02 2.16E-01 1.53E-03
Range? 4.20E-01 8.18E-01 1.60E+00 9.14E-01 1.20E+00
Northern Front Maximum | 5.14E-01 1.35E+00 | 1.02E-01 1.07E+00 | 2.89E-04
Range Mean 2.65E-01 6.99E-01 5.54E-02 5.30E-01 1.68E-04
Minimum | 1.74E-01 4.66E-01 3.30E-02 3.18E-01 8.13E-05
Range?® 4.70E-01 4.63E-01 4.92E-01 5.26E-01 5.51E-01
Production | Northern Front Maximum | 5.26E-02 5.20E-01 2.23E-02 7.06E-02 1.07E-03
Range (used for | Mean 1.17E-02 6.96E-02 3.04E-03 1.65E-02 3.94E-04
all sites in these Minimum | 1.49E-03 5.17E-03 6.98E-04 3.93E-03 1.71E-04
assessments) Range?® 1.55E+00 2.00E+00 | 1.50E+00 1.25E+00 | 7.96E-01

Notes: The drilling, fracking, and flowback emissions reflect one well, while the collection of production emissions
reflect a variety of numbers of wells, from one to 18.

2 The range shown is in orders of magnitude, calculated as the difference in the logarithms (base 10) of the
maximum and minimum values shown; that is, log(maximum) - log(minimum). For example, a range of 1.50E+00
is a range of 1.50 orders of magnitude (approximately a factor of 32).

2.4. Emission Source Characterization

The HHRA focuses on identifying potential effects of O&G emissions on neighboring residential
populations. Typical O&G sites are in rural or suburban-fringe locations, and as such it is not
appropriate to use AERMOD’s urban setting, which is for locations with high population
densities leading to urban-boundary-layer effects on local-scale air movement.

Well pads are frequently developed with multiple wells, which increases the size of the well-pad
footprint. We used three well-pad configurations for development activities in these
HHRAS:

= single well,

= low number of multiple wells, and

= high number of multiple wells.

Table 2-6 shows the number of wells and size of well pad (working area) associated with each
of these three configurations, determined by CDPHE using professional judgment and recent
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permits submitted to COGCC. The emissions from these work areas include a number of
sources. Emissions during drilling operations are expected to reflect a mixture of well
emissions and combustion from engines. Emissions during fracking include combustion
sources associated with power generation and any materials volatilized from chemicals used in
fracking liquids. Emissions during flowback are primarily from the flowback liquids emerging
from the wells, while emissions associated with combustion are much lower since combustion
activities are limited during flowback operations.

Table 2-6. Well-pad Configurations Used in the Modeling of Development Activities

Well-pad Configurations

Single Well Low Multi-well High Multi-well
Number Working Number of Working Number of Working
Location of Wells | Area (acres) Wells Area (acres) Wells Area (acres)
Northern Front Range 8
Garfield County L \ ! 16 3 \ 32 \ 5 |

For the production phase of O&G operations, we utilized one size of well pad for these HHRAs:
1 acre. This was the approximate average well-pad size for the sites that CSU sampled during
production operations, which varied from 0.2 to 2.3 acres. The numbers of wells in production
and the year when production started varied across the production sites where CSU sampled.
The numbers of wells varied from one to 18, and the year when production started varied
between 2008 and 2016. As discussed in Section 2.3, there is a high degree of uncertainty in
the relationship between parameters such as well number, production rate, etc. and emission
rates; thus, we have low confidence in the accuracy of scaling production emissions based on
these parameters. Therefore, we modeled the CSU-derived emissions as-is (after conversion to
1-hour-average rates, as discussed in Section 2.3.1) with no normalization and from a single
size of well pad without scaling to different numbers of wells. This means that the variability in
air concentrations we estimate from production operations reflect the variability of emissions
and well/well-pad characteristics observed by CSU during their experiments, except with the
truncations inherent in our derivation of 1-hour-average rates. Emissions during production at
the O&G sites represent a variety of operations with differing O&G production rates, numbers of
wells, numbers of condensate tanks, and emissions control equipment (e.g., bulk separator, 1-,
2-, and 3-stage separators).

Because all of these emissions are dispersed over time at various locations and heights across
the well pad, we characterized an emission source as a square volume source covering the
pad. This characterization implies that the emissions come equally from all parts of the pad. Per
recommendations in the AERMOD User’'s Guide (EPA, 2016b), we set the initial lateral
dispersion equal to the length of the side of the source divided by 4.3. Emissions from the well
are warmer than ambient temperatures, with an estimated exit gas temperature of 275 °F (135
°C). We parameterize the initial buoyancy of emissions on the well pad by assuming an initial
release height of 10 ft (3.05 m) above ground level, leading to an initial vertical dispersion
equal to 10/2.15=4.65 ft (1.42 m) per AERMOD User’s Guide recommendation (EPA, 2016b).

2.5. Meteorology

Representative meteorological data are needed for the two study areas to make possible the
best characterization of the atmospheric dispersion conditions in which the O&G activities
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operate and enable accurate estimations of air concentrations. CDPHE’s Modeling and
Emissions Inventory Unit has archived historical meteorological data sets from across Colorado.
These surface meteorological data sets include National Weather Service (NWS) sites (primarily
collected for aviation purposes), sites run by CDPHE (primarily used for CDPHE’s air-quality-
monitoring program), and sites run by private industry (typically for use in air-dispersion
models).

The dispersion of air contaminants at the two study locations are influenced by a variety of
factors including local terrain, continental-scale weather systems, local-scale weather systems,
and mountain/valley wind systems. CDPHE carefully reviewed the archive data sets and
considered these dispersion factors to select the most representative surface
meteorology for these HHRAS, as discussed in the following subsections. Upper-air
meteorological data for Garfield County modeling were from the Grand Junction site (Weather
Bureau Army Navy identifier 23066), while for NFR they were from the Denver/Stapleton
International Airport (identifier 23062).

2.5.1. Garfield County

The area in Garfield County with O&G development is dominated by plateaus and the
Colorado River Valley. In this complex terrain environment, local winds are generally caused
by differential heating of the valley walls versus the valley floor. This causes mountain/valley
wind flows in the absence of larger weather systems. In a mountain/valley wind system, air will
move down-valley or -slope from near sunset to a few hours after sunrise. Once the sun has
risen and heated the upper portions of the valley or slope, the air flow will reverse and go uphill.
During the transition from one flow to the other, there can be a period of light and variable
winds, typically lasting one or two hours.

The mountain/valley wind-flow circulation dominates most hours of the year with the exception
of when large weather systems are moving through or on top of the plateaus/ridges at night. At
these ridge-top locations during the night, a local-scale wind system develops, caused by a
temperature inversion near the mountain top. This causes the higher mountains to the east of
Garfield County to act as a dam, which causes a pressure gradient resulting in air flow from the
south on the plateaus/ridge tops in Garfield County. Because the O&G development in Garfield
County is occurring in both the valleys and on top of the plateaus/ridges, two meteorological
data sets are needed to characterize the meteorology and dispersion.

A review of the available data for the valley locations showed that the best available data set is
the Rifle Garfield County Airport (Weather Bureau Army Navy identifier 03016) in the
Colorado River Valley, operated by the NWS. The Rifle meteorological data set is strongly
influenced by the Colorado River Valley, which is orientated east-west at Rifle, and two nearby
valley creeks—Mamm Creek and Dry Creek. Both Dry and Mamm Creek Valleys are orientated
south-north. The NWS meteorological tower at Rifle is located on the south side of the Colorado
River Valley at this location, as shown in Figure 2-2 where the wind rose is placed at the tower
location toward the top-right of the figure. The wind rose can be more easily seen in Figure 2-3,
showing primarily southerly wind flows (winds from the south) and westerly flows, due to
daytime upslope flow in the Colorado River Valley and due to nighttime drainage flow from Dry
Creek and occasionally Mamm Creek. These wind-flow patterns are broadly representative of

AV
ZICF

16



the valley locations in Garfield County where O&G development have recently taken place and
are anticipated to continue.
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Notes: Plot made using WRPLOT View, by Lakes Environmental Software. Winds are shown as “blowing from”.

Figure 2-2. Terrain Features near Rifle, Colorado (Garfield County Valley Site), with Annual Wind
Rose (2005—-2009) Placed at the Location of the National Weather Service Meteorological Tower
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Figure 2-3. Rifle, Colorado (Garfield County Valley Site)
Annual Wind Rose (2005-2009)

There were no NWS, CDPHE, or private meteorological data for ridge-top and plateau
locations in Garfield County. However, a private-industry data set was available, called BarD,
located about 15 miles (about 24 km) to the north of Garfield County in adjacent Rio Blanco
County. This station location is in a small saddle between slightly higher terrain to the northeast
and southwest, as shown in Figure 2-4 where the nighttime wind rose is placed at the tower
location toward the center of the figure. The winds at night are channeled by the higher terrain,
causing the near-surface southerly wind to be southeasterly (from the southeast) at BarD. We
show in Figure 2-5 the full (all hours of the day) annual wind rose, showing both the prominent
effect of the nighttime southeasterly flow and also the influence of the daytime flow when the air
moves along a more north or south direction. The differences should be small in the wind-flow
pattern or dispersion characteristics at BarD versus those found on top of the plateaus/ridges in
Garfield County.
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Figure 2-4. Terrain Features near the BarD Meteorological Station (Garfield County Ridge-top Site),
with Annual Nighttime-only Wind Rose (2002 and 2004) Placed at the Location of the Station
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Figure 2-5. BarD (Garfield County Ridge-top Site) Annual
Wind Rose (2002 and 2004)

2.5.2. Northern Front Range

Much like in Garfield County, dispersion conditions in the NFR area are strongly influenced by
the terrain. The terrain in the O&G development area of the NFR generally consists of low
rolling hills and the South Platte River Valley and its associated tributary valleys. The
Cheyenne Ridge to the north and the Rocky Mountains to the west of the NFR area also
play a role in the wind-flow pattern in the study area. Winds flow out of Wyoming, resulting in a
northerly wind component (from the north) as the air flows down the Cheyenne Ridge into the
South Platte River Valley. Along the Front Range of the Rocky Mountains, these winds are
northerly but further to the east, away from the Front Range, they become northwesterly. The
winds are strongest and more prevalent near the Cheyenne Ridge, becoming weaker farther
south and dissipating by the time they reach the South Platte River Valley. When the local-scale
system does not set up and there is not a strong weather system in the area, the local winds are
dominated by the mountain/valley wind systems in the valleys of the South Platte River, its
tributaries, and on the slopes of the low rolling hills. As the NFR covers a considerable area, two
meteorological stations were identified from the available archived meteorological data sets: the
Anheuser-Busch and Ft. St. Vrain meteorological data sets, both of which are from private
industry.

The Anheuser-Busch site is in the northwest portion of the NFR area. It experiences the
northerly wind coming off the Cheyenne Ridge as well as the drainage downslope flowing down
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the Cheyenne Ridge at night, as seen in the annual wind rose in Figure 2-6. The southerly
winds in the annual wind rose reflect the daytime upslope flow of the mountain/valley wind flow.

Ft. St. Vrain, located 27 miles (43 km) to the south of the Anheuser-Busch site, is in the heart of
the O&G development fields in the NFR. This site is located near the confluence of the St. Vrain
Creek and the South Platte River. As seen in the annual wind rose in Figure 2-7, while the Ft.
St. Vrain site does experience the northerly wind off the Cheyenne Ridge, it is dominated by the
mountain/valley wind system in the valleys of South Platte River and Ft. St. Vrain Creek,
which are oriented in a southwest-northeast direction.

We do not present terrain figures near these two meteorological sites because the terrain in the
immediate vicinity is relatively flat (the winds are dominated by more regional-scale terrain
features). Because the NFR covers a fairly large geographical region, neither meteorological
station fully characterizes the NFR region, but the combined set of the two stations provides an
overall broad meteorological characterization for the O&G development fields in the NFR. We
blended these two data sets as part of the Monte Carlo simulation of O&G development, as
described in Section 2.7.2 (and, for O&G production, as part of the exposure simulations, as
discussed in Section 2.9.2).
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Notes: Plot made using WRPLOT View, by Lakes Environmental
Software. Winds are shown as “blowing from”.

m/s = meters per second.

Figure 2-6. Anheuser-Busch (a Northern Front Range Site)
Annual Wind Rose (1988)
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Figure 2-7. Ft. St. Vrain (a Northern Front Range Site)
Annual Wind Rose (2009)

2.5.3. Processing of Meteorological Data

In Table 2-7, we show a summary of the meteorological data sets as used in these HHRAs,
along with additional information needed for processing the data for use in AERMOD.

Table 2-7. Characteristics of the Meteorological Data Sets

. Number of
Broad Surface Station Hours with
Oil and Base Frequency Upper- | Year(s Missing
Gas Latitude Longitude @ Elevation of Wind air ) of Data
Area Name degrees (degrees) (feet) Data Station Data (percent)
Northern | Anheuser- | 40.623 -105.008 5,025 Hourly Denver | 1988 474 (5%)
Front Busch
Range Ft. St. 40.244 -104.873 4,793 15 minutes | Denver | 2009 31 (<1%)
Vrain
Garfield | BarD 39.914 -108.374 6,743 15 minutes | Grand 2002, 118 (<1%)
County Junction | 2004
Rifle 39.524 -107.727 5,502 1 minute Grand 2005—- | 1,155 (3%)
Junction | 20092

aJanuary and February 2010 used in first two months of 2005 at Rifle.

Of the four stations, only Rifle is a NWS station, and all others are privately collected data. Data
were not available for the first two months of 2005 at Rifle, so we substituted those times with
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data from the first two months of 2010. The Rifle data include archived 1-minute wind records,
with the most recent time period available being March 3, 2005 through 2009. These 1-minute
meteorological data were prepared for input to AERMOD using the AERMINUTE (version
15272) pre-processor, which processes the 1-minute wind data to generate hourly-average
winds for input to AERMET (version 16216), which is then processed with the other surface and
upper-air data for use in AERMOD.

The other three sites were all processed using AERMET with 15-minute average data for BarD
and Ft. St. Vrain and hourly data for Anheuser-Busch. The Anheuser-Busch data set used
cloud-cover observations from Stapleton Airfield as no on-site cloud cover or turbulence
measurements were measured at Anheuser-Busch.

All data sets used a minimum threshold wind speed of 0.2 m/s. Since the Rifle, Ft. St. Vrain, and
Anheuser-Busch data sets did not include turbulence measurements (e.g., standard deviation in
wind direction), they were adjusted per EPA recommendation using EPA’s ADJ_U* option in
AERMET. This option addresses issues with AERMOD’s tendency to overestimate air
concentrations due to underestimating the surface friction velocity (u*) during light-wind, stable
conditions. The BarD dataset included turbulence measurements, so this low-wind adjustment
was not necessary.We considered the three types of low-wind-speed processing options in
AERMOD but did not utilize them. The most relevant option for these HHRAs was LOWWINDS,
which increases the minimum sigma-v from 0.2 m/s (default) to 0.3 m/s and removes the upwind
dispersion but then modifies the downwind dispersions to account for plume meander. However,
(1) this option has shown a tendency to underestimate with increasing distance from the source,
particularly in conjunction with the ADJ_U* option, (2) the well pads are modeled as volume
sources, which by default incorporate plume meander at low wind speeds, and (3) including the
ADJ_U* option addresses most of the bias issue for overestimating concentrations at low wind
speeds.

We carefully reviewed the data sets for the distribution and frequency of low wind speeds, since
the concentrations estimated by AERMOD are inversely proportional to the wind speed and, as
a result, the lowest wind speeds lead to the highest estimated concentrations for the near-
ground-level releases in these HHRAs. In the bullets below, we discuss the frequencies of low-
wind observations at the selected meteorological stations.

= For the Anheuser-Busch station (see Figure 2-8), the lowest wind speeds appear evenly
distributed across all directions, and approximately 10 percent of all hours had wind speeds
less than 1.0 m/s (with no missing wind data).

= The Ft. St. Vrain location (Figure 2-9) has a similar distribution with just under 10 percent of
all hours reporting wind speeds less than 1.0 m/s and no missing wind data.

= The Rifle location (Figure 2-10) also had about 9 percent of all hours each year with wind
speeds less than 1.0 m/s, but it had considerably more of these hours closer to 1.0 m/s than
0 m/s, compared to the stations already discussed. In addition, Rifle had 999 hours of calm
wind speeds recorded over the five-year period, which were removed from the AERMOD
outputs as these hours are flagged and reported as zero concentrations in the model.

= BarD had the lowest frequency of low wind speeds (Figure 2-11), with just 3 percent of the
hours having winds less than 1.0 m/s, which is consistent with a more exposed ridge-
top/plateau location. Two BarD hours had calm winds and these are also removed from the
AERMOD outputs.
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Figure 2-8. Distribution of Low Wind Speed versus Direction at Anheuser-
Busch (a Northern Front Range Site)
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Figure 2-9. Distribution of Low Wind Speed versus Direction at Ft. St.
Vrain (a Northern Front Range Site)
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Figure 2-10. Distribution of Low Wind Speed versus Direction at Rifle

(Garfield County Valley Site)

360 °ogm o
o. * ° o> ...o ° .o‘ :. .‘... \‘:
315 o2’ T J
e o © ] L * ’ {
° e .8 ° %8 o"t
270 oo, i O,fﬂo'.'s"h. : |
= ° %Y e ol
T 225 . LR R S
.5 .. ° 0 3. oo o v e
B 180 . ¢ e % s, 0:.(. ..'o.!
= ) [
S, em Ve
= :' o‘ o .%..o". 4
90 LA ... % - 0'0..’
. o ® : .y. ~. .’. [ ]
45 . * & o0 pw o
° ."o. o 0% - “.é.
0 o ° o, % 2% !
0.2 0.4 06 0.8 1

Wind Speed (m/s)

02002
02004

Notes: deg = degrees; m/s = meters per second.

Figure 2-11. Distribution of Low Wind Speed versus Direction at BarD
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2.5.3.1. Surface Characteristics

CDPHE has developed a program, called AERGIS, which uses the same requirements as the
EPA’s AERSURFACE land-cover preprocessor, the output of which is information on the
surface micrometeorological characteristics of albedo, surface roughness length, and
Bowen Ratio. This program facilitates the development of site-specific data by allowing CDPHE
to enter moisture conditions by month and to use a more-recent National Land Cover Database
(NLCD)* than what is currently accepted by AERSURFACE. We show in Table 2-8 the NLCD
versions used per meteorological site. CDPHE uses 12 30-degree sectors for land-cover
analysis, consistent with the smallest sector size recommended in the AERMOD implementation
guide (EPA, 2015), to determine the monthly Bowen Ratio, albedo, and surface-roughness
values for each sector.

To characterize the surface moisture condition, relative to a climate normal, for use in
determining the Bowen Ratio, CDPHE used the Climatography of the United States No. 20
Monthly Station Climate Summaries, 1971-2000 Colorado Issue, Date: February 2004. In Table
2-8, we show the data source for monthly precipitation for each site. The surface moisture
condition is defined as wet, average, or dry relative to climatology precipitation probabilities in
the climate summary. If the actual precipitation amount for the month is less than the 0.3
climatography probability level, it is considered dry, while values between the 0.3 and 0.7 levels
are considered normal, and values above the 0.7 level are considered wet.

Table 2-8. Land-cover Data and Precipitation Stations used in Determining Surface Characteristics

Broad Oil National Surface Moisture
and Gas Surface Station = Land-cover Cooperative Observer
Area Name Database Precipitation Station Data Source

Northern Anheuser-Busch | 1992 Fort Collins National Oceanic and Atmospheric

Front Administration:

Range https://www.ncdc.noaa.gov/data-
access/land-based-station-

Ft. St. Vrain 2001 Greeley data/land-based-data
sets/cooperative-observer-network-
coop

Garfield BarD 2001 Altenbern Western Regional Climate Center:
County Rifle 2001 Rifle https://wrcc.dri.edu/

2.5.3.2. Terrain Characteristics

Terrain data are from the U.S. Geological Survey’s Digital Topographical Database using the
National Elevation Dataset® files at a resolution of 1/3 arc second (approximate horizontal
resolution of 10 m). We prepared the acquired data sets for use in AERMOD using the terrain
pre-processor program AERMAP (version 11103).

The terrain at all four meteorological sites was general flat with less than 30-m elevation
change within 2,000 ft (610 m) of the station. The largest change in topography is found at
Rifle, as seen with the elevation contours in Figure 2-12. The figure also contains locations of
modeling receptors at Rifle, which we discuss in Section 2.6.

4 National Land Cover Database: www.mrlc.gov
5 National Elevation Dataset; https://Ita.cr.usgs.qov/INED
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Figure 2-12. Terrain Contours and Receptor Locations at Rifle (Garfield County Valley Site)

2.6. Receptors

Receptors are locations where the model estimates air concentrations. For these HHRAS, we
chose a set of polar-coordinate receptors which are characterized as a set of concentric
circles or rings. We chose concentric rings to facilitate summaries of HHRA output (estimates
of air concentrations, exposure, and potential risk) at each distance from the well pad. The
distances between rings are measured from the center of the well pad. As discussed in the
bullets below, we used slightly different sets of receptors for well development versus well
production (see also Table 2-9), each extending out to 2,000 ft (610 m) from the center of the
well pad.
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= Well development has 14 rings, beginning at 300 ft (91 m), then 350 ft, then at 100-ft
spacing from 400 to 1,000 ft, and then at 200-ft spacing from 1,000 to 2,000 ft (610 m).

= Well production has 16 rings—the same 14 rings as well development, plus two inner rings
(150 and 250 ft [46 and 76 m]).

These distances include the default setback distances listed under COGCC Rule 600
Series Safety Regulations. The 500-ft distance is of particular interest because it is COGCC's
current Exception Zone Setback for well and production facilities relative to a building unit. The
350-ft ring represents the minimum “outside activity area” distance (outdoor venues or
recreational areas owned or operated by local government). We included the additional, closer
receptors for well production because some homes are closer than 500 ft from existing
production areas. The number of receptors per ring increases with increasing distance from the
well pad, as shown in Table 2-9, in order to maintain a spacing of approximately 100 ft or less
between individual receptors along a ring. The receptor spacing is also illustrated in Figure 2-12.
We placed all receptors at the “breathing” height of 1.8 m, meaning that we estimated air
concentrations at 1.8 m off the ground.

Table 2-9. Receptor Layout and Spacing

\ Radial Distance from Center (feet) Distance Between
Number of Receptors Along the
Ring Number Development Production Receptors Ring (feet)

1 None 150 36 26.2
2 None 250 36 43.6
3 300 Same as Development | 36 52.4
4 350 36 61.1
5 400 36 69.8
6 500 36 87.3
7 600 72 52.4
8 700 72 61.1
9 800 72 69.8
10 900 72 78.5
11 1,000 72 87.3
12 1,200 120 62.8
13 1,400 120 73.3
14 1,600 120 83.8
15 1,800 120 94.2
16 2,000 120 104.7

2.7. Monte Carlo Simulations with AERMOD (for Oil and Gas
Development Activities)

As discussed below, we utilized Monte Carlo probabilistic-sampling techniques to create a wide
variety of air-quality scenarios during O&G development activities, where individual
development activities typically last days per well. This level of probabilistic sampling was not
needed for O&G production activities, as discussed later in Section 2.8.
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2.7.1. Monte Carlo Workflow

To better understand concentrations of VOCs generated from an O&G site during development
activities, any “single-point” estimation is replaced by a statistical distribution using Monte Carlo
sampling. This provides additional information about the uncertainty and variability around its
central-tendency values. The Monte Carlo method is a statistical technique by which a quantity
is calculated repeatedly across some number of iterations, using randomly sampled inputs,
within the range of their variability. If the number of iterations is large enough, results will closely
approximate the full range of possible outcomes and provide information on the likelihood of
each outcome (EPA, 1994). The Monte Carlo method creates a full range of possible
outcomes for each of the 47 VOCs, as it includes the major variables in the inputs
(meteorology, emissions, and activity duration) to determine VOC concentrations.
Because of the computational demands for running AERMOD repeatedly with varying emissions
and meteorology, it is more efficient to run AERMOD using unit emissions (1 gram per second
[a/s]) for all hours of meteorology, save those results, and then post-process the results with
activity durations and actual emissions to obtain a full set of possible outcomes. We conducted
these Monte Carlo calculations using the statistical software R (R Core Team, 2012).

We present in Figure 2-13 a workflow diagram for the Monte Carlo processing, which has three
stages consisting of nine steps in total.

Step 4

Identify activity

durations, and select

their start and end
Step 1 times

Pick a location

Step 5
Step 2 Extract unit Step 9
Pick a layout of concentrations (Chi/Q) Step 8 Post-process

pad/wells Repeat steps 4-7 for Monte Carlo results

Step 6 n iterations

Step 3 Extract emission
Run AERMOD factors for different
activities

Step 7
Calculate VOC
concentrations

Notes: VOC = volatile organic compound; Chi/Q = concentration per unit emission.
Figure 2-13. Workflow of Monte Carlo Method (for Oil and Gas Development Activities)

m Stage lis “pre-Monte Carlo stage”, which selects the modeling scenario and runs the
AERMOD maodel. Steps 1 and 2 decide the physical location (from among the four
meteorological locations) and size of the well pad (1, 3, or 5 acres). Based on the selected
location, Step 3 executes AERMOD using location-specific meteorology, unit emissions, and
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all receptor locations. This results in outputs of unit-emission concentrations (concentrations
reflecting unit emissions) for all hours of the period of the meteorology data.®

= Stage 2 is the Monte Carlo simulation. For each O&G activity and location, we first
identify its duration based on prevalence (see Table 2-1) and a random beginning date
(Step 4)—that is, a specific time period for the activity. Next (Step 5), we extract unit-
emission concentrations at all receptors for the time period from the AERMOD output, which
is followed by (Step 6) randomly picking a set of activity- and location-dependent emission
rates (which we discuss in Section 2.3). In Step 7, we calculate VOC concentrations by
multiplying unit-emission concentrations by the selected emission rates. Steps 4 through 7
are considered one Monte Carlo “iteration”. In order to fully develop the VOC distributions,
Step 8 repeats the previous four steps for n iterations, with the output from each iteration
saved to create the statistical distribution.

m  Stage 3is the “post-Monte Carlo stage” where we calculate various air-concentration
metrics potentially useful for subsequent exposure and risk modeling (e.g., maximum,
median, and various percentile values).

2.7.2. Monte Carlo Simulation

In constructing the Monte Carlo-based modeling approach for development activities, we make
a key distinction between different types of input variables: decision variables or probabilistic
variables. Each decision variable has a predetermined set of possible values and each value is
equally likely to be selected.

In these HHRAS, the decision variables are
m the sites of O&G operations and
m the sizes of well pads.

Although two meteorological sites are included in the NFR, they are treated as one in the Monte
Carlo simulation, as the meteorology is sampled randomly but in equal quantities between the
two sites. Each unique combination of decision variables is referred to as a scenario, on which
a Monte Carlo simulation is conducted. We constructed a total of nine Monte Carlo scenarios for
development activities: three for O&G operation sites (one for NFR, two for Garfield County) by
three well-pad sizes (1, 3, and 5 acres; Table 2-6).

We select the probabilistic variable’s value based on pre-defined probabilities, which includes
the duration of the three development activities, the beginning date and hour of the activity,
and the emission rate. We use probabilities to select the duration of the activities (see
“prevalence” column in Table 2-1), and we use uniform probability distributions to select the
emission rate and the beginning date and hour.

For a given scenario, we conduct a Monte Carlo simulation by calculating VOC concentrations
using various combinations of probabilistic variables. Each independent calculation of VOC

6 AERMOD flags outputs when the wind speed is calm or missing, or when other key meteorological parameters are
missing, and reports the concentrations as zero. We exclude these periods from the unit-emission concentrations.
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concentrations from a set of inputs is known as a Monte Carlo iteration. For each iteration, we
randomly sample a value for each input variable and then calculate the associated VOC
concentrations. We conduct thousands of iterations until we reach convergence in the
distribution of values from all iterations (see Section 2.7.4 on convergence testing).

In conducting a Monte Carlo simulation, we first sample the duration of the activity. We do this
by generating a random number from a uniform distribution between 0 and 1, and then we
compare against the empirical prevalence distribution listed in Table 2-1. For example, if the
generated value is 0.6 and the site location is NFR, we would select a set of activities
associated with horizontal 1.5-mile development. This is because 0.6 is greater than 0.52, the
upper bound of the horizontal 1-mile activity set, but less than the upper bound of the horizontal
1.5-mile activity set (which is 0.52+0.3=0.82). Thus, in this example, the durations of the drilling,
fracking, and flowback activities would be 5, 3, and 7.5 days per well, respectively. However, if
the site location is Garfield County, we would select a set of activities associated with vertical
development, since 0.6 is greater than the upper bound of horizontal 2-mile activity set (which is
0.13+0.02=0.15), and the activity durations would be 4, 1, and 13 days per well for drilling,
fracking, and flowback, respectively.

Once we decide the activity durations, we generate two random numbers from a uniform
distribution to represent the starting date and hour the activity. We use uniform random numbers
with different ranges in selecting starting date since each site has different time windows of
meteorology in the modeling: Rifle has a five-year window, BarD has two years, and Anheuser-
Busch and Ft. St. Vrain each have one year. We assume that an activity can start at any hour of
day and day of year.

For the NFR, note again that we use the Anheuser-Busch and Ft. St. Vrain meteorological data
to produce only one (blended) set of VOC-concentration distributions, which means the
algorithm needs to select a meteorological site first before choosing activity durations.

All of the procedures described above happen in Step 4 of Figure 2-13. In Step 5, we extract
unit-emission concentrations from AERMOD outputs for a given simulated starting time and
duration. In Step 6, we randomly select site-specific emission rates for each activity. For a given
iteration of Step 6, the selected emission rate for each VOC comes from the same emission-
sampling event in the CSU experiment data—that is, all emissions used in an iteration were
observed simultaneously in the CSU experiments. We hold the emission rates constant over the
duration of the iteration (the activity time period). As discussed in Section 2.3, due to data
availability, the emission rates for drilling activities in NFR simulations come from the data
collected in Garfield County. In addition, any sampled missing value for the drilling activity from
the first two CSU experiments are re-sampled from the other nine samples®. We list in Table 2-2
(the “Events” rows) the number of emission rates associated with each site and activity. The last
step within an iteration (Step 7) is to multiply the sampled unit-emission concentrations by the
randomly selected emission values for each VOC to produce a set of VOC concentrations as a
time series of values within the activity time period. In Step 8, we repeat Steps 4—7 thousands of
times until we reach convergence in the distribution of values from all iterations (see Section
2.7.4 on convergence testing).
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2.7.3. Post Processing

In Stage 3 (which is the final step, Step 9), we post-process the results of Monte Carlo
simulations for development activities by summarizing the statistical distributions of results
from the thousands of iterations. We describe below the detailed post-processing
calculations. The first three bullets below allow us to identify the receptor along each distance
ring that experiences the highest air concentrations on average, for each VOC, O&G location,
and activity independently. The final bullet below is where we collect statistics describing the
distributions of air concentrations at those selected receptors.

1. Calculate maximum concentrations per iteration: At a given receptor for a given VOC, O&G
location, and activity, we have dozens to hundreds of estimated 1-hour-average air
concentrations for each Monte Carlo iteration, depending on the activity duration used. In
this calculation, we find the maximum 1-hour value from each iteration—that is, the single
highest estimated 1-hour-average air concentration. This creates a set of iteration-maximum
concentrations at each receptor for each VOC, O&G location, and activity. These iteration-
maximum concentrations can be relatively low or relatively high, depending on the receptor
location, the emission rate used for a VOC, and the meteorological conditions over the
activity duration.

2. Calculate mean-maximum concentrations at each receptor: For each set of maximum values
saved in Bullet 1 above, calculate the mean of all the maximum values—the mean-
maximum 1-hour-average air concentration at each receptor for each VOC, O&G location,
and activity.

3. Identify the “expected-maximum” receptor at each distance: From among all the receptors
along a given distance ring (a given distance from the center of the well pad), identify the
receptor with the largest mean-maximum 1-hour-average air concentration as calculated in
Bullet 2 above. We do this at each distance ring for each VOC, O&G location, and activity.
The highest mean-maximum value represents the “expected-maximum” concentration at
that distance from the well pad. These expected-maximum concentrations can be viewed as
the most likely worst-case concentrations and are a reflection of the meteorological
conditions modeled at the O&G site.

4. Summarize concentrations at expected maximum receptors: For each expected-maximum
receptor identified in Bullet 3 above, extract an array of values from each of the Monte Carlo
iterations, including each iteration’s mean and maximum 1-hour-average air concentration
as well as the 50th, 95th, 99th, and 99.9th percentiles of 1-hour-average air concentrations.
We then use these values in the exposure assessment, as discussed in Section 3.

2.7.4. Convergence Testing of Monte Carlo Simulations

Monte Carlo is a useful approach to quantify model uncertainties (Frey and Patil, 2002), and its
framework is conceptually straightforward. However, in order to assure that results fully
characterize the distributions and minimize uncertainties, it is necessary to test and verify that
the model results are converging with additional modeling iterations. After a certain number of
iterations, the distributions are sufficiently characterized and additional iterations add
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little value. Since Monte Carlo-based simulations do not have well-established convergence
criteria, we adopted a qualitative method of convergence testing.

We derive the 47 VOCs’ concentrations based on the same set of unit-emission concentrations
estimated by AERMOD, so the burden of proving convergence is tied to the variability in the
VOC emission rates. This means that all Monte Carlo simulation results will converge if it is
shown that the concentrations converge for VOCs with relatively high variability in their emission
rates. We selected the VOC:s listed below because of their high variabilities in 3-minute-average
emission rates.

= benzene for drilling (3-minute-average emission rates vary by 4+ orders of magnitude)

= t-2 butene for fracking (3-minute-average emission rates vary by 5+ orders of magnitude)
and

= n-butane for flowback (3-minute-average emission rates vary by 5+ orders of magnitude)’

Note that we conducted this convergence testing prior to the derivation of 1-hour-average
emission rates. However, the VOCs listed above still have among the highest variabilities in
emission rates when using the 1-hour-average rates (though the variabilities are lower overall:
1.5 orders of magnitude variation for benzene from drilling, 3.8 orders of magnitude for t-2
butene from fracking, and 2.1 orders of magnitude for n-butane from flowback). The lower
variabilities when using 1-hour-average emission rates should lead to a more rapid convergence
of the modeling results than when using 3-minute-average rates. Therefore, this convergence
testing is still applicable and robust when utilizing 1-hour-average emission rates.

We also expect that VOC concentrations in the outer rings contain more variability than in the
inner rings due to added uncertainty during dispersion. Thus, we focused the convergence
testing on the outer-most ring. We describe below each step in the convergence testing.

1. Run the Monte Carlo simulation 10,000 times on the outer-most ring of receptors (2,000 ft
from the center of the well pad) for each selected VOC and each O&G development activity
and O&G location.

2. For each of the 10,000 iterations, identify the maximum 1-hour-average air concentration at
each receptor (for each selected VOC and each O&G activity and location).

3. From the collection of maximum 1-hour-average concentrations at each receptor (for each

selected VOC and each O&G activity and location), calculate the mean and standard
deviation (VOCyqxnx @nd Syocnk. EQ. 2-11 and 2-12) (Ballio and Guadagnini, 2004).

oA~ 1
Vocmax,n,k = ;Z?:l VOCi_k Eq. 2-11

1 —_—\2
SVOC,n,k = \/E ?:1(V0Ci,k - VOCmax,n,k) Eq. 2-12

where

" Toluene is also included as a VOC of interest to see if convergence occurs more rapidly for this VOC, as it tends to
have less variability in each activity and generally higher emission rates.
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k represents the k' modeled VOC
i represents the i" Monte Carlo iteration
n represents total number of Monte Carlo iterations.

4. Select several receptors to visualize the trends in VOC,, 45 n k» aNd Syoc k@S the number of
iterations increases towards 10,000. If the variation in concentration becomes small
(converges) with increasing number of iterations, then we consider the results to be stable
and converging.

Table 2-10 contains the results of this convergence testing: the approximate number of
iterations needed to reach convergence based on the steps outlined above. We estimated that
we need 2,000 Monte Carlo iterations for distributions of air concentrations to reach
convergence.

Figure 2-14 through Figure 2-17 help illustrate how we determined these numbers of iterations.
Figure 2-14 and Figure 2-15 respectively contain the trends in mean-maximum concentrations
and standard deviations of concentrations (log transformed) sampled from receptors on the
2,000-ft ring at Rifle during drilling. The selected receptors are separated by 60-degree intervals
to illustrate that convergence has been reached in all directions. The figures show that the mean
reached convergence after about 200 iterations while the standard deviation reached
convergence by about 500 iterations, although the speed of convergence varied among
receptors due to the effects of meteorology. Figure 2-16 and Figure 2-17 respectively contain
the trends in mean-maximum concentrations and standard deviations of concentrations (log
transformed) for the three O&G development activities at the three O&G sites for the slowest-
converging receptor (the so-called receptor number 80). Both plots show that the speed to
reach convergence is location- and activity-dependent. For example, it appears that more
iterations are needed to reach convergence at Rifle than at the other two locations, which is
likely due to the longer meteorological data periods available for Rifle (five years) than at the
two other locations (one or two years). Across activities, drilling takes less than 1,000 iterations
to converge, flowback needs up to 1,500 iterations, and fracking needs up to 2,000 iterations. In
general, the mean converges faster than the standard deviation. We used 2,000 iterations in our
post-processing so that the distribution sizes are the same size regardless of O&G location or
activity.

Table 2-10. Iterations Required to Reach Convergence, by Well-development Site and Activity

Broad Oil and Gas
Area

Site Drilling Fracking Flowback Overall
Garfield County Rifle 1,000 2,000 1,000 2,000
BarD 1,000 2,000 1,000 2,000
Northern Front Range | Anheuser-Busch / Ft. St. Vrain | 1,000 2,000 1,500 2,000
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Figure 2-14. Cumulative Plot of Mean-maximum Hourly Concentration at Selected Receptors:

Drilling Activity, 2,000-foot Ring, Rifle Location, 1-acre Well Pad
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Figure 2-15. Cumulative Plot of Standard Deviation of Maximum Hourly Concentration at
Selected Receptors: Drilling Activity, 2,000-foot Ring, Rifle Location, 1-acre Well Pad
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Figure 2-16. Cumulative Plot of the Mean-maximum Hourly Concentrations: All Activities, Selected
Receptor (Number 80) on the 2,000-foot Ring, 1-acre Well Pad
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Figure 2-17. Cumulative Plot of Standard Deviation of Maximum Hourly Concentrations: All

Activities, Selected Receptor (Number 80) on the 2,000-foot Ring, 1-acre Well Pad

2.8. Processing Steps for Oil and Gas Production

The discussion in Section 2.7 pertains to O&G development activities, since the embedded
uncertainties in the estimated VOC concentrations related to development activities are best
characterized through Monte Carlo simulations (we provide further discussion on uncertainty in
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Section 2.10.2). Production from the O&G wells occurs over many years (chronic exposures)
rather than the variable short time periods for the development stage. This simplification for
the production stage allows us to use AERMOD directly to generate all possible hourly values
of unit-emission concentrations (i.e., all possible meteorological-driven dispersion conditions),
with no need for Monte Carlo probabilistic sampling of activity durations and start times.

We used AERMOD to generate a full year of 1-hour-average air concentrations at every
receptor using unit emissions (1 g/s), for each full year of meteorological data: five years for
Rifle, 2 years for BarD, and 1 year each for Anheuser-Busch and Ft. St. Vrain. For each O&G
location, we distill the data into a single year of values at a single receptor per ring (a single year
of values per distance from the center of the well pad), as we describe in the bullets below.

1. For each year of AERMOD outputs at an O&G location, calculate the site-wide annual-
average unit-emission concentration. Use all hourly values from all receptors to do this
calculation. This results in a single overall average unit-emission concentration per O&G
location per year.

2. For each O&G location, identify the year with the highest average value as calculated in
Bullet 1 above. That is, the year that overall had the worst unit-emission air concentrations,
which is a reflection of the meteorological conditions in that year. The Anheuser-Busch and
Ft. St. Vrain meteorological data sets were only one year each, so this year-selection step
only applies to the Rifle and BarD data sets.

3. For the year selected in Bullet 2 above, identify the receptor with highest annual-average
average for each ring. That is, the receptor that overall had the worst unit-emission air
concentrations at that distance. As an example, see Figure 2-18 where we illustrate the
receptors selected for production assessment at the Rifle location in Garfield County.

4. For each receptor identified in Bullet 3 above, and for the year identified in Bullet 2 above,
extract the full year of hourly unit-emission air concentrations for that location. Later in
the exposure assessment (as discussed in Section 3), we combine these values with the
derived 1-hour-average emission rates during O&G production operations, resulting in
hourly estimates of air concentrations during O&G production.
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Notes: Dots are all receptors initially modeled in the dispersion assessment. The green rings of receptors are only
used for production activities, while the yellow ring is a special 350-foot distance included in all modeling. Red
rectangles indicate the selected receptors for this scenario.

ft = feet.

Figure 2-18. Example of Selected Receptor Locations Based on High Annual-average Air
Concentrations, for Production Activities at the Garfield County Valley Site (Rifle)

2.9. AERMOD Modeling Results

In this section, we present a sample of the AERMOD modeling results created primarily for
guality assurance. These samples are generally representative of a larger set of plots and
figures which we reviewed but do not present here. The box-and-whisker plot is a standardized
way of displaying the distribution of data using five metrics: minimum (lower whisker), one
standard deviation below mean (lower bound of the box), median (bar in the box), one standard
deviation above mean (upper bound of the box), and maximum (upper whisker).

2.9.1. Well Development

In the subsections below, we present a variety of analyses into the variations of modeled VOC
concentrations—by distance from the center of the well pad, by O&G activity, by receptor, and
by size of well pad.

2.9.1.1. Variation in Chemical Concentration by Distance

Figure 2-19 contains box-and-whisker plots of the collection (across the three development
activity types) of maximum 1-hour-average benzene concentrations from each iteration, at
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distances 300-2,000 ft, for each of the three O&G sites. That is, each box-and-whisker item
contains 6,000 data points, which are the maximum 1-hour-average concentrations from each of
the 2,000 iterations of drilling modeling, the 2,000 iterations of fracking modeling, and the 2,000
iterations of the flowback modeling. These sets of maximum values come from the data
collected in Step 4 in Section 2.7.3, at each VOC'’s “expected-maximum” receptor at each
distance. These maximum values per iteration will be used in the acute exposure assessments
(see Section 3.3.1), for each development type separately (see Section 2.9.1.2 for maximum
concentrations separated by development activity).

As expected, concentrations decline with distance from the well pad and there is a
substantial range of values at each distance. The large ranges of values are a reflection both
of the range of benzene emission values and the range of meteorological conditions
experienced at the selected receptors across all the iterations. The NFR data set (AB_ST)
shows the largest ranges of benzene values, due to a larger range of benzene emission values
used in the NFR modeling as compared to the Garfield County modeling, and also potentially
due to the merged nature of the data set (we randomly merged concentrations utilizing
Anheuser-Busch meteorology data with those utilizing Ft. St. Vrain meteorology). While
maximum concentrations in some iterations are quite low (e.g., less than 1 microgram per cubic
meter at the 300-ft distance at AB_ST and Rifle), they are well below one standard deviation
from the mean of the concentrations (well outside the box). In contrast, the highest maximum
concentrations in the data sets tend to be much closer to the medians (much closer to the box).
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box).

AB_ST = the Northern Front Range Anheuser-Busch/Ft. St. Vrain sites; BarD and Rifle = the Garfield County ridge-
top and valley sites; VOC = volatile organic compound; ug m- = micrograms per cubic meter; log10 = logarithm
base 10; ft = feet.

Figure 2-19. Distribution of Maximum 1-hour-average Benzene Concentrations by Distance and
Well-development Location (1-acre Well Pad Only), Across All Development Activity Types

AERMOD Ring

Figure 2-20 presents the same benzene plots as in Figure 2-19 but also includes isoprene and
the other BTEX compounds. These plots all show the same expected trend: general decreases
in concentrations by several factors from 300 ft to 2,000 ft away from the well pad. The extent of
the boxes and the whiskers depends on the ranges of emission rates and meteorological
conditions sampled across the iterations, by chemical and site.
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box).

AB_ST = the Northern Front Range Anheuser-Busch/Ft. St. Vrain sites; BarD and Rifle = the Garfield County ridge-
top and valley sites; VOC = volatile organic compound; ug m= = micrograms per cubic meter; log10 = logarithm
base 10; ft = feet.

Figure 2-20. Distribution of Maximum 1-hour-average Concentrations for Selected Chemicals by

Distance and Development Location (1-acre Well Pad Only), Across All Development Activity

Types

2.9.1.2. Variation in Chemical Concentration by Activity

Utilizing the same sets of data as in Figure 2-20 for BTEX and isoprene, Figure 2-21 contains
plots of concentrations disaggregated by development activity, for each location and across alll
distances from the well pad. That is, the plots show the full range of iteration-maximum 1-hour-
average concentrations for each development activity. These maximum values per iteration will
be used in the acute exposure assessments (see Section 3.3.1). Among these selected VOCs,
concentrations of toluene and xylenes are higher across most of the activities and locations,
while concentrations of isoprene are lowest. There is some tendency for the BTEX and isoprene
boxes and whiskers for fracking activities to be longer (wider range of values) for the Garfield
County modeling, and for flowback activities to be longer for the NFR modeling; this is
consistent with the variations in the emissions data. Fracking shows substantially higher
median-maximum concentrations (by an order of magnitude or more) for the BTEX pollutants in
the Garfield County modeling relative to the NFR modeling. This is due to the much higher
fracking emission rates measured for BTEX pollutants in Garfield County relative to the NFR.
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Notes: Values have been transformed via logarithm base 10. Each box-whisker plot indicates maximum and
minimum (top and bottom whiskers), mean + 1 standard deviation (top and bottom of box), and median (bar inside
box).

AB_ST = the Northern Front Range Anheuser-Busch/Ft. St. Vrain sites; BarD and Rifle = the Garfield County ridge-
top and valley sites; VOC = volatile organic compound; ug m- = micrograms per cubic meter; log10 = logarithm
base 10.

Figure 2-21. Distribution of Maximum 1-hour-average Concentrations for Selected Chemicals by
Development Activity and Well-development Location (1-acre Well Pad Only), Across All
Distances

2.9.1.3. Other Statistical Measures of Chemical Concentration
Figures in the previous two subsections are based on the iteration-maximum 1-hour-average

VOC concentrations, which are the highest modeled concentrations from each Monte Carlo
iteration, which represent upper bounds of short-term air concentrations dependent upon
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the emission rates and meteorological conditions. In this subsection, we explore concentrations
for a broader range of statistical measures or metrics. Figure 2-22 contains distributions of VOC
concentrations using the same maximum values as the previous figures, but it also includes five
other metrics: mean, median, and the 99.9th, 99th, and 95th percentiles from each Monte Carlo
iteration. These metrics are across all distances, at the selected “expected-maximum” receptor
at each distance. In comparison to the maximum 1-hour-average concentrations, the 99.9th-
and 99th-percentile values are slightly smaller, while the typical 95th-percentile values are less
than an order of magnitude lower, and the typical means and medians are about one and two
orders of magnitude lower, respectively. These last two metrics, the median and mean,
represent a lower bound on the typical short-term concentrations. We utilize iteration-mean
concentrations in the subchronic and chronic exposure assessments (see Section 3.3.1).
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Notes: Values have been transformed via logarithm base 10. Each box-whisker plot indicates maximum and
minimum (top and bottom whiskers), mean + 1 standard deviation (top and bottom of box), and median (bar inside
box).

AB_ST = the Northern Front Range Anheuser-Busch/Ft. St. Vrain sites; BarD and Rifle = the Garfield County ridge-
top and valley sites; VOC = volatile organic compound; ug m= = micrograms per cubic meter; log10 = logarithm
base 10.

Figure 2-22. Distribution of 1-hour-average Concentrations for Selected Chemicals by Metric and
Well-development Location (1-acre Well Pad Only), Across All Development Activity Types and All
Distances

2.9.1.4. Variation in Chemical Concentration by Receptor

Since there are dozens of receptors located in all directions covering 300-2,000 ft around each
O&G location, we examine how VOC concentrations vary with changes in wind direction. Figure
2-23 contains distributions of maximum 1-hour-average concentrations of benzene across all 36
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receptors on Ring 3 (300 ft from the center of the well pad) for each location. The “wave” shape
of the VOC concentrations across directions is primarily a function of the prevailing
meteorology (primarily wind speed and atmospheric stability) associated with different wind
directions, leading to peak median concentrations for southern receptors (near receptor 20) at
the merged Anheuser-Busch/Ft. St. Vrain location and for receptors near the north-northwest at
the Garfield County locations.

RIFLE

N
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o

VOC Concentrations (log10 scale, ug m )

0 20 a0 [ 0 w0 0 [ 10 P
Receptor

Notes: Values have been transformed via logarithm base 10. Each box-whisker plot indicates maximum and
minimum (top and bottom whiskers), mean + 1 standard deviation (top and bottom of box), and median (bar inside
box).

AB_ST = the Northern Front Range Anheuser-Busch/Ft. St. Vrain sites; BarD and Rifle = the Garfield County ridge-
top and valley sites; VOC = volatile organic compound; ug m= = micrograms per cubic meter; log10 = logarithm
base 10.

Figure 2-23. Distribution of the Maximum 1-hour-average Benzene Concentrations at 10-degree
Intervals at 300-foot Distance, by Well-development Location (1-acre Well Pad Only), Across All
Development Activity Types

2.9.1.5. Variation in Chemical Concentration by Size of Well Pad

Figure 2-24 is similar to Figure 2-19 except that it also shows the distributions of benzene
concentrations at the other two modeled well-pad sizes: 3 and 5 acres. These distributions show
how the typical (median) modeled concentrations from emissions from larger well pads
tend to be about the same or less than those from emissions from smaller well pads (if
only a single well is developed on each pad). Decreases in median and maximum
concentration with increases in well-pad size are more apparent at receptors closer to the well
pad (within the first 500 ft or so0). As you go out farther in distance from the well pad, the impact
on concentrations from changes in well-pad size typically becomes smaller. When emission
rates are held constant, increasing the size of the emission source (the size of the well pad)
leads to more initial diffusion of the emissions, creating lower air concentrations at the well pad
and, in turn, at most of the nearby receptors. That initial diffusion has less impact at farther
receptors, where atmospheric dispersion has further diffused the emissions.
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Notes: Values have been transformed via logarithm base 10. Each box-whisker plot indicates maximum and
minimum (top and bottom whiskers), mean + 1 standard deviation (top and bottom of box), and median (bar inside
box).

AB_ST = the Northern Front Range Anheuser-Busch/Ft. St. Vrain sites; BarD and Rifle = the Garfield County ridge-
top and valley sites; VOC = volatile organic compound; ug m- = micrograms per cubic meter; log10 = logarithm
base 10; ft = feet.

Figure 2-24. Maximum Benzene Concentrations by Distance and Well-pad Size, Across All
Development Activity Types

2.9.2. Well Production

For O&G production, the air-dispersion assessment only produced unit-emission air
concentrations, since the variation in the emission source strength is handled within the
subsequent exposure assessment where longer-term averages are of greater interest. Figure
2-25 shows the monthly trend for daily-maximum 1-hour-average unit-emission air
concentrations, which suggests some seasonal variation in unit-emission concentrations for
BarD and Anheuser-Busch, possibly due to lower wind speeds during the winter months. All
locations except BarD tend show the largest variability during transitional months (spring
and fall) for unit-emission air concentrations. Table 2-11 presents the annual-average unit-
emission concentrations for the four meteorological locations. For each site, we pass to the
exposure assessment the full time series of 1-hour-average unit-emission concentrations for the
“worst-case” year—the year with the highest annual average. The Anheuser-Busch and Ft. St.
Vrain meteorological data sets were only one year each, so we passed both of those years of
data to the exposure assessment, and the exposure modeling will evaluate both sets in
combination as a merged exposure scenario (as discussed in a Section 3.3.1).
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box).

St_Vrain = the Northern Front Range Ft. St. Vrain site; Anheuser-Busch = the Northern Front Range Anheuser-
Busch site; BarD and Rifle = the Garfield County ridge-top and valley sites; Chi/Q = concentration per unit emission;

log10 = logarithm base 10.

Figure 2-25. Distribution of Daily-maximum 1-hour-average Unit-emission Concentration by

Month and Meteorological Location
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Table 2-11. Maximum Annual-average Unit-emission Concentration by Meteorological Location

Broad Oil and Gas Annual-average Unit-emission
Area Name of Meteorological Station Air Concentration (ug/m?3)

Garfield County Rifle 2005 4,415
2006 4,607

2007 4,612

2008 4,703

2009 4,539

BarD 2002 3,535

2004 3,675

Northern Front Range | Ft. St. Vrain 2009 4,802
Anheuser-Busch 1988 3,868

Notes: Bolded years are the ones whose data were passed to the exposure assessment.
pg/m3 = micrograms per cubic meter.

2.9.3. Comparison to Monitored Values

The modeled air concentrations from these HHRAs cannot be properly compared to the
observed, monitored concentrations in the CSU field experiments. We did not design the HHRA
modeling to reproduce the conditions during the experiments. Though the emissions used in
these HHRAs are based on those CSU experiments, there are several key differences between
the experiments and the HHRA modeling that prevent meaningful monitor-to-model comparison.
We list these differences below.

1. The observed concentrations in the CSU experiments correspond to 3-minute averages.

2. The modeled concentrations in the HHRA correspond to 1-hour averages, based on a
conversion of 3-minute-average emissions to 1-hour-average emissions.

3. The concentrations are highly variable: while any 3-minute measured value may be
representative of the 1-hour average at that time, it may also be representative of a peak or
minimum concentration relative to the 1-hour average.

4. The meteorological conditions during the CSU experiments were from specific times in the
2013-2016 time frame, and they were specific to the locations of the monitored O&G sites.

5. The meteorological conditions used in the HHRA correspond to thousands of hours from
various years up until 2010, and they are specific to the Rifle, BarD, Anheuser-Busch, and
Ft. St. Vrain station sites.

6. Air concentrations are highly sensitive to meteorological conditions, which can fluctuate on a
minute-by-minute basis, and which can be quite different just miles apart.

7. The measurement distances relative to the tracer-gas release in the CSU experiments were
variable between tens to hundreds of meters, with a median distance near 100 m or so (340
ft or so).

8. The modeled distances relative to the centers of the well pads in the HHRA were fixed at
several distances from 300 to 2,000 ft (also including 150 and 250 ft for production
activities).
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9. Air concentrations, whether measured or modeled, can be quite sensitive on the scale of
tens of meters when the source of emissions is nearby.

10. The monitored values were observed generally within the emission plume, near the
centerline when possible, where concentrations are largest.

11. The modeled values in the HHRA that were saved and passed to the exposure and risk
assessments were not necessarily within the plume or near the plume centerline. We
predetermined the receptor (location) at each distance where we saved summary air-
concentration statistics from each AERMOD Monte Carlo iteration. Those statistics were
means, maxima, medians, and various higher percentiles of the hourly concentrations
during each iteration. During a given iteration, the maximum 1-hour-average modeled air
concentration may have been from a location near the plume centerline (from when the
winds were blowing directly toward that receptor), but it may also have been far outside the
centerline (from when winds were blowing in a different direction).

In their reports (CSU, 2016a, 2016b), CSU conducted AERMOD modeling utilizing the
acetylene tracer-gas emission rates that they derived from the monitored values and also
utilizing on-site meteorology (observed during the times of their monitoring) where possible.
They observed that more than 90 percent of the modeled values were within one order of
magnitude of their corresponding observed values. They note, as we note above, that air
concentrations are very sensitive to location relative to the centerline of the plume, the temporal
representation of the emissions, and meteorological fluctuations.

2.9.4. Results Passed to the Exposure Assessment

As shown in Table 2-12, for each O&G development activity, we pass to the exposure
assessment various air-concentration metrics (means, medians, and percentiles of the 1-hour-
average concentrations) from each Monte Carlo iteration, for all VOCs and locations, at the
selected maximum receptor on each distance ring. For the production stage, we pass to the
exposure assessment a full year of 1-hour-average unit-emission concentrations, for the year
with the maximum annual-average concentration, for all sites and at the selected maximum
receptor on each distance ring.
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Table 2-12. Results Passed to the Exposure Assessment

Development Stage Production Stage
Locations 3 (Anheuser-Busch and Ft. St. Vrain are | 4 locations (Anheuser-Busch and Ft. St. Vrain

merged; BarD; Rifle)

are treated separately and merged later in the
exposure assessment; BarD; Rifle)

Well-pad sizes

3 sizes (1, 3, and 5 acres)

1 size (1 acre)

Data type

Metrics of 1-hour-average
concentrations, for each chemical and
each Monte Carlo iteration

1-hour-average unit-emission concentrations

Durations

Data from each Monte Carlo iteration
represent a randomly selected activity
duration

One year of 1-hour-average concentrations

Metrics

6: maximum, 99.5th, 99th, & 95th
percentiles, median, and mean

1-hour-average values

Number of receptors
per distance ring

14 rings with one receptor per ring,
selected based on highest mean-
maximum hourly concentration across all
iterations. Selection made independently
for each chemical, activity, and location.

16 rings (the same 14 as development, plus 2
closer in) with one receptor per ring based on
the highest annual-average concentration.
Selection made independently for each site.

2.10. Characterization of Data Gaps, Uncertainties, Variabilities, and
Sensitivities

In this section, we qualitatively discuss known gaps, uncertainties, and variabilities in the air-
dispersion input data (Section 2.10.1), which include

= data gaps in meteorology data,

= model uncertainty with respect to wind-speed measurements flagged as calm,

= uncertainty in the modeling approach with respect to the selected meteorological data sets’

representativeness of Garfield County and the NFR,

= uncertainty in the modeling approach with respect to representativeness of local terrain
relative to the larger regions,

® uncertainties related to the instruments used to sample and analyze the air concentrations
and the methods used to derive emission rates from those samples, and

= the high variability in the emissions data and those data’s representativeness of other sites
and times that were not sampled.

We also discuss specific checks we conducted primarily on the model inputs but also on a
summary of the model outputs to ensure that we were correctly using the data and the model
(Section 2.10.2). We also qualitatively discuss uncertainties in our dispersion-modeling
approach (Section 2.10.3), with a focus on a known bias in AERMOD as well as on our
selections of source configuration. Additionally, we conducted some brief analyses to evaluate
the sensitivity of the estimated air concentration results to some inputs/assumptions in the
APEX modeling, as we discuss in detail in Section 2.10.4.
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2.10.1.Gaps, Uncertainties, and Variabilities in Data
2.10.1.1. Meteorology Data

Meteorological data used for dispersion modeling often have some hours where key parameters
are missing. During these times, AERMOD will not calculate any dispersion and will not output
any air concentrations (or the concentrations will be 0). We first ensured that the frequency of
hours with missing key data or calm winds (“bad hours”) was small—5 percent or less of the
selected meteorology data were “bad hours.” We did not use any of these hours in the Monte
Carlo iterations as AERMOD is unable to determine concentrations.

The BarD and Ft. St. Vrain meteorological data sets had relatively few hours with no wind speed
data or missing key data. The Anheuser-Busch data set had a series of entire days of “bad
hours” in parts of July and August, which may mean that summertime dispersion characteristics
at this site are not as well represented in the air-concentration data passed to the exposure
assessment as compared to other seasons, more so for the longer-duration flowback activities
than the shorter drilling and fracking activities (though most days in June, late July, and late
August are free of “bad hours”). The frequency of “bad hours” diminished at Rifle from 2005 to
2010, but we discarded some of the Monte Carlo iterations that took place in 2005 because
about half the days in 2005 contained at least one “bad hour.” Many of the “bad hours” at Rifle
in 2005 were due to calm winds reported by the station during hours when one-minute wind
data were not available; without those high-frequency wind reports, we must rely on the hour-
averaged wind data reported by the station, where hourly wind speeds below about 1.5 m/s are
flagged as calm. The number of hours when one-minute data were not available at Rifle
generally diminished over time, leading to reduced instances of calm winds in later years. The
other meteorological data sets (BarD, Ft. St. Vrain, and Anheuser-Busch) were private-industry
data sets that did not use the same calm cutoff and had relatively few reports of calm winds.

Terrain, vegetative and hydrological features, and man-made features can all affect dispersion
processes and, therefore, mixing of air contaminants across relatively short distances. No set of
meteorological data from one site will completely match conditions at another site, but we
worked with CDPHE to identify several sites with meteorological data that, taken together,
reflect some of the variability in weather conditions across Garfield County and across the
NFR. Terrain (and hydrological features) varied between these selected sites, and so the terrain
elevations used for these sites in the HHRA dispersion modeling reflected some of the terrain
variability across Garfield County and the NFR. (However, elevation changes were generally
less than 30 m across the 2,000-ft domain radii used in these HHRAS).

2.10.1.2. Emission Rate Data

The CSU data on O&G emissions technically only reflect the O&G sites they visited and the
specific activities going on during the sample collection periods. We must assume that the
collected data are generally representative of O&G sites and operations in Garfield
County and the NFR, and, as discussed in Section 2.3, that assumption is supported by CSU’s
consultation with industry and state partners to select representative sites as well as CSU'’s
efforts to collect data at a variety of times. Still, CSU did not and could not capture all possible
sites, operators, and on-site hour-by-hour or minute-by-minute activities that can affect emission
rates, and so uncertainty remains about the full distribution of O&G emissions data in these
areas of Colorado. CSU also did not sample emissions from drilling activities at the NFR or
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production activities in Garfield County, and so we must assume that drilling emissions from
Garfield County are representative of drilling emissions in the NFR, and that production
emissions from the NFR are representative of production emissions in Garfield County.
While this is a reasonable assumption for this analysis and based on the best data available, we
acknowledge that different practices for drilling may result in different VOC emissions (e.g., use
of bentonite clay versus petroleum-based drilling lubricant), and different formations and O&G
composition may yield varying emissions of VOCs between production sites (e.g., wet gas
versus dry gas). This adds uncertainty to our analysis, but can be addressed by future
measurements of emission rates of VOCs from drilling from the NFR and production from
Garfield County.

As discussed in Section 2.3, the non-continuous nature of CSU’s air sampling leads to
uncertainties about how O&G emission rates vary hour-by-hour or within the hour. However,
CSU collected samples across several sites and seasons, and at some sites they collected
several samples in a day or within an hour. From these non-continuous samples, it is clear that
0O&G emissions are highly variable. This variability existed across different VOCs and across
the different sites where CSU conducted the experiments, and it also existed across different
samples taken at the same site. We did not explicitly treat any of these emission rates as
outliers or unacceptable data, though our derivation of 1-hour-average emission rates (see
Section 2.3.1) resulted in a smaller variance in the rates used in the modeling. As we will
discuss in subsequent reports for these HHRAs, acute exposure calculations use the higher
(peak) air concentrations and are not particularly affected by the high variability in emission
rates, while chronic exposure calculations tend to reflect the mean of the emission rates and in
that sense are also not particularly affected by the emission variability. Uncertainties in the
representativeness of these emissions data could be reduced in the future with continuous air
monitoring for key VOC'’s at a variety of O&G sites.

CSU conducted several controlled-release experiments prior to the Garfield County and NFR
measurements, where acetylene and methane were collocated and released at known emission
rates to calculate TRM uncertainties. Wells (2015) provides a detailed description of these
experiments. The TRM uncertainty in the controlled-release experiments was characterized to
have an accuracy (mean bias) of +22.6 percent and a precision (relative standard deviation) of
+16.7 percent. CSU used replicate canisters, collected during the studies, to evaluate the
precision of TRM for individual VOC emission rates. Precision (pooled relative standard
deviation) varied between approximately 1 and 55 percent for individual VOCs, with most values
less than 20 percent. The uncertainties of the TRM were much lower than the variabilities in
emission rates observed.

CSU analyzed VOC:s following procedures similar to EPA’s TO-12 method. They cryogenically
pre-concentrated the canister sample analytes before being directed to GC-FID systems. They
calibrated the system using dilutions of a 1 parts per million Linde Gas certified high pressure
standard. They analyzed six clean canisters, filled with ultra-high purity nitrogen, to calculate the
limit of detection (LOD) of the system. The results of calibration tests and LODs for the all GC-
FID systems used as part of the Garfield County and NFR projects were reported by CSU
(CSU, 20164a, 2016b). In some instances, concentrations were below the calculated LODs, in
which case the measured value was replaced with half the LOD value (LOD/2) for the
corresponding VOC. In most cases, this resulted in zero emission rates when the background
concentration of VOC was subtracted from the LOD/2 value. About 80 percent of the VOCs
collected had values above the LOD. The exceptions to this were for four VOCs: isoprene, 1-
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pentene, 1-butene, and trans-2-butene. In Garfield County, isoprene, 1-pentene, 1-butene, and
trans-2-butene had 75, 82, 60, and 80 percent of the values below LOD, respectively. For the
NFR, isoprene, 1-pentene, 1-butene, and trans-2-butene were below LOD 92, 90, 93, and 53
percent of the time, respectively. Our estimates of hazards and risks (see Section 5) indicated
that exposures to these four chemicals, based on the emissions derived from these canister
measurements, were always far below health-based criteria, indicating little potential for adverse
health effects from these exposures.

2.10.2.Quality Control of Model Inputs, Quality Assurance of Outputs

To assure the integrity of the modeling results, we conducted a number of quality checks to
confirm that the data used as input to AERMOD were of highest quality and properly prepared
for the model. We briefly discuss those checks here and indicate if changes were needed as a
result.

As discussed in Section 2.5.3, three of the meteorological sites had 9-10 percent of the hours
with wind speeds less than 1.0 m/s—these are the periods which will likely yield the highest
air concentrations. The fourth site (BarD) showed a much lower frequency of these lower wind
speeds, which is consistent with what might be expected for the more exposed ridgetop site for
BarD. This check required no changes to the methodology.

We checked ranges in the meteorological variables against historical ranges. We found
that the Anheuser-Busch temperature data were biased high, with the lowest temperature for
the year at just -12 °C (10 °F). This prompted a more thorough review of the raw data set used
in the AERMET processing, where we discovered that the raw measurements were in degrees
Fahrenheit (not Celsius as expected) and the wind speeds were in miles per hour (not m/s as
expected), and these data were being improperly converted as a result. CDPHE reprocessed
the data in AERMET with the correct units, producing a new AERMOD-ready meteorological
data set for the modeling.

While the emission rates are highly variable, we conducted a simple quality check by examining
the variability between the largest and smallest measurement across all VOCs to identify if
any extreme outliers may be present. This assumes the inherent variability in the emissions
data is limited to within same range across all VOCs. We used the original 3-minute-average
rates calculated by CSU. The review showed that the range in emissions typically spanned
about three orders of magnitude. Drilling, fracking, and flowback had maximum spans of 4.8,
5.3, and 5.2 orders of magnitude, respectively. Production the highest maximum span at 6.5
orders of magnitude, which was expected given that the production samples ranged from
recently completed wells to wells more than seven years old. This check required no changes to
the methodology.

To bring additional confidence that we accurately completed the dispersion modeling, we
compared the spatial patterns of modeled annual-average concentrations at unit emission
rates with the corresponding annual wind rose plots. We show these spatial patterns of
concentrations along with insets of the wind roses in Figure 2-26 (1-acre well pad at Rifle),
Figure 2-27 (1-acre well pad at BarD), Figure 2-28 (1-acre well pad at Anheuser-Busch), and
Figure 2-29 (1-acre well pad at Ft. St Vrain). We have reversed the inset wind roses here as
compared to those in Section 2.5, so that the ones shown here indicate where winds are
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blowing to rather than blowing from, to more easily indicate the direction of emission transport.
The wind rose and the concentration plot should show similar patterns, although if a particular
direction has considerably higher wind speeds than another then the higher-wind-speed
direction should have lower concentrations, owing to the inverse relationship between wind
speed and concentration. At Rifle, this explains why concentration contours to the east are not
as elongated as those to the north, but overall the wind-flow pattern and concentration pattern
show good agreement. There is good agreement also at BarD, with the concentration contours
and the wind rose both having a prevailing northwestern direction. Similarly, the Anheuser-
Busch concentration contours and wind rose show the prevailing flow to the south, and the Ft.
St. Vrain plots show strong agreement with a narrow elongation to the northeast and a broad
area of elongation to the southwest. This check required no changes to the methodology.
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Figure 2-26. Rifle (Garfield County Valley Site) Annual-average Unit-emission Air Concentrations

for 1-acre Well Pad, With Annual-average Wind Rose Insert
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UTM = Universal Transverse Mercator; m = meters; ug/m”3 = micrograms per cubic meter; m/s = meters per second.

Figure 2-27. BarD (Garfield County Ridge-top Site) Annual-average Unit-emission Air
Concentrations for 1-acre Well Pad, With Annual-average Wind Rose Insert
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UTM = Universal Transverse Mercator; m = meters; ug/m”3 = micrograms per cubic meter; m/s = meters per second.

Figure 2-28. Anheuser-Busch (a Northern Front Range Site) Annual-average Unit-emission Air

Concentrations for 1-acre Well Pad, With Annual-average Wind Rose Insert
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Figure 2-29. Ft. St. Vrain (a Northern Front Range Site) Annual-average Unit-emission Air
Concentrations for 1-acre Well Pad, With Annual-average Wind Rose Insert

2.10.3.Uncertainties and Variabilities in Modeling Approach

Uncertainties inherent in the AERMOD model should generally be smaller than the uncertainties
in the model input data pertaining to emissions and meteorology. Like many models, AERMOD
will usually be most accurate over longer averaging periods and across larger areas, compared
to short averaging periods and specific point locations.

Still, AERMOD has a well-known tendency to underestimate dispersion (and, therefore,
overestimate concentrations) during times of low wind speeds and stable conditions. As noted in
Section 2.1, the number of model validation studies of AERMOD for near-ground-level sources
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is very limited. It is likely the AERMOD will have a tendency to overestimate given the difficulties
of parameterizing low wind speed conditions in a Gaussian-formulated model. Additional low-
wind-speed data sets are available (e.g., Sagendorf and Dickson, 1974; Wilson et al., 1976).
EPA developed the ADJ_U* option in AERMOD to help adjust surface friction velocities (which
is the u* parameter) to reduce these low-wind biases. This is a default feature of AERMOD
when the meteorological data do not contain information on turbulence and vertical profiles of
temperature. Except for the BarD station, the meteorological data used in these HHRAS do not
have such information, so we utilized this ADJ_U* feature for the processing of Rifle, Ft. St.
Vrain, and Anheuser-Busch meteorological data in these HHRAs. AERMOD contains several
other features for adjustments to the model during low-wind conditions, but we elected to not
use them due to their non-default (beta) status and due to uncertainties with their effects on
modeled air concentrations without monitored air concentrations to compare against.

We also vary the sizes of well pads in the modeling, in an effort to reflect that O&G site
configurations are highly variable depending on the type of drilling, the site operator, the stage
of operations, the number of wells, etc. The precise locations where emissions originate on the
well pad are equally variable. So as to not bias the air modeling toward one configuration or
another, we assumed that emissions from the well pad come equally from all parts of the pad.
At any given time at any real O&G site, emissions may come from only one corner of the pad,
putting those emissions closer to anyone living or recreating near that corner (and farther away
from people living/recreating near the opposite corner); our modeling will not capture those
kinds of scenarios, which leads to some uncertainties in the subsequent exposure and risk
assessments, especially for acute exposures. Instead, in our modeling, emissions from places
on the well pad become immediately diffused across the modeled size of the well pad, and then
the meteorology helps disperse that emission plume away from the pad. The size of the pad
affects that initial plume diffusion—emissions from a larger pad are diffused across a larger area
before being dispersed by meteorology. For simplicity, we modeled three sizes of well pad for
development activities, determined by CDPHE to reasonably represent many current O&G sites
in the state based on professional judgment and recent permits submitted to COGCC. However,
some O&G sites will have smaller or larger layouts than what we have modeled, leading to
reduced or enhanced initial diffusion of emissions, leading to different spatial patterns of air
concentrations and exposure.

2.10.4.Sensitivity Analyses

Air dispersion models require many different elements in order to estimate ambient air
concentrations. Here we describe qualitatively, and in some cases quantitatively, the sensitivity
of AERMOD modeled concentrations to the elements listed below.

emissions
wind speed
surface roughness length

1

2

3

4. urbanization
5. seasonality
6

recirculation and terrain
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Among these elements, modeled air concentrations are probably most sensitive to inputs
of emissions and wind speed. However, in these HHRASs the emissions and meteorology
are considered “given” in that they corresponded to site measurements. Among the other
elements, surface roughness length is perhaps the most influential, indicating that air
concentrations could be substantially lower for O&G activities in heavily forested areas,
although we make no judgments about the likelihood of O&G activities in such areas.
Urbanization also can substantially affect acute exposures, but chronic exposures are much
less affected. Though air concentrations can vary by season, we already capture those
variations in our HHRA methodology. We include reasonable terrain variations across about a
2,000-ft radius around a well pad, though more dramatic terrain features could have additional
impacts not modeled here. Recirculation effects should be relatively minor. In the below
subsections, we discuss these elements in more detail.

2.10.4.1.Emissions

One of the most important inputs to the dispersion model is specification of the emission source
strength. Air concentrations estimated by AERMOD are directly and proportionally
sensitive to inputs of emission rate. If emissions are doubled then the modeled
concentrations are similarly doubled, and if emissions are reduced by half the concentrations
are reduced by half. Across different samples and locations, CSU observed a wide range of 3-
minute-average emission values for a given chemical (CSU, 2016a, 2016b), sometimes much
more than one order of magnitude. For example, as discussed in Section 2.3, benzene
emissions during drilling had a range of about 4.7 orders of magnitude (5th and 95th percentiles
over 2.5 orders of magnitude apart), while toluene during Garfield County fracking had a range
around 2.1 orders of magnitude (5th and 95th percentiles over 1.8 orders of magnitude apart),
and isoprene during NFR flowback had a range around 1.9 orders of magnitude (5th and 95th
percentiles 1.8 orders of magnitude apart). These emissions data were a “given” in these
HHRASs, rather than a choice to be made in terms of assessment assumptions or model
settings.

Regarding our derivations of 1-hour-average emission rates from the 3-minute-average
samples, which we discuss in Section 2.3.1, we made the reasonable assumptions that
emission rates are log-normally distributed and that 1-hour rates would have smaller ranges
than 3-minute rates. For example, the ranges of rates for benzene during drilling, toluene during
fracking in Garfield County, and isoprene during NFR flowback dropped to 1.5, 0.5, and 0.6
orders of magnitude, respectively, with the 1-hour-average rates relative to the 3-minute-
average rates. These are the emission rates we used in the HHRA modeling, and these wide
ranges in emission values lead to wide ranges in corresponding estimates of chemical air
concentrations. Due to the small sample sizes of the 3-minute observations, the resulting means
of the 1-hour distributions were sometimes noticeably different (by more than about 10 percent)
than those of the 3-minute distributions. This should have the effect in these cases of
proportionally changing the longer-term average air concentrations (by more than 10 percent)
when utilizing 1-hour values instead of 3-minute values. Our modeling also does not capture the
scenario of the highest 3-minute rates being sustained for an entire hour, nor does it capture the
scenario of the lowest 3-minute rates being sustained; these scenarios would lead to higher
peak acute exposures and lower minimum acute exposures, but we have no confidence in the
probability of these scenarios.
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2.10.4.2.Wind Speed

AERMOD modeled air concentrations are also particularly sensitive to inputs of wind speed, and
as with emissions the relationship is simple: because AERMOD is a Gaussian-formulated
dispersion model, the concentration is inversely proportional to the wind speed. That is, if
the wind speed is reduced by half then the concentration is doubled, and similarly if the wind
speed is doubled the concentration is reduced by half. These relationships are more influential
for acute estimates of exposure, whereas differences in long-term averages of wind speed
would be smaller and lead to smaller differences in chronic estimates of exposure. As with
emissions data, these meteorology data were a “given” in these HHRAs, and they are quality
controlled, consist of many months of observed data across several sites, and were selected to
reflect many real meteorological patterns across the Garfield County and NFR regions.

2.10.4.3.Land Cover

Other elements that affect the modeled concentrations, such as surface roughness and
urbanization, are not simple proportional adjustments. These require running the model for a
given set of conditions and then varying only one element. In BAAQMD (2004), two source
types that the authors studied were somewhat similar to the source types found at O&G
operations in Colorado: a diesel generator modeled as a point source, and a typical gas
dispensing facility modeled as a volume source. Differences in model sensitivity between the
two source types were relatively small, but the gas dispensing facility exhibited slightly higher
sensitivity, which may be particularly relevant to these HHRAs given that we modeled the O&G
operations as a volume source and we would expect similar model sensitivities.

In Table 2-13, we show the AERMOD sensitivities found in BAAQMD (2004) for a gas-
dispensing volume source. The table shows the maximum percent changes in concentration. In
their study, changing surface roughness by four-fold had up to an 85-percent effect on
modeled annual-average concentrations, with an inverse relationship. Surface roughness
values can vary by land cover, which itself can vary by season, with the lowest roughness
values associated with snow cover or water bodies (around 0.2 centimeters [cm]), as compared
to values of 10 cm over grasslands, 50 cm for communities of single-family homes, and 130 cm
for evergreen forests. The next most sensitive element is the urban population, which is used in
the modeling of urban areas, which can be defined as having a population density greater than
750 people per square kilometer. In their study, changing the urban population by 1.75-fold
had up to a 19-percent effect on the peak modeled 1-hour concentration, with an inverse
relationship. Modeled air concentrations showed very little sensitivity to changes in the other
three elements they studied (albedo, air temperature, and Bowen ratio).
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Table 2-13. AERMOD Sensitivity to Input Parameters from a Typical Gas-dispensing Facility

| Flement _____ ___ Variation | _Maximum Change Averaging Period

Surface roughness 0.25 x base case +85 % Annual
4 x base case -67 % Annual
Urban population -75 % +19 % 1 hour
+75% -7 % 1 hour
Albedo 0.25 x base case +1 % 1 hour
4 x base case +6 % 24 hour
Ambient temperature -6 °C -1% 1 hour
+6 °C +0.6 % 24 hour
Bowen ratio 0.5 x base case +0.7 % 24 hour
2 X base case -0.5 % 24 hour

Source: Table 4 of BAAQMD (2004).
Note: °C = degrees Celsius

Because the surface roughness length exhibited such a strong sensitivity in the BAAQMD
(2004) study, we conducted Colorado-specific model sensitivity runs for the Rifle site in Garfield
County. In addition, BAAQMD (2004) did not evaluate the sensitivity of modeled air
concentrations to whether or not the urban setting is used in AERMOD (a setting which affects
estimates of pollutant mixing), so here we also conducted a site-specific analysis for the
Anheuser-Busch meteorology but in an urban setting rather than the rural selection made in the
HHRAs.

New Modeling of Sensitivity to Surface Roughness

In Garfield County, the site-specific surface roughness length near the Rifle site varies between
5 and 33 cm depending on season and location, with an average of 23 cm (base case). If this
same site were located in forested area of evergreen trees, the surface roughness length would
be 130 cm—a 5.7-fold increase. Since AERMOD’s meteorological preprocessor (AERMET)
uses the surface roughness length in determining atmospheric stability, it was necessary to re-
run AERMET (Stage 2 and 3) to provide new meteorological input files to AERMOD. We then
ran AERMOD to determine how the change in surface roughness length (a 5.7-fold increase
from 23 cm to 130 cm) impacted modeled concentrations as a function of distance relative to
the base case for each distance ring away from the O&G well pad for both the annual-average
and the peak 1-hour concentration.

In Figure 2-30, we show the relative decrease at each receptor ring in the maximum 1-hour and
maximum annual average associated with the increase surface roughness length. Both
averages show similar reductions in concentrations from increased surface roughness
length, at nearly an 80-percent decrease at 150 ft followed by additional decreases,
leveling off at about 90 percent by 500 ft. The closer receptor rings show less relative
decrease in concentration as the initial dispersion parameters of the volume source (the same in
both simulations) are still important contributors to the near-field concentration. These are larger
decreases in average concentration than were observed by BAAQMD (2004), likely due to
utilizing a larger increase here in surface roughness length—about 5.7 x base case here, versus
4 x base case in BAAQMD (2004).
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Figure 2-30. Percentage Change in Average Air Concentrations by Distance, Forested Case
(Surface Roughness Length=130 centimeters) Relative to Base Case (Surface Roughness
Length=23 centimeters)

New Modeling of Sensitivity to Urban versus Rural Dispersion

In all of the modeling for these HHRAS, we used the rural dispersion modeling option, as we
assumed O&G development was not taking place in urbanized areas. However, the possibility
exists that some O&G development may happen in fairly close proximity to a mostly urban
setting. The Anheuser-Busch site, while relatively rural, is not far from the Ft. Collins
metropolitan statistical area (MSA). We used this site to evaluate the impact on air
concentrations utilizing the same base meteorology data but using the urban turbulent mixing
dispersion coefficients that AERMOD estimates with the urban setting. To do so, we provided
AERMOD with the population of the Ft. Collins MSA (about 340,000) and then ran AERMOD to
identify the impact of this urban setting on annual-average and peak 1-hour concentrations by
distance from the well pad.

In Figure 2-31, we show the relative increase or decrease in the maximum 1-hour and maximum
annual-average concentrations for each receptor ring. The maximum 1-hour concentration
with the urban option is 50-percent lower than without the urban option at the first
receptor ring (150 ft) and the difference grows to 75 percent at 500 ft where it remains fairly
constant for the remaining distances. The closer rings show less relative decrease in
concentration because the initial dispersion of the O&G volume source is important in the near-
field dilution. However, at 500 ft the initial dispersion becomes less important and the dilution is
almost entirely due to the urban-rural dispersion parameters. The annual average shows in
the near-field that the urban setting results in slightly lower concentrations out to about
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1,400 ft, beyond which the annual concentrations are slightly higher with the urban
setting than without the urban setting. This is a result of initial plume lateral and vertical mixing
with the urban setting causing decreases in concentrations closer to the source, whereas this
becomes less important at distances farther downwind where the urban setting causes slightly
higher concentrations overall on average.
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Figure 2-31. Percentage Change in Average Air Concentrations by Distance, Urbanized Case
(Population=340,000) Relative to Base Case (Rural Setting)

2.10.4.4. Seasonality

Seasonal variation in the maximum short-term air concentrations could be of potential concern
given changes in human activity levels and locations across seasons. Figure 2-25 shows
month-by-month variation in the concentration distribution for all four meteorological sites
utilized in these HHRAs. The figure shows that for Rifle and Ft. St. Vrain there is almost no
seasonal variation in the average of maximum daily 1-hour concentrations. However, both the
Anheuser-Busch and BarD sites show about a 20-percent decrease in the summer (July—
August) average daily-maximum 1-hour concentrations relative to the winter period. Our
HHRA modeling captures air concentrations during all seasons.
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2.10.4.5.Recirculation and Terrain

Under stagnation conditions that occur most frequently during the fall and winter months, air
may be trapped within an air basin and recirculated, leading to the accumulation of air
pollutants. This meteorological phenomenon was not included in these HHRAs as AERMOD
cannot simulate this type of airflow condition given its steady-state formulation. That is, every
hour modeled is independent of the previous hour, so we did not consider stagnation
conditions or flow reversals in these HHRAs. Such conditions should not have a
substantial impact for a single well pad as modeled in these HHRAs—for a given well pad,
the concentrations from a given hour’s emissions will be larger relative to that due to
recirculation from previous hours’ emissions. These conditions would be far more important if
we were assessing the cumulative impact of O&G well development and production across a
region, as the recirculation occurs on those spatial scales.

Additionally, we did not include sites that are strongly influenced by localized terrain
affects (e.g., slot canyons, narrow valleys, deep bowls) across the short distances utilized in
these HHRAs.

3. Modeling of Inhalation Exposure

We conducted the inhalation exposure modeling using U.S. EPA’s Air Pollutants Exposure
Model (APEX), which EPA uses primarily for inhalation exposure assessment for the criteria air
pollutants (carbon monoxide, nitrogen dioxide, sulfur dioxide, ozone, and particulate matter).
APEX is not proprietary and is highly customizable, so it may be used without restriction by
anyone inside or outside EPA and configured for a variety of exposure scenarios. Staff currently
at ICF have been closely involved with APEX since its inception in 1999, including writing nearly
all of the APEX code and conducting many of the practical applications, including customized
scenarios.

APEX does not determine the outdoor (ambient) air quality. It must be given time series of
ambient air quality data, most commonly at hourly time steps, for the duration of the simulation
period (typically one year). APEX is a microenvironmental model in which each location with
distinctive air quality is called a microenvironment (micro for short), with its own relationship to
the ambient air.

We list below the main features of APEX.

m  Stochastic sampling to characterize population variability

= Customizable micros

m  Uses databases of human time-activity data to determine time spent in each micro

m Uses either of two methods—mass balance or linear regression—for estimating air
concentrations of chemicals in each micro

m  Produces detailed time series of exposure for each simulated individual

A 64
ZICF



= Estimates time averages of exposure concentration

3.1. Overview of Approach

APEX is a stochastic exposure model® used by EPA since 2002 for assessments of criteria
air pollutants and other airborne chemical-exposure scenarios. APEX assesses exposure by
combining data on population, air quality, human activity, ambient temperature, and micros.
APEX generates a set of modeled individuals, which collectively describe the population
variability in exposure. Typically, each modeled individual has his/her exposure characterized
hourly over the course of a year.

APEX is typically used to model specific geographical locations and the people living and
working in the vicinity. For that purpose, it has default databases derived from the 2010 U.S.
Census of home and work populations by census tract for the entire US. However, the current
application is unusual in that it refers to the exposures of hypothetical individuals living at
various distances from hypothetical O&G sites. Therefore, for these HHRAs we customized
several of the APEX input files and key parameters, although no changes to the APEX code
were required. We provide in Section 3.2 details on the inputs files, which we briefly summarize
in the remainder of this section. We also provide in Section 3.1.1 a condensed list of key
assumptions for the exposure modeling.

We replaced the census population data with a set of hypothetical individuals whose houses
are located at directions where our dispersion modeling estimated higher average air
concentrations (and, therefore, higher average exposures) relative to other directions,
indicating they are directly downwind from the hypothetical O&G sites relatively
frequently. For O&G development activities, these locations correspond to the direction with
the largest mean-maximum 1-hour-average air concentrations at each modeled distance from
the well pad, as modeled in the dispersion assessment (see Section 2.7.3). For O&G production
activities, these locations correspond to the direction with the largest annual-average air
concentration modeled with unit emissions at each distance from the well pad (see Section 2.8).
These locations can change by modeled site, O&G activity, and, for development activities,
emitted VOC. In our modeling for these HHRAs, APEX uses stochastic sampling from U.S.
data sets to assign physiological characteristics to the hypothetical individuals living at
these locations.

We customized the human activity data by selecting activity diaries for adults surveyed from
the Mountain West region of the US (due to data limitations, for youth and older adults we
selected activity diaries from the full U.S. survey data set). We selected three micros where
these activities take place (indoors, outdoors, and in-vehicle), and, with no modeled indoor
sources of pollution, the estimated VOC air concentrations in these micros are directly related to
the outdoor ambient air at all times. We also do not include background pollution sources—the
goal was to estimate population-level exposures to VOCs emitted by the O&G activities
currently being evaluated.

8 APEX is a stochastic (probabilistic) model because it samples from probability distributions for a variety of model
inputs. Sampling from these distributions—for inputs such as the physiological and demographic characteristics of the
simulated individuals and the manner in which outdoor air penetrates into buildings and vehicles—creates a variety of
potential exposure scenarios across the simulated population and environments.
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We utilized unit air concentrations (1 pg/m?) for the APEX runs, and then we utilized custom
post-processing algorithms to tailor the air quality (and, ultimately, the exposure) to the VOC air
concentrations output from the dispersion assessment for each O&G site, O&G activity,
distance from the well pad, and VOC. This tailoring in post-processing is possible because the
0O&G activities modeled in the dispersion assessment are assumed to be the only
sources of the modeled VOCs included in these HHRAS, therefore making the APEX-
modeled exposures directly proportional to the modeled air concentrations (a 50-percent
increase in outdoor ambient air concentration causes a 50-percent increase in modeled
exposure on that hour).

The result of the APEX modeling is an hourly time series (for one year) of exposure
concentrations for each hypothetical individual exposed to 1 pg/m? of a generic airborne
chemical. These output exposure concentrations can be interpreted as the hourly exposure
concentration per unit air concentration. Exposure concentrations are time-averaged air
concentrations that the hypothetical individual experiences. They take into account time
spent in various micros across a period of time (as dictated by stochastic sampling of
activity diaries) and the estimated air concentrations in those micros (as estimated
through stochastic sampling of penetration factors [PENs] of outdoor air moving into the
micros).

Though most development activities on a well pad will last less than one year, we ran APEX for
one year so that we could generate many different hypothetical one-hour and multi-day
exposure scenarios that we could sample from across the year. A one-year model run allowed
us to capture any seasonal differences in the activities individuals undertake in their daily lives,
and through randomized sampling of many modeled air concentrations it also allowed us to
generate many possible short- and longer-term sequences of air concentrations.

Because of the stochastic sampling involved in an APEX run, enough hypothetical individuals
must be included to ensure convergence in the results (i.e., that the variability in modeled
exposures across those individuals reasonably reflects the variability expected across a larger
population). While about 500 individuals appeared to be sufficient based on our convergence
testing, we have chosen to run 1,000 hypothetical individuals per age group in each APEX
run, which ensures convergence with a cushion to account for unique scenarios with higher
variability (see Section 3.4.3 for details). We defined broad age groups for youth (ages 0-17
years), adults (ages 18-59 years), and older adults (ages 60 years and above). With 8,760
hours per year®, this results in 8.76 million hourly exposure values per age group per APEX run,
which we post-process to obtain VOC- and location-specific exposures.

The post-processing initially creates estimates of hourly exposures to each of 47 VOCs
emitted by each modeled O&G activity from each hypothetical O&G site, for thousands of
hypothetical individuals located across many distances from the sites. This produces
terabytes of data which must be summarized more succinctly to be manageable in a risk
assessment. We condensed the hourly exposure data into daily averages and daily maxima for
each hypothetical individual, and we utilized these distributions of daily exposures to estimate
risks, as described in Sections 4 and 5.

° Throughout this report, we may refer to 365 days or 8,760 hours in a year. Correspondingly, we may also refer to
how many days or hours we have across 1,000 modeled individuals (equaling 365,000 days or 8.76 million hours). In
some cases, a leap year is also possible, but for simplicity of discussion in this report we refer to counts of days and
hours for non-leap years.
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3.1.1. Key Modeling Settings and Assumptions

In this section, we present a condensed list of the key settings and assumptions used in the
exposure modeling in these HHRAs. We discuss these in more detail throughout Section 3.

= Inhalation was the only exposure pathway considered

m  We simulated 1,000 hypothetical individuals in each of three distinct age groups at each
modeled distance from the well pad

m  We used modeled outdoor air concentrations from AERMOD (Section 2) as ambient outdoor
concentrations at hypothetical residences. For development activities, on an hour-by-hour
basis, we sampled from the database of maximum modeled concentrations (for acute
exposure) or mean modeled concentrations (for subchronic and chronic exposure) from the
Monte Carlo iterations used in the dispersion assessment. For production activities, we
employed time series of concentrations derived from unit emissions mapped to randomly-
sampled emission rates.

= The chemical concentration in air at the time of exposure depended on the outdoor
(ambient) air concentration at the simulated individual’'s residential location, which of three
micros the individual was in (outdoor, indoor, or in-vehicle), and how fully the chemical
penetrated from outdoors into the micro (with PENs derived from literature sources and
assigned to groups of the modeled VOCSs)

® A simulated individual’s micro location at a given time was assigned based on a national
database of activity diaries (assigned probabilistically based on age and gender). For
working-age adults, the diaries were specific to the Mountain West states.

= Simulated individuals remained at the same distance and cardinal direction from the source
(well pad) at all times—even when assigned activities such as working or traveling—so the
ambient outdoor concentrations were always sampled from that specific location

= Acute exposures occurred across one hour, while subchronic and chronic exposures
occurred across some number of days as dictated by the assumed average O&G activity
duration

3.2. APEX Modeling Inputs

In this section, we describe the various inputs required for APEX modeling and how we handle
them (assumptions, settings, data sources, etc.) in these HHRAs. With the inputs, assumptions,
and settings described below, we conducted a total of 18 APEX runs (with 1,000 simulated
individuals each) using unit outdoor ambient air concentrations (1 pg/m?) for each combination
of groups of VOCs (grouped by PEN; n=2), O&G site (n=3), and age group (n=3). We then post-
processed the results of these model runs as described in Section 3.3 to yield specific simulated
exposure results for 1,000 hypothetical individuals for each combination of age group (n=3),
distance from well pad (n=14 for development and 16 for production), O&G activity (n=3 for
development and 1 for production), and size of well pad (n=3 for development and 1 for
production).
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3.2.1. Simulated Population Demographics

Typical APEX runs use actual population data (from the U.S. Census Bureau) in various census
tracts. However, these are geographically large units (often many miles across for places
outside cities), which would not provide the necessary level of detail in terms of distance from
the well pad. Also, though we use real meteorology data from real sites in Garfield County and
the NFR, the simulated O&G sites and the hypothetical individuals living near them are
intended to be generic (rather than real, specific sites and actual nearby neighborhoods).
Therefore, for these APEX runs we consider hypothetical individuals at residences located at
specific distances from the hypothetical well pad, at radial directions determined in the
dispersion assessment to experience the highest average air concentrations as described
earlier in Section 3.1 (customized by O&G site, O&G activity, and, for development activities,
emitted VOC). Figure 2-18 in Section 2.8 depicts the selected receptors for the production
activity at the modeled Rifle site in Garfield County. APEX considers the ambient air to be co-
located with each residence (that is, the air concentrations from AERMOD modeling are
assumed to reflect air directly outside the residences at these receptors and available to
penetrate into the different micros as discussed below).

The population is divided into the three broad age groups listed below, with hypothetical heights
and weights assigned from distributions of survey data collected nationally.

= youth (below 18 years old)
m adults (18-59 years old)
= older adults (age 60 years and above)

Ages have some relevance because people spend different amounts of time in the various
micros at different life stages, therefore receiving different exposures. For example, we would
expect a typical 30-year-old individual to be involved in more outdoor activities than a typical 75-
year-old individual. Since the available toxicity criteria values (discussed in Section 4) were
developed by the agencies to be protective of the general population including sensitive
subgroups such as children and senior citizens, there was no practical need to evaluate
exposures and risks for each year of age separately (which would have been computationally
very intensive).

We did not model young children (say, ages 0—6 years) separately from older children for
several reasons, including: the limited number of available activity diaries, the lack of separate
health criteria, and the fact that such children are almost always accompanied by an adult. Two
persons of different ages who are always at the same place at the same time will experience the
same air concentrations. Therefore, young children will have the same exposures as the adults
who are with them, and the adults are captured in the other age groups.

Convergence testing (described in Section 3.4.3) showed that a minimum of about 500
hypothetical individuals in each age group (at each modeled location) should be sufficient to
capture most of the variability in exposure across the simulated population (variability related to
stochastic sampling of the physiological characteristics and activities of modeled individuals).
We chose to model 1,000 hypothetical individuals in each age group (at each modeled
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location) to provide a buffer for potential unique cases of higher variability that may
cause exposure results to converge more slowly.

3.2.2. Activity Diaries

APEX uses activity data to estimate how much time modeled individuals spend in various
micros. Different patterns of activities are expected between youth, adults, and older adults, and
some differences may also be seen by geographic location (differences in activity patterns
between locations of the country may lead to noticeable differences in exposure estimates).

The human activity data used in these APEX runs come from EPA’s Consolidated Human
Activity Database (CHAD; EPA, 2016a). CHAD is a collection of data from more than 20
different studies, with subjects located throughout the US. Many subjects supplied one diary day
(24 hours of activities) to CHAD, but some supplied more. APEX treats each 24-hour diary from
CHAD as separate. APEX stochastically assigns CHAD diaries to a modeled individual
based on several criteria: similarity of modeled demographics (age, sex, employment,
etc.), matching each day by the weekend-weekday distinction, and matching the
temperature bin based on the corresponding input meteorology (the temperature bins
being maximum ambient temperature below 55, 55-83, and 84 °F or warmer). The
geographic locations of diaries are not considered in the diary-selection process in APEX, but
the overall diary data set may be restricted to certain geographic areas to focus on activity
patterns that may be unique to those areas.

For this application, we analyzed CHAD by the state of residence for each diary day. For youth,
it is important to match the age of the simulated individual closely to the age of the diary subject,
which limits the number of CHAD diaries available to be matched to a given simulated youth.
Therefore, it was not possible to restrict CHAD geographically to Colorado or a region around
Colorado (for youth) without unduly constraining the number of available diaries. Therefore, we
used diaries from youth across the US. For adults, diaries were sampled from the
Mountain West states, as the number of diaries from Colorado alone was too constraining, but
the number of diaries from the Mountain West states (namely: Colorado, Arizona, ldaho,
Montana, Nevada, New Mexico, Utah, and Wyoming) was sufficiently large for robust stochastic
sampling. For older adults, as with youth, we utilized the full U.S. set of CHAD diaries, due
to the insufficient number of diaries available for this age group from Mountain West
states alone. Since the various age groups are co-located (at preset distances from the
source), the only difference in activities between the age groups is the allocation of their time
among the micros, based on their diary activities. We discuss the potential impacts of these
diary assignments in Section 3.6.3.2.

3.2.2.1. Commuting

If “real” individuals were being modeled (that is, the set of people living in a particular census
tract), then real commuting data may also be used in an APEX run. Commuting data would
describe the distribution of work census tracts for each home census tract (where a person
lives). APEX would then stochastically select one of the work locations for a simulated
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employed individual and account for exposure in that specific location for the hours in the
activity diary that correspond to work.

However, our population and locations are hypothetical, so no workplace data exist for them.
We therefore made the conservative assumption that all the employed individuals
essentially work at home in our simulations, and therefore they remain close to the well
pad all day long. During times when the activity diary indicated that the simulated individual
was traveling in a vehicle (whether to/from work or other vehicle trips), we allowed the individual
to be in the in-vehicle micro, which affects exposure during those times through PEN values
unique to vehicles. However, the vehicle is simulated such that it never leaves the home
location, so that the corresponding outdoor ambient air concentrations are always that of the
home location. We discuss the potential impacts of these commuting assumptions in Section
3.6.3.1.

We did not utilize any site-specific employment-probability data in our modeling. Simulated
individuals engaged in work-related activities (commuting to and from work, being at the office,
etc.) based solely on their assigned activity diaries. Therefore, the probability of engaging in
these activities is equal to the probability of being assigned an employed person’s diary (i.e., the
fraction of employed individuals represented in CHAD) rather than the geographically
representative employment probability in the modeled regions of Colorado.

3.2.3. Microenvironments and Penetration Factors

Micros are locations in the modeled region with distinct air concentrations of modeled
chemicals. APEX simulates the movement of individuals through time and space (based on
activity diaries) to estimate their exposure to a modeled pollutant in a set of user-defined micros.
We selected the three micros listed below.

= indoors
= outdoors
= in-vehicle

We selected the APEX “factors” (or linear-regression) method to characterize the penetration of
chemicals in the outdoor ambient air into each micro. In this method, each micro’s chemical air
concentration has a linear relationship to the outdoor ambient air concentration at the same
point in time and space. The regression intercept reflects the air concentration in the micro in
the absence of any external source, which reflects the contribution only of sources within that
micro. In this project, we set the intercepts to zero because we want to evaluate the exposure to
VOCs from the O&G operations alone. The regression slope reflects the combined effects of
two terms: proximity and PEN.

Proximity in APEX refers to any relationship between a modeled location of exposure and the
location where outdoor ambient air concentrations were estimated. In these HHRAS, we have
explicitly modeled this relationship using AERMOD—we place hypothetical populations at the
locations where we estimated air concentrations in the dispersion assessment—so we set the
proximity factor in APEX to 1.
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The PENSs are different for each micro and they vary between chemicals. PEN, or penetration
factor, for any micro refers to the ratio of a chemical’'s concentration in the micro to the
chemical’s outdoor concentration. PEN is always set to 1 for the outdoor micro (micro air
concentrations equal outdoor ambient air concentrations). For the indoor and in-vehicle micros,
we conducted a detailed literature analysis of PENs for the modeled VOCs, as discussed in
Section 3.2.3.1.

3.2.3.1. Penetration Factors for Indoor and In-vehicle Microenvironments

After APEX is given an hourly time series of outdoor ambient air concentrations, it chooses a
PEN for each simulated individual and micro, and it estimates the air concentrations in the
micros by multiplying the outdoor concentrations by the PENs (and by proximity factors, which
we set to 1). Running APEX separately with different PENs for each of the 47 VOCs would be
very computationally intensive and lead to data-management issues. Therefore, similar to the
modeling of age groups, we reduced the number of APEX runs by grouping VOCs and running
APEX at the VOC-group level. As a starting point, we grouped the 47 modeled VOCs into four
initial groups (two final groups as discussed further below) based on vapor pressure (Vp), which
is a measure of chemical volatility, and other chemical properties related to volatility (boiling
point and octanol-to-air partition coefficient). Higher-V, (more-volatile) chemicals are more likely
to penetrate more fully into all typical micros. We used K-means, a commonly used clustering
algorithm in the R programming language, for grouping VOCs by these chemical properties into
the four initial groups listed below and shown in Table 3-1. The clusters corresponded well to
ranges of log10(V,) values, so here and in the table we define them by log10(V;) values even
though the clustering algorithm also considered boiling point and octanol-to-air partition
coefficient.

a) benzene/toluene with functional groups, and very large alkanes: log10(V,) around 0 to 5
b) benzene group: log10(Vp) around 6 to 9
c) large alkanes and alkenes (butane, pentane, butene, pentene): log10(V,) around 5 to 12

d) smaller alkanes and alkenes: log10(Vp) greater than 12.5

Table 3-1. Selected Indoor Penetration Factors (Indoor-to-outdoor Ratios) for Modeled Chemical
Groups

Data Availability in Literature
Modeled (number of studies with PEN

Final Initial Range data for at least 1 chemical
Group | Group Chemical Description of PENs within the chemical group)
1 a benzene/toluene with functional groups and 0.1-1 yes (12)

very large alkanes: 1og10(Vp)=0-5
b benzene group: 10g10(Vp)=6-9 0.1-1 yes (18)
2 c large alkanes and alkenes-butane, pentane, 0.9-1 only one point value for pentane
butene, pentene: 1og10(Vp)=5-12) (0.9)
d smaller alkanes and alkenes: log10(Vp)>12.5 0.9-1 no

Notes: 1og10 = logarithm base 10; V, = vapor pressure; PEN = penetration factor.
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To understand the distributions of PENs in each of the four VOC groups listed above, we
conducted a search for literature with data on PENSs for each of the 47 VOCs modeled in these
HHRAs. The field studies captured by the search were conducted in various micros, such as
residences, schools, offices, libraries, public buildings, non-smoking cafes and pubs, and
industrial areas, among others. The studies together covered the four seasons, and seasonal
variability seen in the PENs were potentially due to variations in building or vehicle ventilation
rates, usage of heating systems in winter, increased volatilization/availability of VOCs in the
warmer months, etc. A PEN less than 1 is correlated with mostly outdoor sources of the
chemical, and a PEN greater than 1 is correlated with potential indoor sources. Since one of our
chief assumptions in these HHRAs is that there are no indoor sources or background sources of
the 47 VOCs, we restricted our search to only those studies which had results of
measured/modeled PENSs less than 1.

The differences between the PEN groups lie mainly in the lower limits of the distributions, which
apply to “tight” houses. In all cases, a house with a very high air-exchange rate (due to open
windows or doors) will have PENSs close to 1.0 for all chemicals. We made the health-protective
assumption that all chemicals could have these high PENSs, although the groups with smaller
lower limits (down to PEN=0.1) also have lower means.

For VOC groups a and b, numerous PENs were available in the literature. We identified the
minimum-maximum range of PENs among all the VOCs in the group (see Table 3-1) and let
APEX sample a value from the range at random for each modeled individual. For groups a and
b, we expected some lower PEN values due to the lower V, values of the constituent VOCs;
indeed, the resulting ranges of PENs were 0.1-0.95 for group a and 0.1-1 for group b. In order
to be computationally efficient, we combined the two groups of VOCs into VOC group 1,
assigning it acommon indoor PEN range of 0.1-1 for the APEX runs. For group c (a group
of VOCs with high V, values), we would expect high PENs. We were able to find one point value
of 0.9 for pentane that excludes indoor and background sources, so we conservatively assigned
a PEN range of 0.9-1 for the VOC:s in this group. For group d (VOCs with very high V, values),
due to a dearth of literature data where indoor and background sources were excluded, we
conservatively assigned a range of high PENs from 0.9 to 1, assuming that due to their high
volatility they will penetrate indoors quite easily. For computational efficiency, we combined
VOC groups c and d into VOC group 2, assigning it acommon indoor PEN range of 0.9-1.
We show in Table 3-2 the chemicals modeled in penetration group 1 and penetration group 2.
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Table 3-2. List of Modeled Chemicals by Final Indoor Penetration Group

Penetration Group 1 (Values 0.1-1) Penetration Group 2 (Values 0.9-1)
1,2,3-trimethylbenzene benzene 1-butene
1,2,4-trimethylbenzene cyclohexane 1-pentene
1,3,5-trimethylbenzene cyclopentane 2,3-dimethylpentane
1,3-diethylbenzene ethylbenzene cis-2-butene
1,4-diethylbenzene isopropylbenzene cis-2-pentene
2,2,4-trimethylpentane m-+p-xylene ethane
2,3,4-trimethylpentane methylcyclohexane ethene
2,4 dimethylpentane n-decane isobutane
2-ethyltoluene n-heptane isopentane
2-methylheptane n-hexane isoprene
2-methylhexane n-nonane n-butane
3-ethyltoluene n-octane n-pentane
3-methylheptane n-propylbenzene propane
3-methylhexane o-xylene propene
4-ethyltoluene styrene trans-2-butene

toluene trans-2-pentene

With respect to the in-vehicle micro, our literature search typically suggested a high PEN,
usually greater than 1 (owing to in-vehicle emissions/accumulation over time). We found a few
cases of in-vehicle PENs between 0.9 and 1. Keeping in mind our assumption of no in-
vehicle/background sources of VOCs, we chose an in-vehicle PEN range of 0.9-1 for all
VOCs.

We list in Appendix A the literature which we found relevant in our review of PENs. We discuss
the potential impacts of PEN selections in Section 3.6.3.3.

3.2.4. Outdoor Ambient Air Concentrations

The APEX runs used constant unit air concentrations (1 pg/m?3) as inputs for all hours of a year
and at all locations, resulting in ratios of microenvironmental exposures to a 1-ug/m?® outdoor
ambient air concentration for each modeled hour, which later in post-processing is converted to
actual estimates of VOC exposure (as discussed in Section 3.3.2). We do this to reduce the
computational complexity and the required number of model runs while increasing our flexibility
to create many exposure scenarios in post-processing.

3.3. Generation of Exposure Outputs

In this section, we describe how we post-process the APEX outputs in order to produce
estimates of exposure stratified by O&G site, well-pad size, O&G activity, VOC, distance from
well pad, and individuals in each of the three age groups. Throughout this section, we refer to
Figure 3-1, where we briefly illustrate the post-processing steps.

We list below the time frames of exposure that are relevant to these HHRAs. We discuss the
health-protective toxicity criteria values, used to compare against exposure outputs, in Section
4,

= Acute: 1-hour-average exposures are compared to acute toxicity criteria values
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m  Subchronic: 24-hour- to 365-day-average exposures are compared to subchronic toxicity

criteria values

= Chronic: exposures lasting more than 365 days are averaged and compared to chronic

toxicity criteria values

Section 2.7.3

Air

concentrations
for O&G
development

(values from
2,000 AERMOD
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values (acute: max;
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Section 3.3.1
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series of VOC mub)',p Y
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ma time series for
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Section 2.8
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for O&G Randomly apply
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(time series of
Chi/Q values)

Section 3.3.2

VOC exposure
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* O&G site
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well pad

« VOC
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Estimate daily-max &
daily-average exposure
concentrations for each
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each day of the year

(365,000 total person-

day values per age
group).
Estimate yearly-average
exposure concentrations

(1,000 values per age

group).

—

Section 3.3.2

Exposures

Notes: Section numbers refer to this report.
0&G = oil and gas; Chi/Q = air concentration per unit emission; VOC = volatile organic compound; APEX = U.S.

EPA Air Pollutants Exposure Model; max = maximum.

Figure 3-1. Overview of Steps for Post-processing APEX Outputs

3.3.1. Generation of Time Series of Outdoor Ambient Air Concentrations

The generation of scenario-specific exposure outputs involves multiplying the APEX outputs
(year-long time series of modeled ratios of exposure to a 1-ug/m? outdoor ambient air

concentration) with hourly estimated outdoor ambient air concentrations for each combination of

0O&G site, O&G activity, distance from the well pad, well-pad size, and VOC. We followed
different steps to construct the time series of air concentrations for development activities
versus production activities, as we explain below and as we illustrate in the left two sets of

boxes in Figure 3-1.

3.3.1.1. Development

In the case of the three modeled O&G development activities, for each modeled VOC the
dispersion assessment yielded summary values of air concentrations for 2,000 simulations
(iterations) at the expected-maximum modeled receptor at each distance ring (as described in
Section 2.7). For potential use in exposure modeling, the summary values saved from those
iterations were the maximum, mean, median, and several percentiles of air concentrations
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calculated across the hours of each iteration (the number of hours in an iteration depended on
the O&G site and the duration of the O&G development activity).

For the acute and subchronic/chronic estimates of exposure, we used different statistics from
these iterations to create year-long time series of air concentrations for each exposure scenatrio,
as we describe below.

= Acute: For each hour of the year-long time series of APEX air concentrations, randomly
choose one of the 2,000 dispersion iterations and use its maximum 1-hour-average VOC
air concentrations, specific to each distance from the well pad, using the same hour-to-
iteration mapping at each distance ring. Ensure that each VOC'’s highest value from among
the 2,000 maximum iteration values is included in the selections (these highest values being
determined at the first distance ring).

= Subchronic/chronic: For each hour of the year-long time series of APEX air
concentrations, randomly choose one of the 2,000 dispersion iterations and use its mean
VOC air concentrations, specific to each distance from the well pad, using the same hour-
to-iteration mapping at each distance ring. Ensure that each VOC's highest value from
among the 2,000 mean iteration values is included in the selections (these highest values
being determined at the first distance ring)..

3.3.1.2. Production

In the case of O&G production, as discussed in Section 2.8, the dispersion assessment yielded
hourly Chi/Q values (values of concentrations per unit emissions) for one year at the receptor
per distance where the annual-average Chi/Q was largest (where meteorological conditions on
average lead to the highest air concentrations, if emissions are held constant). A total of 55
different hourly emission rates were available for each chemical derived from the 3-minute CSU
measurements (55 different experiments). For each hour of the year, we multiplied the Chi/Q
value (specific to each distance from the well pad) by the hourly VOC emission rates
from arandomly selected CSU experiment, to arrive at a year-long air-concentration time
series for each exposure scenario and VOC (employing emission rates derived from the same
CSU experiment for all VOCs on a given hour).

For the hypothetical O&G sites in Garfield County (BarD and Rifle), distinct time series of Chi/Q
values were available from the dispersion assessment. However, for the NFR site we created a
hybrid time series of air concentrations by quasi-randomly merging the time series of Chi/Q
values at the hypothetical Ft. St. Vrain site with that at the Anheuser-Busch site before applying
the randomly selected emission rates per hour. This is similar to the dispersion assessment
where for development activities we collected the 2,000 iterations of NFR air-concentration data
by randomly selecting from either site approximately equally (see Section 2.7.2).

Unlike for development activities, for production activities we did not ensure that the maximum
possible air concentration (according to our modeling) was included in our exposure modeling.
On the hour of the year with the highest Chi/Q value, we multiplied the Chi/Q value by the hourly
emissions corresponding to a randomly selected CSU emission experiment. That randomly
selected experiment may or may not have the highest observed emission rate of a given VOC,
and so we may or may not be simulating the highest possible air concentration of that VOC.
Further, the highest emission rate of one VOC may not have been measured in the same
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experiment as the highest emission rate of another VOC, so it was not possible to both
maximize potential air concentrations for all VOCs and have all the emissions on a given hour
come from the same emission experiment. In a limited quality assurance step, we observed that
the maximum chemical air concentration we produced with our methods could be 10- to 50-
percent lower than the conservative, maximum-possible air concentrations that would have
been produced by aligning maximum Chi/Q with maximum emissions.

3.3.2. Post-processing of Exposures

After generating the time series of VOC air concentrations, we multiplied them by the APEX
outputs (time series of ratios of exposure to a 1-ug/m?® outdoor ambient air concentration),
resulting in a year-long time series of hourly VOC exposure concentrations (as illustrated in the
pink box in the middle of Figure 3-1). We generated these time series of VOC exposures for
each hypothetical individual at each modeled O&G site, O&G activity, distance from well pad,
and well-pad size. Then, for use in risk assessment, we processed the exposure time series
as we described in Sections 3.3.2.1-3.3.2.3 to estimate acute, subchronic, and chronic
exposures for the hypothetical individuals. These steps correspond to the right two sets of
boxes in Figure 3-1.

We produced estimates of acute, subchronic, and chronic exposures for all O&G activities and
series of activities, as applicable. As noted in Table 3-3, new calculations of acute exposures
are not needed for sequential series of activities (“back-to-back” activities) because the largest
acute exposure from across the individual activities will also be the largest of those activities in
series (see “Redundant” designations in the table).
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Table 3-3. Durations of Activities for Exposure and Risk Modeling

Size of
Well

Pad /
Number
AVEIS

Activity

Weighted
-average
Activity
Duration

Subchronic

Chronic

lacre/ | Northern Drilling 4 Evaluated | Evaluated N/A
1 well Front Range | Fracking 2 Evaluated | Evaluated N/A
Flowback 5 Evaluated | Evaluated N/A
All Development Back-to-back | 11 Redundant | Evaluated N/A

Production 10,957 Evaluated | N/A Evaluated

All Activities Back-to-back 10,968 Redundant | N/A Evaluated
Garfield Drilling 4 Evaluated | Evaluated N/A
County Fracking 1 Evaluated | Evaluated N/A
Flowback 14 Evaluated | Evaluated N/A
All Development Back-to-back | 19 Redundant | Evaluated N/A

Production 10,957 Evaluated | N/A Evaluated

All Activities Back-to-back 10,976 Redundant | N/A Evaluated
3 acres/ | Northern Drilling 32 Evaluated | Evaluated N/A
8 wells Front Range | Fracking 16 Evaluated | Evaluated N/A
Flowback 40 Evaluated | Evaluated N/A
All Development Back-to-back | 88 Redundant | Evaluated N/A
Production® 10,957 N/A N/A N/A

All Activities Back-to-back?® 11,045 Redundant | N/A Evaluated
3 acres/ | Garfield Drilling 64 Evaluated | Evaluated N/A
16 wells | County Fracking 16 Evaluated | Evaluated N/A
Flowback 224 Evaluated | Evaluated N/A
All Development Back-to-back | 304 Redundant | Evaluated N/A
Production? 10,957 N/A N/A N/A

All Activities Back-to-back? 11,261 Redundant | N/A Evaluated
5acres/ | Northern Drilling 128 Evaluated | Evaluated N/A
32 wells | Front Range | Fracking 64 Evaluated | Evaluated N/A
Flowback 160 Evaluated | Evaluated N/A
All Development Back-to-back | 352 Redundant | Evaluated N/A
Production? 10,957 N/A N/A N/A

All Activities Back-to-back? 11,309 Redundant | N/A Evaluated
Garfield Drilling 128 Evaluated | Evaluated N/A
County Fracking 32 Evaluated | Evaluated N/A

Flowback 448 Evaluated | N/A Evaluated

All Development Back-to-back | 608 Redundant | N/A Evaluated
Production® 10,957 N/A N/A N/A

All Activities Back-to-back?® 11,565 Redundant | N/A Evaluated

Notes: Evaluated (shaded green) = evaluated this exposure scenario. Redundant (shaded yellow) = the largest
acute exposures during a sequence of activities will equal the largest acute exposure from across the activities
making up the sequence, so a separate evaluation for the series was not needed. N/A (shaded gray) = not
applicable: exposures lasting more than 365 days received a chronic evaluation (not subchronic), and exposures
lasting 365 days or less received a subchronic evaluation (not chronic); also used to indicate that we did not
evaluate hypothetical production sites other than 1 acre.
a We assessed oil and gas production only on 1-acre well pads, as discussed in Section 2.4. Following single- and
multi-well development scenarios, the production phase was always 1 acre in our simulations.

We also show in Table 3-3 the assumed durations of each O&G activity or series of activities at
each O&G site, which are relevant for estimating subchronic and chronic exposures. In the
dispersion assessment, the Monte Carlo processing created simulated development-activity
dispersion events (iterations) whose durations we sampled from the frequency distribution
shown in Table 2-1. Then, as discussed in Section 3.3.1.1 above, we saved summaries of each
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iteration’s air concentrations and used those to create time series of air concentrations for the
exposure assessment. To calculate average subchronic and chronic exposures related to an
O&G activity, for simplicity we utilized a single activity duration for each O&G site and activity,
where we summarized the distribution of durations using frequency-weighted averaging. For
example, for fracking in Garfield County, Table 2-1 indicates 85 percent of wells are fracked in 1
day, 13 percent in 2 days, and 2 percent in 4 days, so the weighted-average duration of fracking
one well in Garfield County is 1 day (as indicated in Table 3-3 above). A one-day activity
duration is appropriate for subchronic evaluation (see “Evaluate” designation in the table) but
not chronic (see “Do not evaluate” designation in the table), which we define as exposures
lasting more than 365 days.

Subchronic evaluation is not needed for O&G activities or series of activities lasting more than
365 days. For all scenarios, we assume that each well (if there is more than one) is drilled one-
by-one with no overlap and no break between wells. Similarly, each well is then sequentially
fracked, and subsequently each well undergoes flowback. All wells then simultaneously begin
producing. For some multi-well scenarios, some individual development activities and series of
development activities last more than 365 days, qualifying them for chronic evaluation rather
than subchronic. We assume that a well produces for 30 years, which qualifies for chronic
evaluation.

3.3.2.1. Acute Exposure Estimation

For each of the 1,000 hypothetical individuals modeled per age group and per distance from the
well pad (at one selected receptor per distance) at a given hypothetical O&G site, we identified
the daily-maximum exposures to emissions from each O&G activity across the whole year
(the maximum value among the 24 hourly exposure values within a day, for all days of the year).
This created a total of 365,000 unique estimates of acute exposure across the hypothetical
population (per O&G site, well pad size, O&G activity, age group, VOC, and distance from the
well pad). Put another way, we identified each hypothetical individual’s largest 1-hour-
average exposure per day and O&G activity across a year of potential O&G activity,
where the simulated activity can be occurring at any time of year. For convenience, we
refer to each of these 365,000 days as “person-days” because they correspond to each
hypothetical person on each modeled day. The maximum value of acute exposure from a serial
seqguence of activities (e.qg., drilling, fracking, and flowback back-to-back) will simply be the
highest acute exposure estimated from across the individual activities (e.qg., if flowback has the
highest value, then that will be the highest value from all development activities in sequence).

Recall, however, that for development activities each calendar day in the exposure modeling
comprises randomly selected air-concentration values, which means that each hour in the
exposure assessment corresponds to a random hour of the year(s) in the dispersion
assessment. Therefore, except for the production phase, calendar days in the exposure
assessment do not correspond to contiguous hours of real observed meteorology on that day,
and even the real contiguous meteorology reflected in the Chi/Q time series employed for
production®® is randomly combined with emission rates to produce the requisite time series of air

10 At the hypothetical Garfield County O&G sites in these HHRAs, the time series of Chi/Q values for use in the
assessment of O&G production activities utilizes a real time series of contiguous hours of meteorology. The same is
not true for the hypothetical NFR site because we constructed the NFR Chi/Q time series by randomly selecting from
either the Ft. St. Vrain time series or the Anheuser-Busch time series hour-by-hour.
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concentrations. As a result, for all O&G activities, a year’s worth of daily-maximum exposures as
identified above will not match a year's worth of daily-maximum exposures if calculated using
contiguous hours of emissions (which we do not have), meteorology, and dispersion.

We utilized this daily-maximum approach to efficiently identify a wide range of possible acute
exposures across various human activities and modeled air-concentration scenarios. Even
though we constrain this collection of exposure results to one receptor per distance from the
well pad and to each individual's highest exposure per day, the resulting set of values (365 per
individual, 3,000 individuals per receptor) is still wide-ranging due to the different meteorological
conditions and emissions values inherent in the air-concentration data and, to a lesser extent,
due to different patterns across individuals of time spent outdoors versus indoors or in-vehicle.
From these data, we identified the largest 1-hour-average exposure value from all person-days
across the hypothetical population (the most-exposed simulated individual), which is the worst-
case potential acute exposure according to our methodology (this corresponds to a real hour
of meteorology combined with a real observed emission rate). The largest acute exposures in
the modeling occur when the outdoor ambient air concentration is the highest (a combination of
conservative meteorology and a high emission rate) and when the hypothetical individual
experiences PEN=1 for that entire hour (he/she is either outside the whole hour, or is in micros
where APEX assigned the individual a PEN=1). In collecting the daily-maximum exposures from
all simulated persons (the maxima from all person-days), we can put into context that worst-
case potential acute exposure by relating it to the distribution of other potential daily-
maximum acute exposures from across the simulated year and the hypothetical
population. As noted above, we do this with the caveat that the exposures are not the same as
they would be if calculated using contiguous hours of emissions (which we do not have),
meteorology, and dispersion.

3.3.2.2. Subchronic Exposure Estimation

We estimated subchronic exposures only during development activities, since the production
activity has a long duration (30 years) that meets the definition of chronic exposure (more than
365 days). Some multi-well scenarios also have development activities that last more than 365
days, and sequences of development activities that last that long, and in those cases we
evaluate chronic exposures instead of subchronic exposures.

Per age group and distance from the well pad at a given hypothetical O&G site, we identified the
average exposure for each person-day (for each of the 1,000 hypothetical individuals, the
average exposure from among the 24 hourly exposure values within a day, for each day of the
year). Based on O&G activity durations unique to each O&G site and activity (see Table 3-3),
we calculated a series of average exposures starting on each calendar day and extending
through the assumed activity duration, leading to a total of 365,000 unique estimates of
subchronic exposure across the hypothetical population (per O&G site, O&G activity, well-pad
size, age group, VOC, and distance from well pad). That is, for each possible multi-day
period over which an O&G activity can occur in a year, we identify each hypothetical
individual’'s average exposure for the activity. Note that in calculating these “rolling
averages”, when the ‘starting’ day results in the rolling average crossing over into the following
year, we employ exposure values from the beginning of the time series to account for this
overlap between years (when at the end of the year, if needed we “wrap around” back to
January). For convenience, we refer to each of these 365,000 multi-day periods as “person-
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periods” because they correspond to each hypothetical individual in each modeled multi-day
period of exposure.

As noted above for estimations of acute exposure, the calendar days in the exposure modeling
of development activities do not reflect real calendar days made up of contiguous hours of real
observed meteorology and dispersion. However, averaging the hourly modeled exposures
across periods of time, especially across many days, will cause the average values to approach
real potential average values of subchronic exposure, as they will incorporate variable
meteorological conditions (meteorology can be highly variable hour-to-hour and day-to-day) and
variability in emission rates (which was observed in the CSU measurements).

We utilized this approach of calculating multi-day average exposures (average person-period
exposures) to efficiently identify a wide range of possible subchronic exposures across various
series of human activities and modeled air-concentration scenarios. From that, we identified the
largest person-period from across the simulated population (the most-exposed simulated
individual), which is the worst-case potential subchronic exposure according to our
methodology. The largest subchronic exposures in the modeling occur at the most conservative
overlap of high average outdoor ambient air concentrations (a combination of conservative
meteorology and high emission rates on average) and high average PENs across the micros
where the hypothetical individual spends time. In collecting all simulated person-period
exposures, we can put into context that worst-case potential subchronic exposure by
relating it to the distribution of other potential subchronic exposures from across the
simulated year and the hypothetical population.

After estimating subchronic exposures for drilling, fracking, and flowback activities individually,
we can then calculate subchronic exposures during back-to-back sequences of development
activities. These calculations utilize time-weighted averaging, where the subchronic exposures
calculated for the individual drilling, fracking, and flowback activities are averaged together
utilizing weights corresponding to their relative activity durations. We calculated these
subchronic weighted-average exposures for back-to-back development activities by randomly
selecting person-periods of drilling, fracking, and flowback from the exposure data available for
each hypothetical individual, resulting in 365 randomized combinations of back-to-back
development activities per individual. This leads to 365 different estimates of weighted-average
exposures per person and 365,000 estimates of weighted-average exposures across the
population of each age group at each distance from the well pad.

3.3.2.3. Chronic Exposure Estimation

We estimated chronic exposures only during individual O&G activities or back-to-back
sequences of activities that last more than 365 days. This includes production activities (30-year
duration) and individual development activities and series of development activities for some
multi-well scenarios (see Table 3-3). We do not assess activities for both subchronic and
chronic exposures—only one or the other based on duration.

For each of the 1,000 modeled individuals per age group and distance from the well pad at a
hypothetical O&G site, we calculated the annual-average exposures to individual activities
lasting more than 365 days. This leads to 1,000 unique estimates of chronic exposure (per O&G
site, qualifying O&G activity and well-pad size, VOC, age group, and distance from well pad).
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As described in Section 3.3.1.2, the individual hours of ambient air concentrations employed in
the exposure modeling of production activities reflect real hours of meteorology combined with
randomly selected emission rates, and these time series of air concentrations (and resulting
exposure concentrations) reflect contiguous hours of meteorology. Despite the hour-to-hour
randomness of the emission rates, the annual average of those hourly exposure concentrations
approaches a real potential value of chronic exposure (the average of randomly selected data
equals the average of ordered data). From the collection of annual-average exposures across
the hypothetical population, we can identify the most-exposed simulated individual and put
that into context by relating it to the distribution of annual-average exposures from
across the hypothetical population. The hour-to-hour construction of the time series of air
concentrations for development activities is randomized, but as with production the annual
average of the resulting hourly exposure concentrations approaches a real potential value of
chronic exposure.

As with estimating subchronic exposures for back-to-back sequences of O&G activities, for
chronic exposures we calculated a time-weighted-average exposure utilizing the exposures of
randomly selected individual activities, weighted by their respective durations. This results in
365 randomized combinations of back-to-back development activities per individual. The only
development scenarios reaching chronic-level duration are in Garfield County with 32 wells on a
5-acre pad (see Table 3-3), and exposures during flowback likely account for the majority of the
chronic back-to-back development exposure because flowback lasts substantially longer than
drilling and fracking and because air concentrations during flowback tend to be higher. For the
simulated back-to-back scenarios where production is included, we include in the time-weighted
averaging the individual’s chronic exposure during the 30 years of O&G production. In those
cases, the production exposures will account for most of the chronic exposure because of its
30-year time span, as compared to less than two years for the longest modeled development
sequence.

3.4. Quality Assurance and Quality Control

Throughout the workflow of the exposure modeling, we took many steps to ensure the accuracy
of modeling input and output data, as well as the proper functioning of data processing scripts.
In this section, we provide a synthesis of these steps as well as the results of some of the
quality assurance/quality control (QA/QC) procedures undertaken.

3.4.1. APEX Modeling Inputs

Several of the various APEX inputs, discussed in detail in Section 3.2, were identical to those
that are provided with the publicly available version of APEX released by EPA! and are
discussed in their documentation (EPA, 2017). For other inputs, either we modified the publicly
available versions or we created custom new versions. Below, we discuss briefly how we
generated these files and the QA steps we took prior to implementation in the APEX modeling.
In most cases, separate people conducted input generation and input QA.

11 The EPA website for APEX is https://www.epa.gov/fera/download-trimexpo-inhalation-apex.
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3.4.1.1. Air Quality

As noted in Section 3.3.1, APEX requires complete, hourly input air-concentration data for the
modeled time period (one year for these HHRAS). We generated these data with unit
concentrations (values of 1) using the R programming language. We then reviewed the inputs to
ensure they contained these hourly values of 1 for the full year.

3.4.1.2. Meteorology

APEX requires a continuous time series of hourly temperature data over the modeling time
period for each modeled location. We employed a modified version of the meteorology data
used in the dispersion-modeling portion of this study (which we discuss in Section 2.5). We first
filled in any instances of missing temperature data using interpolation from surrounding hours or
the same hours from surrounding days. We then used custom R scripts to put the data into the
requisite format for APEX. We visually examined these APEX-ready meteorology data files to
ensure that the defined time periods matched those of the corresponding site, and that the data
were continuous and hourly.

3.4.1.3. Demographics

Several data files input to APEX denote the geographical patterns of employment probability
and population counts on the basis of sex and age group. Due to the hypothetical nature of the
exposure modeling, we employed simplified demographic inputs that assumed an equal
distribution of ages and sexes across all individuals in the modeled domain. As we discuss in
Section 3.2.2.1, we did not utilize employment probabilities in our modeling, and instead the
diary-selection process (based on age, sex, day of week, etc.) determined whether the
simulated individual engaged in work-related activities. We visually analyzed these input files to
ensure proper formatting before model execution.

3.4.1.4. Geographical Locations

Several input files required by APEX denote the geospatial locations of all air-quality data
sources, meteorological data sources, and points of reference for population counts. Due to the
simplified and hypothetical nature of the APEX runs executed here, all geographical location
files referred to a single arbitrary point (instead of, as would be the case in a typical APEX run,
lists of latitude/longitude coordinates denoting locations of real data stations and census tract
centroids). We later use multiplicative post-processing steps to convert the modeled exposure
results (unit concentrations at a single location) to the results used for risk assessment (diverse
air concentrations at many locations).

We visually analyzed geographical input files to ensure they referenced the same arbitrary
location and that the arbitrary location names matched as necessary between files.

3.4.1.5. Activity Diaries

The publically available version of APEX contains activity diaries and corresponding
demographics data that are based on a subset of all available CHAD activity diaries (diaries
from certain human-activity studies in CHAD are not included in the APEX diaries in EPA's
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public release of the model). We employed a separate subset of all available CHAD diaries,
tailored by age group as discussed in Section 3.2.2 using a SAS processing script.

We used custom R scripts to ensure that the criteria listed below were met in the age-group-
specific diary files.

m All ages in the diaries correspond to the intended age group for modeling.
= All diary files needed per age group contain the same CHAD IDs.

= All CHAD IDs are denoted as unemployed (see Sections 3.2.2.1 and 3.4.1.3 for more
information on how work-related activities were still included for many individuals).

= All CHAD IDs contain 1,440 minutes of activities (one full day of activities).
= All CHAD IDs have chronological start times.

m  CHAD respondents ages 0—17 and 60—99 have approximately 50 unique states represented
in their activity diaries, while ages 18-59 have Arizona, Colorado, Idaho, Montana, Nevada,
New Mexico, Utah, and Wyoming represented in their activity diaries.

Following these QA checks, for use in APEX, we combined the separate age-group diary files
into a single set of files reflecting all age groups.

3.4.1.6. Microenvironmental Parameters

As discussed in Section 3.2.3.1, we defined the PENSs for the three analyzed micros using two
separate APEX input files: one for the low-PEN group of VOCs and one for the high-PEN group.
We reviewed both of these files for correct formatting and to ensure that the values were set
correctly for the corresponding files.

APEX requires that users define which of the user-defined microenvironmental parameters
apply to the various activity locations defined throughout the activity diaries. This allows APEX
to apply the correct PENSs to the various micros. The publically available version of APEX
denotes mappings for five separate micros, which we modified to reflect the three micros
employed in these HHRAs (e.g., we mapped both the original “outdoor” and “near-road” micros
to the “outdoor” micro for these HHRAS).

3.4.1.7. APEX Control Options Files

Separate APEX run files (or “Control Options Files”) were required for each of the 18 APEX
runs. These run files were identical except for a few of the modeling parameters and input and
output file paths. We constructed a template run file and visually reviewed it for correct
parameter settings, and we generated all 18 APEX run files from this template. We further
independently analyzed them to ensure that we correctly set all scenario-specific inputs for the
given run file (e.g., the modeled age range, PEN factors employed, meteorology data, site-
specific time span, output data locations, etc.).
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3.4.1.8. Default Public Release Files

The input files for the following parameters were unchanged from the public release of APEX:
physiology (distributions of weight, height, etc.), ventilation (distribution of breathing rates given
a relative energy expenditure), and distributions of relative energy expenditure and how they
map onto specific activities.

Additionally, APEX requires an input file that, among other things, defines how to apply different
parameters to simulated individuals given variable environmental conditions (known as the
“Profile Functions File"). We used a stripped-down version of this file that only contained the
requisite temperature binning of activity diaries, and we ensured that this binning scheme was
identical to the one used in the public release of APEX before executing the model runs.

3.4.2. APEX Modeling Outputs

We conducted several QC checks on the unit APEX exposure outputs to ensure that the
modeling runs completed successfully. We synthesize these QC checks in Table 3-4 (for checks
done on all model runs) and in Table 3-5 (for checks unique to each run).

Table 3-4. Quality-control Checks on All Exposure Simulations

Average %

Number of All Modeled Population
Geographical Individuals Minimum  Maximum per Year
Age Group Locations Unemployed? Age Age % Males % Females of Age
0-17 1 Yes 0 17 49.40% 50.60% 5.56%
18-59 1 Yes 18 59 49.40% 50.60% 2.38%
60-99 1 Yes 60 99 49.40% 50.60% 2.50%
2
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Table 3-5. Quality-control Checks on Specific Exposure Simulations

Age \ From Unit Exposure Concentrations
Chemical Group Annual Avg. Lowest 1-hr Avg. % Individuals
Group (yrs) (Avg. Across Pop.) | (From Across Pop.) With 1-hr Avg.=1
Garfield 0-17 0.954 0.945 97.50%
County Ridge- 18-59 0.953 0.942 92.30%
top Site (BarD) | 60-99 0.953 0.933 92.00%
Northern Eront 0-17 0.955 0.959 97.50%
High PEN Range 18-59 0.953 0.942 93.50%
60-99 0.954 0.941 94.30%
Garfield 0-17 0.955 0.945 98.40%
County Valley 18-59 0.953 0.941 94.10%
Site (Rifle) 60-99 0.954 0.933 95.60%
Garfield 0-17 0.608 0.905 97.50%
County Ridge- 18-59 0.607 0.904 92.30%
top Site (BarD) | 60-99 0.596 0.905 92.00%
Northern Front 0-17 0.611 0.905 97.50%
Low PEN Range 18-59 0.607 0.901 93.50%
60-99 0.598 0.903 94.30%
Garfield 0-17 0.611 0.908 98.40%
County Valley 18-59 0.608 0.904 94.10%
Site (Rifle) 60-99 0.598 0.901 95.60%

Notes: PEN = penetration factor; yrs = years; avg. = average; pop. = population; hr = hour; % = percentage.

From Table 3-4, it can be seen that all of the modeled individuals in each simulation were
assigned the correct ages, and that for all runs the distribution of males and females was
roughly equal. Additionally, the “Average % Population per Year of Age” column demonstrates
that each distinct year of age was, on average, represented the expected number of times
throughout the modeled population (based on uniform sampling of ages where each age is as
likely as any other to be selected).

In Table 3-5, we provide the results of the QC checks that focused on parameters that differed
between the various runs. For the high-PEN runs, the average simulation-long exposure across
all modeled individuals (the “Annual Average (Average Across Population)” column) is about
0.95, which is expected given that most of an individual’s time is spent in the indoor micro and
that the PEN factors for this micro are assigned uniformly from between 0.9 and 1. Similarly, for
the low-PEN runs, the average simulation-long exposure across all profiles is roughly 0.6,
reflective of the indoor PEN varying between 0.1 and 1. In both of these groups of runs, the
older age groups generally have slightly lower average exposures, reflective of the fact that on
average the younger age groups spend more time outdoors. The “Lowest 1-hour Average (From
Across Population)” column denotes the lowest maximum 1-hour-average exposure
concentration experienced by any of the 1,000 simulated individuals (we collected each
person’s maximum 1-hour value, then found the lowest of these values). These values
correspond to individuals that were not assigned a PEN of 1 for any micro and/or never went
outside for a full hour. All of these values are above 0.9. Conversely, the “% Individuals With a
1-hour Average = 1” column denotes the percent of simulated individuals that achieved at least
one occurrence of 1-hour exposure concentration equal to the outdoor ambient air
concentration. Expectedly, these values are rather high (between 92 and 98.4 percent), and in
each case the remainder of the population reflects those that were never in a PEN=1 micro for a
full hour. Finally, we also ensured that the maximum 1-hour exposure concentration
experienced by any simulated individual in each simulation was 1 pg/ms? (that is, no higher than
the outdoor ambient air concentration).
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3.4.3. APEX Modeling Convergence Testing

As discussed in Section 3.1, the number of individuals simulated in each APEX run must be
large enough that it captures the variability in exposure expected across a diverse population.
We focus only on the variability in exposures to unit air concentrations for these purposes and
not on the variability in the final analyzed exposures; that is, we analyze only the ratios of
exposures to a 1 ug/m? outdoor ambient air concentration, and not exposures to actual VOC
concentrations. The goal is to identify the number of individuals such that adding more
individuals to the simulation does not substantially impact the population-wide average daily
exposures (i.e., convergence in the daily-average exposure results). In the APEX modeling, the
parameters that impact the variability in these unit-exposure values are the human activities
(which in turn depend on the age group and the ambient outdoor temperature) and the PENSs.

For the convergence testing, we selected temperature data from the modeled Rifle site because
it had the largest variability in hourly temperature data. We also selected the low-PEN group
because it had the largest variability in PENs. We chose the children age group (individuals
below 18 years old) because the activity diaries from this group exhibit the highest average time
spent outdoors (high exposure potential). We selected these higher-variability data so that the
convergence testing utilized high variability in exposure, therefore ensuring convergence for
high-variability scenarios.

We conducted one APEX run with these inputs, as well as all other inputs from the APEX
modeling used in the exposure assessment, with 50,000 simulated individuals for one full year.
We then determined the median, mean, and inner and outer quartile values of the daily-average
exposure values across varying numbers of these simulated individuals (for the full year-long
time series) to determine how these statistics varied with a variable number of simulated
individuals being analyzed. We conducted this analysis for different step sizes in the numbers of
individuals being analyzed. In Figure 3-2, we display these results with the use of step sizes of
10, 50, 100, and 500 individuals. Note that the statistics from each bin reflect data from a
different subset of the modeled individuals, meaning that a larger step size results in a higher
possible number of individuals being analyzed given that the simulated individuals are being
sampled from a fixed number of 50,000.
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Figure 3-2. Statistics of Daily-average Exposure Taken Across a Varying Number of Simulated
Individuals (Exposure Concentration per Unit Air Concentration)

For daily-average exposures of fewer than 500 individuals, there are noticeable differences in
the statistics between adjacent numbers of analyzed individuals. This is most apparent when
the step size is 10 individuals, and is not discernable for step sizes of 100 or 500 individuals.
When more than 500 individuals are analyzed, however, very little difference can be seen in the
statistics from adjacent numbers of individuals, meaning the exposure values have converged
(see the panels for step sizes 10 and 50). We analyzed step sizes of 100 and 500 individuals to
ensure there were no major differences in the analyzed statistics when we considered much
larger numbers of individuals.

Based on this analysis, we determined that 1,000 modeled individuals would be sufficient to
capture the anticipated variability in exposures due to the unit air concentrations. We chose this
high number relative to the apparent point of convergence (around 500) as a precaution against
the possibility of higher variability in the inputs from the other scenarios.

AV
ZICF

87



3.4.4. Air Quality, Exposure, and Risk Processing Scripts

We developed a suite of post-APEX and post-AERMOD processing scripts in the R
programming language to perform the necessary calculations for exposure and risk estimation.
Generally, we structured our methodology such that one individual wrote most or all of the
necessary processing code, after which a separate individual visually inspected the code to
ensure it was constructed accurately. After this, we conducted numerical testing with the
processing code, manually calculating a subset of the expected output given the known input
values and comparing this expected output to the script output. We conducted this latter step by
either using the actual AERMOD and/or APEX modeling data used throughout the exposure
modeling, or by using a scaled-down version of these data to allow for easier manual
calculation. We applied most, but not all, of these QA procedures to each of the processing
scripts. In Table 3-6, we provide a brief description of each of the processing scripts used
throughout the exposure and risk modeling calculations, as well as which of the QA/QC
procedures described above we conducted to ensure the proper functioning of each.

Table 3-6. Quality-control and Quality-assurance Procedures for Post-processing Scripts

Numerical
Numerical QA/QC

Independent| QA/QC using
Review of |using Full- Scaled-

Processing Script Description of Processing Code Code scale Data down Data
Development AQ TS |Generates year-long TS of all VOC air conc. for v v
development activities.
Production AQ TS |Same as above, but for production activities. v v
Acute Exposure and |Scales TS of unit exposures by corresponding time
Risk Calc. series of VOC air conc., calc. daily-max. exposure per v v

individual, & calc. population-wide %iles of daily acute
exposure, HQ, HI.
Chronic Exposure |Scales TS of unit exposures by time series of VOC air

Averaging conc., & calc. daily- and annual-avg. exposures for all v v
individuals.

Subchronic Calc. activity-duration rolling avg. & population-wide

Exposure and Risk |%iles of these subchronic exposures, HQs, Hls. v v 4

Calc.

Chronic Exposure |Calc. population-wide %iles of annual-avg. exposures, v v

and Risk Calc. HQs, Hls.

Back-to-back Calc. population-wide %iles of subchronic and/or

Exposure chronic exposures, HQs, & Hls for development v v

activities & development + production activities that
occur in sequence.

Notes: Check mark indicates that we conducted that QA/QC step. In some instances, changes to scripts were not
independently reviewed.

AQ = air quality; TS = time series; VOC = volatile organic compound; conc. = concentration; max. = maximum; calc.
= calculate; %iles = percentiles; avg. = average; HQ = hazard quotient; HI = hazard index; QA/QC = quality
control/quality assurance.

3.5. Exposure Modeling Results

In this section, we present a sample of the results of the exposure modeling, created primarily
for QA as our main focus will be on the resultant potential risks from these exposures
(discussed in Section 5). In particular, in many cases here we compare ranges of exposure
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concentrations to ranges of the input air concentrations to ensure that the exposure results are
logical given the air-concentration results. The observations we make here about the exposure
results are pertinent to interpreting the risk results discussed in Section 5.

The structure of the box-and-whisker plots in this section are the same as those provided for
hazard results later in Section 5.3, where values are plotted in log space and the shapes
correspond to the 1st-percentile value (bottom whisker), 25th percentile (bottom of box), 50th
percentile (i.e., median; line inside box), 75th percentile (top of box), and maximum (top
whisker). Note that we define the boxes here and in Section 5.3 differently than in Section 2.9.

3.5.1. Variations in Exposure by Age

For most of the hypothetical simulated population, age has relatively little impact on
distributions of exposure concentrations. As we discuss below and as illustrated in Figure
3-3 through Figure 3-6, this is true for comparisons of concentration distributions between
modeled youth (ages up to 17 years) and adults (ages 18 to 59 years), and this is also true for
comparisons of concentration distributions between all three age groups for VOCs modeled with
higher PENs (those with indoor PEN values between 0.9 and 1). The exceptions where we see
some noticeable differences in exposure concentrations between age groups are between older
adults (60 years and older) and the rest of the population at lower ends of the exposure
distributions, only for VOCs modeled with lower PENs (those with indoor PEN values between
0.1 and 1).

VOCs modeled with lower PENSs typically penetrate into the indoor micro at lower rates than
those modeled with higher PENs. For lower-PEN VOCs, the exposure concentrations were
similar between age groups (to within about 1 percent) at most points of the distributions. This
can be seen in Figure 3-3 for subchronic exposures to benzene emissions from NFR flowback
operations on a 1-acre well pad, as an example. Figure 3-3 contains distributions of exposure
concentrations for this scenario at the selected receptors at each distance from the well pad.
These are distributions of person-period exposure concentrations across these simulated
populations (365 values per individual, 1,000 individuals per age group and distance location).
The negligible differences in the distributions between age groups suggest that many of the
simulated individuals, no matter their age, are simulated to have similar basic patterns of
activities in terms of time spent outdoors, indoors, and in-vehicle, and in terms of being in those
micros during similar times of day, leading to similar subchronic averages of exposure
concentration. As one moves toward the lower ends of the distributions of exposure
concentrations, the concentrations for older adults become lower than those of the rest of the
hypothetical population, approaching about 10 to 20 percent lower at the lowest exposures. This
suggests that at least some hypothetical older adults were simulated to spend notably more
time indoors as compared to youth and younger adults; indoor PENs can be as low as 0.1
(median 0.55), leading to lower average exposure concentrations for these people.
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Figure 3-3. Distributions of Subchronic Benzene Exposure Concentrations by Distance and Age
Group, for Flowback Activities at the Northern Front Range (1-acre Well Pad Only)

For higher-PEN VOCs, such as propane shown in Figure 3-4, indoor PENs vary between 0.9
and 1 (median 0.95), and, like all VOCs, in-vehicle PENs also vary between 0.9 and 1. This
means that no matter what patterns of activities the hypothetical people are modeled with, and
regardless of differences in those patterns by age, the differences in average exposure
concentration between simulated individuals will be fairly small for a given ambient outdoor
concentration. As can be seen in Figure 3-4, the distributions of modeled exposure
concentrations are nearly identical between age groups at a given distance from the well pad.
The effect of the narrow PEN ranges for high-PEN VOCs is especially apparent with
distributions of chronic exposure during production activities, where all simulated individuals
have almost the same chronic exposure concentrations for propane (see Figure 3-5, displaying
the distributions of annual-average exposure concentrations across the simulated populations;
1,000 values per age group and distance location). For lower-PEN VOCs, however, the wider
range of PENs leads to larger differences in exposure concentrations between people (see
Figure 3-6, which is similar to Figure 3-5 but for benzene rather than propane).
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log10 = logarithm base 10; ug m= = micrograms per cubic meter; FT = foot; yrs = years of age.

Figure 3-4. Distributions of Subchronic Propane Exposure Concentrations by Distance and Age
Group, for Flowback Activities at the Northern Front Range (1-acre Well Pad Only)
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Figure 3-5. Distributions of Chronic Propane Exposure Concentrations by Distance and Age

Group, for Production Activities at the Northern Front Range (1-acre Well Pad Only)
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Figure 3-6. Distributions of Chronic Benzene Exposure Concentrations by Distance and Age
Group, for Production Activities at the Northern Front Range (1-acre Well Pad Only)

The figures and text above directly reference certain chemicals, sites, activities, and exposure
durations, but the overall patterns and observations we discuss above generally apply to all
scenarios in these HHRASs.

3.5.2. Variations in Exposure by Distance

Exposures generally decline rapidly with distance from the well pad and there is a
substantial range of values at each distance. These patterns are expected based on the
patterns of air concentrations—see Section 2.9.1.1. We illustrate these declines and ranges in
several figures in this section, utilizing exposure data for the youth age group, which are
generally representative of the full set of modeled exposure results.

For ease of comparison, we generated Figure 3-7 to be roughly analogous to Figure 2-19, both
showing VOC concentrations declining fairly consistently with distance from the well pad, and
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both also showing large ranges of concentration values at all distances. Figure 2-19 illustrates
the distributions of benzene air concentrations during O&G development activities—specifically
the maximum 1-hour-average values saved from each AERMOD Monte Carlo iteration, with
data from all three development activities included in the distributions. These are the air-
concentration data we used as ambient outdoor concentrations in the modeling of acute
benzene exposures during development (with drilling air concentrations used for estimates of
drilling exposure, and so on for fracking and flowback). In Figure 3-7, we illustrate the
distributions of acute benzene exposure concentrations during development (drilling, fracking,
and flowback are each included in this superset of benzene data). The distributions in Figure
3-7 utilize each hypothetical individual’s maximum 1-hour exposure concentration from the 365-
day time series (collected across the whole modeled population). Because Figure 3-7 shows
collections of daily maxima rather than the full collection of all hourly acute values, the smallest
of these daily-maximum exposure concentrations are larger than the smallest of the air
concentrations shown in Figure 2-19, though the pattern of declining values with distance is
similar in both figures. The maximum acute exposure concentrations shown in Figure 3-7
correspond well with the maximum air concentrations plotted in Figure 2-19, indicating as
expected that the times of highest exposure in our modeling corresponded to a hypothetical
individual either outside or in a situation of high VOC penetration into the micro during the hour
of highest outdoor ambient air concentration.
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Figure 3-7. Distributions of Acute Benzene Exposure Concentrations for Ages 0-17 Years, by

Distance and Well-development Site (1-acre Well Pad Only), Across All Development Activity

Types

Figure 3-8 is similar to Figure 3-7 but contains chronic exposure concentrations from emissions
in the O&G production phase. All scenarios show generally consistent declining exposure with
distance from the well pad. The ranges of chronic exposure concentrations are smaller than
those of acute exposure, which is expected because the calculations in the chronic estimates
average together the high and low hourly exposure concentrations, and all values in between,
across a year. The air concentrations we used in chronic exposure modeling of O&G production
were hourly values from modeled unit emissions (reflecting real hour-by-hour meteorology)
multiplied by hourly production emissions randomly selected from the CSU VOC emission-rate
data.
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Figure 3-8. Distributions of Chronic Benzene Exposure Concentrations for Ages 0-17 Years, by
Distance and Well-production Site

3.5.3. Variations in Exposure by Activity

As an additional QA check, we saw that the variations in acute exposure concentrations
generally follow the variations in the 1-hour-average air concentrations and the
variations in the emissions, as expected. Figure 3-9 is roughly analogous to Figure 2-21.
Figure 2-21 is a plot of distributions of 1-hour-average concentrations for selected chemicals
(benzene, toluene, ethylbenzene, isoprene, and m+p-xylene), stratified by O&G development
activity and hypothetical O&G site, utilizing the 1-hour-maximum values from the AERMOD
Monte Carlo iterations. We used these distributions of air concentrations in our modeling of
acute exposure, and so we expect the resulting distributions of acute exposure concentrations
to closely resemble these distributions in air concentrations. In Figure 3-9, we show distributions
of acute exposure concentrations for the same chemicals as in Figure 2-21 and for the same
O&G activities (plus production) and hypothetical sites. These exposure concentrations
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correspond to the youth age group modeled, though the adult values are nearly identical. Data
from all modeled distances are included in these distributions.

In comparing Figure 3-9 to Figure 2-21, the distributions of acute exposure concentrations are
generally consistent with the distributions of air concentrations used to estimate them. As we
noted in discussing trends with distance in Section 3.5.2, the smallest values here are also
taken from across all hypothetical individuals’ maximum 1-hour exposure concentrations from
the 365-day time series, rather than from all hours of the year, which is why the smallest values
shown here are larger than those in Figure 2-21.

Other modeled chemicals will have distributions of air concentrations and exposures that are
different from those shown here and in Figure 2-21, based on their respective distributions of

emissions.
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County ridge-top site; RF = Garfield County valley site (Rifle).
Figure 3-9. Distributions of Acute Exposure Concentrations for Ages 0-17 Years, for Selected
Chemicals by Oil and Gas Activity and Site (1-acre Well Pad Only), Across All Distances
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3.5.4. Variations in Exposure by Size of Well Pad (Development Activities)

In Figure 3-10, we present distributions of acute benzene exposure concentrations during
fracking, stratified by simulated O&G site, size of well pad, and distance from well pad
(distances from well pad in these HHRAs are always relative to the center of the well pad).
Figure 3-10 is similar to Figure 2-24 in Section 2.9.1.5, except Figure 2-24 includes data from all
development activities (not just fracking), and those data are the maximum values from each
Monte Carlo iteration (which we used in the acute exposure assessment, except here in Figure
3-10 the data comprise daily-maximum acute exposures). Figure 3-11 is similar to Figure 3-10
but for subchronic exposures. These values for youth are nearly identical to those for adults and
older adults.
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log10 = logarithm base 10; ug m- = micrograms per cubic meter; NFR = Northern Front Range; BarD = Garfield
County ridge-top site; RF = Garfield County valley site (Rifle).

Figure 3-10. Distributions of Acute Benzene Exposure Concentrations between Different Sizes of
Development Well Pads, for Fracking Activities (for Ages 0-17 Years)
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Figure 3-11. Distributions of Subchronic Benzene Exposure Concentrations between Different
Sizes of Development Well Pads, for Fracking Activities (for Ages 0-17 Years)

Maximum acute exposure concentrations related to 1-acre well pads tend to be
somewhat higher than those related to 3-acre well pads, and values related to 3-acre well
pads tend to be somewhat higher than those related to 5-acre well pads, although there
are variations when stratified by distance from the well pad. The difference between 1-acre
and 3-acre pads tends to be higher for maximum subchronic exposure concentrations relative to
maximum acute exposure concentrations, with lower variability when stratified by distance. The
subchronic concentrations tend to show relatively small differences when comparing 3- and 5-
acre pads. For other chemicals and activities the differences can be larger in either direction.

Differences in these distributions between different O&G sites are likely related to differences in
meteorological conditions, leading to different dispersion interactions between turbulence and
wind flow and the initial well-pad emission plume. These general differences in exposures
between different well-pad sizes, and how the O&G site and distance from well pad may affect
these trends, were expected based on the dispersion results, as discussed in Section 2.9.1.5. A
larger well pad will diffuse a fixed mass of emissions more than a smaller pad at locations close
to the well pad, leading to lower initial concentrations in those areas, but also sometimes
leading to mixed results farther from the well pad where atmospheric dispersion has a stronger
effect.
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3.5.5. Variations in Exposure by Duration of Exposure

The largest estimates of acute exposure from across the simulated population are always
higher than the largest estimates of subchronic and chronic exposures for the same
individuals, but that does not necessarily mean that estimates of potential health risks
will follow that same pattern. The largest simulated acute exposure concentrations are always
higher than the largest simulated subchronic and chronic exposure concentrations because
those acute exposures correspond to single hours of high simulated VOC air concentrations,
and across the longer subchronic and chronic averaging times those more extreme air
concentrations are not sustained. During development activities, simulated maximum acute
exposure concentrations (utilizing time series of air concentrations comprising the maximum
values of the AERMOD Monte Carlo iterations) were about one to three orders of magnitude
higher than simulated maximum subchronic exposure concentrations (utilizing time series of air
concentrations comprising the mean values of the AERMOD Monte Carlo iterations), depending
on the O&G site, activity, VOC, and distance from the well pad. Similarly, during production
activities, simulated maximum acute exposure concentrations were about one to 2.5 orders of
magnitude higher than simulated maximum chronic exposure concentrations.

The difference in a simulated individual's maximum acute and maximum subchronic or chronic
exposure concentrations will depend on the amount of time the individual spends in different
micros, how those times relate to the temporal patterns of ambient outdoor chemical
concentrations, and how local meteorology affects dispersion. These differences will also
depend on how much higher are the highest emission rates (more relevant for acute
assessments) compared to the mean emission rates (more relevant for subchronic and chronic
assessments). These differences do not necessarily mean that estimates of the potential for
health risks will be larger for acute exposures relative to subchronic and chronic exposures; this
is because the health-protective criteria concentration values (to which exposure concentrations
are compared for estimates of health risks) change based on duration of exposure and
expected critical effects.

3.5.6. Results Passed to the Risk Assessment

As shown in Table 3-7, for each O&G activity, we pass to the risk assessment various
exposure-concentration metrics from across the modeled population, for all VOCs and sites, at
the selected maximum receptor on each distance ring. These metrics are 1st percentiles,
maxima, means, medians, and other percentiles, but as noted below the collection of data on
which they are calculated differs between acute, subchronic, and chronic evaluations.

= For acute assessments, we calculated the means and percentiles of the collection, across
the population, of each simulated individual’s daily-maximum 1-hour-average exposure
concentrations. That is 365,000 person-day values: 365 values per individual, 365,000
values across the 1,000 individuals of a given age group at each receptor location. Note that
this is not the full collection of 8,760 hourly values in the year from each individual; we
instead summarized the data by person-day to ease computational burdens while still being
able to identify each individual’s maximum 1-hour exposure, which is a primary metric for
assessing the potential for acute exposures above health-protective levels.
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For subchronic assessments, we calculated the means and percentiles of the collection,
across the population, of each simulated individual’s multi-day-average exposure
concentrations. The duration of multi-day exposure is specific to the O&G site, well-pad size,
and activity, and we calculate these exposures based on contiguous calendar days for all
possible periods in a year (e.g., for a four-day exposure, we calculated averages for January
1 through January 4, January 2 through January 5, and so on, with exposure periods at the
end of the year being calculated as averages from December 29 through January 1,
December 30 through January 2, and so on). This results in 365,000 person-period values:
365 values per individual, 365,000 values across the 1,000 individuals of a given age group
at each receptor location. The exception to this methodology was for sequential
development activities lasting a year or less, where we calculated exposures for the drilling,
fracking, and flowback activities as a continuous exposure scenario. In these cases, we
randomly paired an exposure period for the drilling activity with an exposure period for
fracking, which in turn we paired with an exposure period for flowback. We performed these
pairings 365 times for each of the 1,000 individuals of a given age group at a receptor. We
averaged together the exposure concentrations for the individual activities, weighting based
on the duration of each activity. As with subchronic exposures calculated for individual
activities, we generated 365,000 person-period chemical exposure concentrations per
receptor location for the sequential-activity scenarios. In some cases, based on activity
durations, these sequential exposure scenarios exceeded 365 days in duration, making
them subject to the chronic assessment rather than the subchronic assessment.

For chronic assessments, we calculated the means and percentiles of the collection, across
the population, of each simulated individual’'s annual-average exposure concentration. That
is one value per simulated individual, totaling 1,000 values across the 1,000 individuals of a
given age group at each receptor location. For sequential-activity scenarios that pair
development activities with the production activity into a continuous exposure scenario, for
each individual we paired each of the 365 sequential exposure scenarios for development
activities (see previous bullet) with that individual’s exposure scenario for production. We
averaged together the exposure concentrations from each individual activity, weighting
based on the duration of each activity, creating 365 chronic chemical exposure scenarios
per individual at a receptor location for the sequential-activity scenarios. In a small number
of cases, the flowback activity exceeded 365 days in duration. In these flowback cases, we
calculated one exposure concentration per individual (the annual-average concentration),
and for sequential-activity assessment we paired that concentration with the individual's
production-activity concentration and randomly selected drilling and fracking concentrations
for that individual, averaging together those concentrations with weighting based on the
durations of the activities.
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Table 3-7. Results Passed to the Risk Assessment for the Development and Production Stages

Development Stage Production Stage
Sites 3 (Northern Front Range; BarD; Rifle) 3 (BarD; Rifle; we merged the Anheuser-

Busch and Ft. St. Vrain data in the Northern
Front Range exposure assessment)

Well-pad sizes?

3 (1, 3, and 5 acres)

1 (1 acre)

Data type for acute

Metrics of daily-maximum 1-hour-average exposure concentrations

assessment
Data type for Metrics of multi-day average exposure Not needed (the production stage lasts 30
subchronic concentrations (duration depends on the | years, so chronic assessment is most
assessment site, well-pad size, and activity) appropriate)
Data type for chronic | Metrics of annual-average exposure Metrics of annual-average exposure
assessment concentrations (only required for concentrations

activities or sequences of activities with

durations longer than 365 days)
Metrics 101 (mean, maximum, and percentiles 1st through 99th)

Number of receptors
per distance ring

14 rings with one receptor per ring,
selected during the dispersion
assessment as discussed in Section
2.7.3

16 rings (the same 14 as development, plus 2
closer in) with one receptor per ring selected
during the dispersion assessment as
discussed in Section 2.8

2When we calculate chronic exposures for the full sequence of development and production activities, the
exposures to development emissions from 1-, 3-, and 5-acre well pads are each combined with exposures to
production emissions from a 1-acre well pad.

3.6. Characterization of Data Gaps, Uncertainties, Variabilities, and
Sensitivities

In general, the APEX exposure modeling is a hypothetical exercise where we create a synthetic
population of individuals who reside, work, play, etc. in the same location (at a specific distance
from the O&G activity). With any such hypothetical modeling, a number of assumptions are
involved in the inputs, which in turn can introduce uncertainty/variability into the modeling.

In this section, we qualitatively discuss the various sources of uncertainty/variability in the input
data used in the APEX exposure modeling, as well as potential sources of APEX model-based
uncertainty, both of which can impact the estimated exposure concentrations. Additionally, we
conducted some brief quantitative analyses to evaluate the sensitivity of the estimated exposure
concentration results to some inputs/assumptions in the APEX modeling, as we discuss in detail

in Section 3.6.3.

3.6.1. Gaps, Uncertainties, and Variabilities in Data

3.6.1.1. Air Concentration Inputs from AERMOD

APEX modeling uses air concentrations passed on by the air-dispersion modeling effort
(Section 2), which essentially combines emission rates of specific O&G activities with the
meteorological data from specific locations being modeled. These inputs into AERMOD are
sources of uncertainty/variability, the nature of which was described in detail previously (see
Section 2.10). These uncertainties/variabilities will then be propagated into the APEX
exposure modeling via the air concentrations. Briefly, VOC emission rates used in these
HHRAs are based on the limited, non-continuous air samples collected by CSU corresponding
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to certain specific O&G sites and activities. Although these can be assumed to be generally
representative of the different activities and sites that we are trying to model, there is uncertainty
introduced by the limited number of samples and the limited range of sampling times (sampling
was done mostly during the day). For example, as a result of assuming the nighttime emission
rates to be similar to those in the day, we might not be capturing any potential diurnal patterns in
the VOC emissions, leading to possible under- or over-estimations of exposures. We believe
our collaborative efforts with CDPHE resulted in choosing meteorology data representative of
the variability between different sites to the best extent possible. As it is, any diurnal pattern
seen in the modeled air concentrations from the air-dispersion modeling effort represents the
diurnal pattern of meteorology of the site.

3.6.1.2. Penetration Factors

As discussed in Section 3.2.3.1, in this APEX modeling exercise we used the factors method
of modeling penetration of the VOCs into the indoor and in-vehicle micros. This simply assumes
that a fixed fraction, sampled from a distribution of factors, of the outdoor VOC concentration
penetrates into the micro. The alternative method would have been a mass-balance-based
method, which would have utilized more parameters such as the air-exchange rate, volume of
the micro (for example, the house volume), and chemical sinks. Since our modeling exercise is
mostly hypothetical, with a simulated population without any real data on building properties,
any assumptions about these additional input parameters would have introduced
additional uncertainty into our exposure estimates.

We have separated the 47 VOCs into two groups for indoor PENs: one with higher PENs (0.9—
1) and the other with a larger range of PENs (0.1-1). Running the APEX model for each
chemical separately would have been computationally prohibitive. We based these ranges on
values obtained from scientific literature and on chemical properties that are relevant to
chemical penetration. While the data available from the literature showed generally what we
expected for the less-volatile group of VOCs (some lower PEN values), the data were much
scarcer for the higher-volatility group and we assumed they followed a high-PEN distribution.
Many of the studies were real-world measurements of micro/outdoor ratios where indoor
sources, indoor sinks, and chemical build-up may have been present. The assumption of a
maximum PEN restricted to 1 was based on the recommendation in the published studies that if
there are no indoor emission sources (which we assume for these HHRAS), over a period of
many hours a maximum PEN of 1 on average can be expected. An absolute restriction of
maximum PEN=1 also neglects the possibility of lag time in air infiltration. We sampled from
uniform distributions in the ranges of PENSs, irrespective of time of year or any potential local
patterns of building “tightness” in terms of chemical penetration, both of which can modify PEN
distributions. All of these issues and assumptions lead to uncertainty in our exposure
modeling. Therefore, we have further quantified the sensitivity of the estimated exposure
concentrations to PEN distributions in a separate analysis discussed in Section 3.6.3.3, where
we estimate sensitivities much less than a factor of 2 based on somewhat reasonable
alternative assumptions.

3.6.1.3. Activity Diaries
As discussed in Section 3.2.2, we used a hybrid set of CHAD activity diaries due to CHAD

data-availability restrictions: we employed in our modeling either diaries specific to the Mountain
West states (adults) or from across the US (youth and older adults). Choosing activity diaries
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from across the US instead of those from just the Mountain West states could potentially
mischaracterize expected activities for the region and in turn introduce uncertainty into the
exposure estimates. If more age/region-specific CHAD activity data were available for children
and older adults, that would reduce the uncertainty. In order to test if these assumptions had
any impact on our exposure estimates, we did a simple quantitative sensitivity analysis
(discussed below in Section 3.6.3.2) and found that there is virtually no difference between
using adult activity diaries from the Mountain West and those from the entire US.

3.6.1.4. Commuting to Work

In our current modeling effort, we assume that the modeled hypothetical children and
adults commute to a school/workplace (if the activity is present in the chosen CHAD diary), but
we also assume that the school/workplace is located at exactly the same location as the
individual’s residence. This is a conservative assumption, since the schools/workplaces are
almost certainly outside of the 2,000-foot modeling radius we use around the O&G site. This
could impact the magnitude of the estimated VOC exposure concentrations. We ran a simple
guantitative test with hypothetical individuals leaving the model domain for a period of the day.
We describe this test in Section 3.6.3.1, where we saw relatively low impacts of daytime
commuting on the modeled exposure estimates, mainly owing to lower concentrations near the
O&G site during these times when the individuals were away at school/work.

3.6.2. Model Uncertainty

As it is, the estimation of exposure concentrations in the APEX modeling is a simple calculation
of time spent in a micro and the air concentration in that micro, averaging across time and
across micros. Therefore, there is minimal model uncertainty for estimates of exposure
concentrations, with most of the uncertainty introduced by the model inputs/assumptions as
discussed earlier.

3.6.3. Sensitivity Analyses

Exposure concentrations estimated by APEX are most sensitive to inputs of air
concentrations and chemical PENs. We discuss estimated air concentrations in Section 2. In
this section, we examine the sensitivity of the exposure modeling results to the three separate
factors enumerated below.

1. spending time away from the well site during hours 8 am to 6 pm
2. expanding the database of activity diaries
3. expanding the range of PENs

As discussed in the remainder of this section, of these three factors the PENs may
potentially be the most influential, although the estimated 41-percent reduction in mean
chronic exposure required a fairly extreme assumption. It is also unlikely that one could
increase the mean exposure by more than this. Spending time away from home between 8 am
and 6 pm reduced exposure between 3 and 25 percent, depending on site and distance from
the source. If one worked on the night shift, this reduction would clearly be larger, but that would
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apply to a small fraction of the population. The geographical limitation of the database of activity
diaries had a negligible effect on exposure.

3.6.3.1. Commuting

We conducted the APEX exposure modeling on hypothetical individuals who live and stay at the
same location relative to the well pad at all times. This is straightforward to implement,
compared to the alternative of constructing realistic workplace exposures without data collected
on those individuals’ places of employment. In the absence of such information, for nearly all
simulated individuals the existing method of estimating exposure is health-protective, which
means that it somewhat overstates the potential for exposure to emissions from the modeled
well pads. The reason for this is that nearly everyone living close to a well pad will work, go to
school, or otherwise spend time farther away from that pad (where VOC concentrations from the
pad will be lower), and we are not considering exposure to other sources of the modeled VOCs.

The purpose of the first type of sensitivity analysis is to quantify the effect of this assumption.
The simple, intuitive estimate is that if a person is near the well pad for just 14 hours per day
(e.g., 6 pm to 8 am), and if there is no exposure to the evaluated VOCs during the remaining
hours, then their exposure would be about 14/24, or 58 percent, of their exposure had they
stayed home all day (a 42-percent reduction). This would be true (on average) if the time spent
at home (or away from home) is not correlated with air concentrations.

However, the air-dispersion modeling results show a strong diurnal pattern in concentrations
that apply to all VOCs. This arises from the combination of a strong diurnal pattern in the
dispersion measure Chi/Q (air concentration per unit emission strength), coupled with emission
rates that are not dependent on time of day in our modeling. We show in Figure 3-12 and Figure
3-13 plots of mean Chi/Q values by hour of the day for the closest and farthest radial distances
(150 and 2,000 feet), respectively, at each of the four meteorological sites. These are annual-
average values by hour of day utilizing a 1-acre well pad, and the values correspond to the
receptors selected as described in Section 2.8. The shapes of the profiles are generally similar
between the two distances, indicating substantially lower concentrations during daytime
hours relative to nighttime, with peaks in the early morning hours and minima near noon, plus
or minus a few hours. This trend is likely due to higher mixing heights and greater turbulent
mixing during the daytime, leading to more chemical dilution relative to nighttime when mixing
heights and turbulent mixing tend to be lower. Variable wind speeds may also play a role.
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Notes: Receptor selected as per methodology described in Section 2.8.

Chi/Q = air concentration (micrograms per cubic meter) per emission rate of 1 gram per second; Anheuser-Busch
and Ft. St. Vrain = the Northern Front Range sites; BarD and Rifle = the Garfield County ridge-top and valley sites.

Figure 3-12. Average Air Concentration per Unit Emissions at Selected Receptor 150 feet from 1-
acre Well Pad
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Chi/Q = air concentration (micrograms per cubic meter) per emission rate of 1 gram per second; Anheuser-Busch
and Ft. St. Vrain = the Northern Front Range sites; BarD and Rifle = the Garfield County ridge-top and valley sites.

Figure 3-13. Average Air Concentration per Unit Emissions at Selected Receptor 2,000 feet from
1-acre Well Pad

The “No Commuting” column in Table 3-8 contains annual-average air concentrations for the
scenario where modeled individuals spend all their time near the well pad (the scenario
employed in the HHRAS). For the alternate scenario of commuting and spending time away
from home, the time spent away should include work time plus travel (commute) time and lunch
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time. For simplicity, this is also applied on weekends, when the time away from home may
include shopping, visits with friends or family, and other activities. The choice of time away from
home was 8 am to 6 pm, or 10 hours per day. For data presented in the “With Commuting”
column in Table 3-8, we replaced those hours with Chi/Q values of zero and recalculated the
annual average. Since exposures per unit air concentration are nearly independent of the time
of day in our modeling, these are reasonable estimates for the ratios of chronic or subchronic
exposures when commuting is and is not accounted for.

Table 3-8. Annual-average Air Concentration per Unit Emissions at Selected 150-foot Receptor
and Selected 2,000-foot Receptor (1-acre Well Pad)

Distance from No

Well Pad (feet) Commuting

150 Anheuser-Busch 655.3
BarD 746.7
Ft. St. Vrain 681.2
Rifle 853.6

2,000 Anheuser-Busch 14.15
BarD 21.97
Ft. St. Vrain 19.61
Rifle 19.91 19.16 0.962

Notes: Chi/Q = air concentration (micrograms per cubic meter) per emission rate of 1 gram per second; Anheuser-
Busch and Ft. St. Vrain = the Northern Front Range sites; BarD and Rifle = the Garfield County ridge-top and
valley sites.

At the 150-foot location, the ratios ranged from 0.750 to 0.911 (concentrations with commuting
were 9-25 percent lower than without commuting), which are much higher than the simple
estimate of 0.58 (concentrations with commuting being 42 percent lower than without
commuting) based on the fraction of time spent at home. At the 2,000-foot location, all the ratios
were closer to one, ranging from 0.844 to 0.968. The conclusion is that people who are away
from home between 8 am and 6 pm every day and experiencing zero exposure during
those times would have between 3- and 25-percent lower average exposures than people
who are always near the well pad, depending on the site and the distance from the pad.
Individuals working the nightshift would experience a greater reduction in exposure by being
away from the well pad overnight.

3.6.3.2. Choice of Activity Diaries

For the HHRAs, for the adult age group (ages 18-59 years) we used CHAD activity diaries
(corresponding to suitable ages) from the eight Mountain West states (Colorado, Arizona, ldaho,
Montana, Nevada, New Mexico, Utah, and Wyoming). The other two age groups used diaries
from all states because of the relative paucity of diary data for their ages from the Mountain
West states. This particular sensitivity analysis is meant to quantify the effect of geographically
restricting the database of activity diaries when running the APEX model, whereby we
conducted test runs of hypothetical adults (ages 18-59 years) at the Rifle site utilizing the full
national database of activity diaries and compared the resulting exposures to those utilizing only
the Mountain West database.

Average exposure concentrations were nearly unchanged between the Mountain West
runs and the national runs. There was no difference in peak hourly exposure, and there were
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differences of less than 1 percent for annual-average exposures. The conclusion is that the
geographical extent of the activity database has a negligible effect on the exposure
results. This occurs because even when restricted to eight states, a large population’s
activities, in aggregate, do not differ very much from the rest of the country in either outdoor
time or travel time. Other aspects of behavioral differences may exist but are not captured by
the current calculations.

3.6.3.3. Changing the Penetration Factors

This sensitivity analysis examines the consequence of using lower PENs than in the HHRA
runs, for indoor and in-vehicle micros. Each of the 1,000 simulated individuals in the run was
randomly assigned one PEN value for the vehicle micro and one PEN value for the indoor
micro, from their respective distributions of PENs. These values were assumed to remain
constant over time, as people tend to have fairly consistent habits. For example, in some
houses the windows will be opened regularly, and in others they will never be opened. This also
applies to cars. This assumption creates wider variation in the chronic exposures across
modeled individuals than if each simulated individual was assigned many random PENs over
time. In the latter case, the annual-average exposure would reflect a time-averaged PEN, and
this would have relatively little variation from one person to another.

Calculation of VOC concentrations during time spent in vehicles in the HHRA runs used PENs
sampled from a uniform distribution between 0.9 and 1, which is written as U(0.9,1) for short.
Higher PENs are health-protective in that the resulting exposure is relatively high. While many
vehicles have high PENSs, it is also possible to keep the windows closed and have the climate-
control system on “recirculate”. To account for “tighter” vehicles, in this sensitivity analysis we
set the alternative distribution for the vehicle PEN as U(0.5,1). This results in a roughly 21-
percent drop in the typically selected in-vehicle PEN.

Homes may also be relatively “tight”, with reduced air exchange. However, in our literature
searches for the HHRAs we found few (if any) observations indicating PEN<O0.1, which was the
lower bound we used for the lower-PEN VOCs in the HHRAS. The distribution for the HHRA
APEX runs was U(0.1,1) for lower-PEN VOCs. For the sensitivity analysis, we utilized
U(0.1,0.5), resulting in a roughly 45-percent drop in the typically selected indoor PEN for these
VOCs.

In our test runs with adults (ages 18-59 years) at the Rifle site, utilizing the altered PEN
ranges (lower minimum PEN for vehicles, lower maximum PEN for indoors) made no
difference in peak hourly exposure concentrations, but they resulted in a 41-percent
reduction in the annual-average exposure concentrations. This reduction makes sense
given that people will usually spend most of their time indoors, so that the typical 45-percent
reduction in indoor PEN will have a large impact on overall exposure. It is reasonable to
conclude that the HHRA runs might overestimate exposure by up to 50 percent (but probably
not more) for lower-PEN VOCs, in cases where highly energy-efficient home construction may
significantly reduce infiltration of such VOCs. This may apply only to VOCs with low PENSs; for
high-PEN VOCs, it may be difficult to achieve much reduction by tightening houses.

We did not conduct sensitivity analyses with increased PENs because it is clear that they have
an upper bound of 1 in the absence of indoor sources. Hence, even for a person who always
has windows down/open in their vehicles and homes, exposures indoors and in vehicles will
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never exceed outdoor exposures given the chemical infiltration modeling assumptions.
Compared to the PEN ranges used in the HHRAS, utilizing PEN=1 in all micros (constant
exposure to outdoor levels of VOCs) would lead to a 65-percent increase in annual-average
exposures for the low-PEN VOCs and a 5-percent increase for the high-PEN VOCs. Thus, the
potential for underestimating chronic exposure due to choice of PENs is no more than 65
percent, and probably much lower than 65 percent.

4. Selection of Health Criteria Values for Assessment of
Potential Health Risks

To characterize the potential for non-cancer health effects from acute, subchronic, and chronic
exposures to the assessed VOCs, and to estimate lifetime cancer risks associated with chronic
exposures to two VOCs believed to be carcinogenic to humans, these HHRAS rely on
toxicological and health-effects assessments conducted by EPA, Agency for Toxic
Substances and Disease Registry (ATSDR), and state agencies charged with protecting
the public health from adverse effects of chemical exposures. In deriving these
toxicological criteria, the agencies adopt health-protective assumptions to protect against
adverse effects of chemical exposure. In this analysis, we estimate the potential for health risks
from chemical exposure by comparing our chemical exposure estimates to these
protective health criteria values.

4.1. Non-cancer Hazard Estimates for Individual Chemicals

We assessed the potential for non-cancer health effects by calculating hazard quotients (HQs)
for exposure to individual VOCs. We calculated HQs for a VOC by dividing the estimated
exposure by the corresponding VOC health criterion, as shown in Eq. 4-1 below.

HQ = Exposure Concentration/Health Criterion Value Eg. 4-1

The exposure concentration used in each calculation is unique to each modeled O&G scenario
(site, size of well pad/number of wells, O&G activity) and each modeled distance of a simulated
person relative to the well pad. The exposure concentration also changes based on the duration
of exposure, and as does the health criterion value. That is, the health criterion value in each
HQ calculation is unique to each VOC and time frame of exposure. We list in Section 3.3
the three time frames of exposure that are relevant to these HHRAs. Therefore, each VOC has
up to three relevant health criteria values (see further discussion in Section 4.1.1).

HQ values do not provide numerical estimates of the incidence or severity of adverse
effects; instead, they are intended as a screening tool used to identify chemical exposures
that pose potential concern for adverse health effects. HQ values less than 1.0 (exposures
below criteria values) are generally considered to indicate that adverse health effects are
unlikely to occur, even in sensitive subpopulations, for the exposure durations being evaluated.
HQ values greater than 1.0 (exposures above criteria values) suggest the need for
additional evaluation as to the potential for adverse effects. The greater the HQ above a
value of 1.0, the greater the potential for adverse effects. In Section 5.6, we provide additional
discussion about uncertainties associated with these criteria values.
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4.1.1. Sources and Selection of Health-based Criteria and Data Gaps

For the screening analysis of potential non-cancer effects, we conducted a review of the
available health criteria values (exposure levels defined as being without appreciable risk of
adverse effects) promulgated by EPA, ATSDR, and state regulatory and health agencies.
Numerical criteria values for the same VOC often vary among agencies because they were
derived based on different supporting data and studies, the agencies used different methods in
the derivation of “no-effects levels,” and the agencies made different science policy decisions
with regard to margin of safety for the general population and sensitive groups. In selecting
criteria values that were appropriately health-protective, we used a systematic approach
to select the values for each of the assessed VOCs for acute, subchronic, and chronic
exposures (which we defined earlier in Section 3.3).

We list below the potential health criteria values included in our review.
m  EPA Reference Concentration (RfC)
m  ATSDR Minimal Risk Level (MRL)

= Other inhalation health criteria promulgated by EPA, principally the Provisional Peer-
reviewed Toxicity Value (PPRTV)

= Inhalation health criteria by state agencies including those listed below.

¢ Reference Value (ReV) promulgated by the Texas Commission on Environmental
Quality (TCEQ)

¢ Reference Exposure Level (REL) promulgated by the California Office of Environmental
Health Hazard Assessment (OEHHA)

¢+ Effects Screening Levels (ESLs) promulgated by the TCEQ, where an ReV was not
available

We based the selection of each health criterion value for each VOC on which values were the
best documented, were based on the most recent studies, used current, generally accepted
derivation methodologies, and had sufficient supporting documentation. When values meeting
these criteria were unavailable, we used alternative values in their place (e.g., values with more
limited supporting data or were not peer reviewed). Where available, we generally found EPA
RfCs and ATSDR MRLs to be the best-documented of the reviewed values, having been
subject to extensive scientific review, and derived in such a way as to be protective of both the
general population and sensitive groups. When available, we preferred RfCs and MRLs as
criteria values. PPRTVs are, by definition, provisional, and therefore intended for use when
RfCs or MRLs were not available. We used criteria values promulgated by state agencies either
when EPA or ATSDR had not promulgated criteria values or when state values were derived
based on more recent data, analyses, or hazard-characterization methods (e.g., benchmark
doses rather than no-observed- or lowest-observed-adverse effects levels). In addition, where
two or more criteria values were available from sources derived using similar methodologies
and approaches, we generally selected the more protective value or value derived from more
recent data. In some cases, we used the same health criteria values for more than one
chemical, following guidance from the various agencies as to which chemicals can be “grouped”
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together and reference the same data. When data are lacking on a specific chemical, data from
a similar chemical or “surrogate” (e.g., based on chemical structure) can be used for decision
making. We provide in Appendix B a complete table of the criteria values selected for these
HHRAs. Table 4-1 contains a summary of the number and types of VOCs whose criteria values
we selected from each source.

Table 4-1. Selected Sources of Non-cancer Health Criteria Values for the Assessed Chemicals

Source Hierarch Number of Chemicals Types of Chemicals
Chronic
EPA RfC 11 hexane, cyclohexane, substituted benzenes
ATSDR MRL 1 benzene
EPA PPRTV 5 C5-C9 alkanes
TCEQ ReV 20 mostly low-MW alkanes, alkenes
TCEQ ESL 7 disubstituted benzenes, isoprene, etc.
OEHHA REL 1 propane
NA 2 asphyxiants
Subchronic
EPA RfC 3 trimethylbenzenes
EPA PPRTV 29 substituted benzenes, medium-MW alkanes, alkenes
NA 16 styrene, most low-MW alkanes, alkenes
Acute
Literature Review 1 benzene
ATSDR MRL 1 toluene
TCEQ ReV 32 most aromatics, aliphatics, isoprene = proposed
TCEQ (interim) ESL 10 11 interim, 4 based on TCEQ surrogates
NA 3 ethane, propane, propene

Notes: RfC = Reference Concentration; MRL = Minimum Risk Level; PPRTV = Provisional Peer-reviewed Toxicity
Value; ReV = Reference Value; ESL = Effects Screening Level; REL = Reference Exposure Level; EPA = U.S.
Environmental Protection Agency; ATSDR = Agency for Toxic Substances and Disease Registry; TCEQ = Texas
Commission on Environmental Quality; OEHHA = California Office of Environmental Health Hazard Assessment;
MW = molecular weight; NA = not available.

As can be seen in Table 4-1 and Appendix B, for a given VOC we often selected the criterion
value from different sources for acute, subchronic, and chronic exposure durations. For chronic
exposures, TCEQ ReV and ESL values constituted a large proportion of selected criteria values;
this is primarily because RfC or MRL values have not been promulgated by EPA or ATSDR,
respectively, for most of the VOCs. For subchronic exposures, EPA PPRTVs were the only
criteria values available for the majority of VOCs and no values were available for 16 of the
VOCs. For acute exposures, most of the available criteria values were promulgated by TCEQ. If
a criterion value was not available from any of these sources, we did not calculate the HQ for
that VOC; this occurred for 2 VOCs for chronic non-cancer assessment, 16 VOCs for
subchronic, and 3 VOCs for acute.

In the case of benzene, which is frequently detected near O&G operations, the available acute
criteria values promulgated by different regulatory agencies (OEHHA and TCEQ) differed by
more than a factor of 20—8 parts per billion (ppb) versus 180 ppb. We therefore conducted a
detailed literature review to evaluate the basis for the acute criteria derivation (see Appendix C).
We did not consider ATSDR acute MRL values in this analysis because they apply to durations
of 14 days or less instead of 1-hour exposures. Based on the literature review, we chose to
utilize a criterion value of 30 ppb to evaluate hazards associated with acute benzene exposure.
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4.2. Hazard Characterization for Combined Exposures

HQ values characterize the potential for adverse effects from exposures to individual chemicals.
Because a large number of VOCs are released concurrently from O&G well-development and
production activities, it is also necessary to generate hazard estimates for multiple
(simultaneous) exposures. Because there usually are little or no data related to the health
hazards associated with a specific chemical mixture, we calculated hazard indices (HIs) to
estimate the combined effects of multiple VOCs that might act on the same target organ
or show similar critical effects.

In these HHRAS, we calculated the HI for a critical-effect group by summing the HQ values for
all VOCs having that critical toxic effect, as shown in Eq. 4-2 below for n VOCs in each group.

Hl= Y™, HQ; Eq. 4-2

Conventionally, HI values less than 1.0 are also considered to be health-protective because of
the high degree of conservatism built into the constituent HQ calculations; however, the degree
of uncertainty associated with interpreting the values is probably larger than for individual HQs.
As with HQs, instances where Hl values exceed 1.0 are subject to further analysis.

4.2.1. Selection of Critical-effect Groups

For each VOC, we assigned one or more critical-effect group based on the critical adverse
effects reported in the literature for that VOC (effects occurring at the lowest exposures in the
studies used to derive the criteria values). We assigned more than one critical-effect group if the
effects were seen at similar exposure levels. In addition to effects noted in critical studies, we
also identified other toxic effects that were well-documented to occur at similar exposures. We
did not use toxicity occurring only at exposures far above the critical effects to inform the
groups. We show in Table 4-2 the ten non-cancer critical-effect groups identified for the
VOCs in these HHRAs. We provide in Appendix D the complete list of group assignments of
each VOC.

Table 4-2. Hazard Index Critical-effect Groups
developmental

endocrine

hematological

hepatotoxicity

immune

nephrotoxicity

neurotoxicity

respiratory

sensory

systemic
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We assigned these groups separately for acute, subchronic, and chronic effects. Often, the
critical effects identified for a given VOC differed depending on exposure duration, and if no
effect data were available in the supporting information, we did not assign the chemical to any
effect group. Also, the individual group meanings may cover slightly different spectra of effects
for different exposure durations (see Appendix D). Groups vary with regard to specificity, as
noted below.

®m The “neurotoxicity” group includes pathological changes in the central and peripheral
nervous system, as well as neurobehavioral changes. For acute exposures, neurotoxicity
may include reversible “intoxication” (blurred vision, diminished reflexes, decrease
alertness), while subchronic and chronic neurotoxicity also covers less reversible
pathological changes in the peripheral and central nervous system.

= The “hematological” group includes changes in both red and white blood-cell populations
(short of overt immune effects).

= The “systemic” group is limited primarily to VOCs for which the observed critical effect is
reported to be loss (or reduced gain) in body weight. The underlying cause for the observed
effects is often not known.

®  We applied the “sensory” group exclusively to acute exposures. Sensory effects include eye,
nose, and throat irritation.

= For chemicals showing a lack of an effect at the levels used in the criteria-value calculations,
we grouped them as best as possible based on known effects at higher doses according to
the conventions described here.

4.3. Calculation of Potential Cancer Risks

In addition to non-cancer hazards, we assessed lifetime cancer risks for exposure to the VOC
for which strong evidence of carcinogenicity was available. A value of inhalation unit risk
(IUR) for cancer has been promulgated