Department of Energy

Bonneville Power Administration
P.O. Box 3621
Portland, Oregon 97208-3621

In reply refer to: FOIA #2024-00643-F
October 2, 2025

SENT VIA EMAIL ONLY TO: miles@columbiariverkeeper.org

Miles Johnson, Legal Director
Columbia Riverkeeper

P.O. Box 950

Hood River, OR 97031

Dear Mr. Johnson,

This communication is the Bonneville Power Administration’s (BPA) first partial response to
your request for agency records made under the Freedom of Information Act, 5 U.S.C. § 552
(“FOIA”). Your FOIA request was received on December 13, 2023, and formally acknowledged
on January 4, 2024.

Request

“...all records within BPA’s control related to emissions of methane or carbon dioxide from
reservoirs. The date range for this request is from January 1, 2010, to the date when BPA
receives this request.”

Response

BPA has searched for and gathered 1,922 pages of responsive agency records from the agency’s
Outlook email system and knowledgeable subject matter experts in the agency’s Environmental
Planning & Analysis, Environmental Fish & Wildlife, Energy Efficiency, and Intergovernmental
Affairs offices. This collection includes 1,576 pages that comprise the “Columbia River System
Operations Environmental Impact Statement — Chapter 3” that is publicly available at this link:
https://usace.contentdm.oclc.org/utils/getfile/collection/p16021coll7/id/14959. Due to the size of
the document and fact it is already available publicly it is not included in the records that
accompany this communication. There are 346 pages of records that accompany this
communication, with the following redactions applied:

e 82 redactions applied under 5 U.S.C. § 552(b)(5) (Exemption 5)
e 14 redactions applied under 5 U.S.C. § 552(b)(6) (Exemption 6)

Explanation of Exemptions

The FOIA generally requires the release of all agency records upon request. However, the FOIA
permits or requires withholding certain limited information that falls under one or more of nine
statutory exemptions (5 U.S.C. 88 552(b)(1-9)). Further, section (b) of the FOIA, which contains


mailto:miles@columbiariverkeeper.org
https://usace.contentdm.oclc.org/utils/getfile/collection/p16021coll7/id/14959

the FOIA’s nine statutory exemptions, also directs agencies to publicly release any reasonably
segregable, non-exempt information that is contained in those records.

Exemption 5
Exemption 5 protects “inter-agency or intra-agency memorandums or letters which would not be

available by law to a party other than an agency in litigation with the agency” (5 U.S.C. §
552(b)(5)). In plain language, the exemption protects privileged records.

The deliberative process privilege protects records showing the deliberative or decision-making
processes of government agencies. Records protectable under this privilege must be both pre-
decisional and deliberative. A record is pre-decisional if it is generated before the adoption of an
agency policy. A record is deliberative if it reflects the give-and-take of the consultative process,
either by assessing the merits of a particular viewpoint, or by articulating the process used by the
agency to formulate a decision. Here, BPA relies on Exemption 5 to protect internal discussions
related to Columbia River System operations, how to respond to a draft report, and staff notes
taken for internal discussion purposes prior to a final decision, the release of which would cause
public confusion. Records protected by Exemption 5 may be discretionarily released. BPA has
considered and declined a discretionary release of some pre-decisional and deliberative
information in the responsive records set because disclosure of that information would harm the
interests and protections encouraged by Exemption 5.

The attorney work-product privilege protects agency records prepared in anticipation of
foreseeable litigation, including civil, criminal, and administrative proceedings. In this case, BPA
asserts Exemption 5 to protect documents created in anticipation of litigation related to Columbia
River System operations and related injunction motions communications.

The attorney-client privilege protects confidential communications between an attorney and a
client relating to a legal matter for which the client has sought professional advice. The privilege
encompasses facts provided by the client and opinions provided by the attorney. In this case,
BPA asserts Exemption 5 to protect communications between attorney-advisors within BPA’s
Office of General Counsel and with the program offices they advise, related to Columbia River
System operations.

Exemption 6
Exemption 6 serves to protect Personally Identifiable Information (P1l) contained in agency

records when no overriding public interest in the information exists. BPA does not find an
overriding public interest in the release of the information redacted under Exemption 6—
specifically, leave plans, personal cell phone numbers, conference call passcodes, and Webex
passcodes. This information sheds no light on the executive functions of the agency and BPA
finds no overriding public interest in its release. BPA cannot waive these redactions, as the
protections afforded by Exemption 6 belong to individuals and not to the agency.

Lastly, as required by 5 U.S.C. 8 552(a)(8)(A), information has been withheld only in instances
where, (1) disclosure is prohibited by statute, or (2) BPA foresees that disclosure would harm an
interest protected by the exemption cited for the record. When full disclosure of a record is not



possible, the FOIA statute further requires that BPA take reasonable steps to segregate and
release nonexempt information. The agency has determined that in certain instances partial
disclosure is possible and has accordingly segregated the records into exempt and non-exempt
portions.

Fees
There are no fees associated with processing your FOIA request.

Certification

Pursuant to 10 C.F.R. § 1004.7(b)(2), | am the individual responsible for the search and
information released above. Your FOIA request BPA-2024-00643-F is now closed with
responsive agency information provided.

Appeal

Note that the records release certified above is final. Pursuant to 10 C.F.R. § 1004.8, you may
appeal the adequacy of the records search, and the completeness of this final records release,
within 90 calendar days from the date of this communication. Appeals should be addressed to:

Director, Office of Hearings and Appeals
HG-1, L’Enfant Plaza

U.S. Department of Energy

1000 Independence Avenue, S.W.
Washington, D.C. 20585-1615

The written appeal, including the envelope, must clearly indicate that a FOIA appeal is being
made. You may also submit your appeal by e-mail to OHA filings@hg.doe.gov, including the
phrase “Freedom of Information Appeal” in the subject line. (The Office of Hearings and
Appeals prefers to receive appeals by email.) The appeal must contain all the elements required
by 10 C.F.R. 8 1004.8, including a copy of the determination letter. Thereafter, judicial review
will be available to you in the Federal District Court either (1) in the district where you reside,
(2) where you have your principal place of business, (3) where DOE’s records are situated, or (4)
in the District of Columbia.

Additionally, you may contact the Office of Government Information Services (OGIS) at the
National Archives and Records Administration to inquire about the FOIA mediation services
they offer. The contact information for OGIS is as follows:

Office of Government Information Services
National Archives and Records Administration
8601 Adelphi Road-OGIS

College Park, Maryland 20740-6001

E-mail: ogis@nara.gov

Phone: 202-741-5770

Toll-free: 1-877-684-6448

Fax: 202-741-5769


mailto:OHA.filings@hq.doe.gov

Questions about this communication or the status of your FOIA request may be directed to James
King, FOIA Public Liaison, at jjking@bpa.gov or 503-230-7621. Questions may also be directed
to E. Thanh Knudson, Case Coordinator (ACS Staffing Group), at etknudson@bpa.gov or 503-
230-5221.

Sincerely,

Candice D. Palen
Freedom of Information/Privacy Act Officer

Responsive agency records accompany this communication.
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Abstract

Inland water bodies, such as freshwater lakes, are known to be net emitters of carbon dioxide
(CO») and methane (CHs). In recent years, significant greenhouse gas (GHG) emissions from
tropical, boreal, and mid-latitude reservoirs have also been reported. At a time when
hydropower is increasing worldwide, better understanding of seasonal and regional variation in
GHG emissions is needed in order to develop a predictive understanding of such fluxes within
man-made impoundments. We examined reservoir impoundments created by power-producing
dam complexes within xeric temperate locations in the northwestern United States. Sampling
environments on the Snake (Lower Monumental Dam Complex) and Columbia Rivers (Priest
Rapids Dam Complex) included tributary, mainstem, embayment, forebay, and tailrace areas
during winter and summer 2012. At each sampling location, GHG measurements included
multiple exchange pathways: surface gas flux, degassing as water passed through dams during
power generation, ebullition within littoral embayments, and direct sampling of hyporheic pore-
water. Measurements were also carried out in a free-flowing reach of the Columbia River (the
Hanford Reach) to estimate unaltered conditions. Surface flux resulted in very low emissions,
with reservoirs acting as a sink for CO; (up to —262 mg m~d”', which is within the range
previously reported for similarly located reservoirs). Surface flux of CH, remained below 1 mg
CH; m™d™, a value well below fluxes reported previously for temperate reservoirs. Water
passing through hydroelectric projects acted as a sink for CO; during winter and a small source
during summer, with mean degassing fluxes of =117 and 4.5 t CO; d’, respectively. Degassing
of CH4 was minimal, with mean fluxes of 3.1 x 10® and -5.6 x 10* t CHs d™! during winter and
summer, respectively.  Gas efflux due to ebullition was greater in coves located within
reservoirs than in coves within the free flowing Hanford Reach, and CH4 efflux exceeded that of
CO,. CH; ebullition varied widely across sampling locations, ranging from 10.5 to 1039 mg CH,
m” d'l, with mean fluxes of 324 mg CHy m~d'in Lower Monumental Dam reservoir and 482
mg CH,; m™d” in the Priest Rapids Dam reservoir. The magnitude of CH, efflux due to
ebullition was relatively high, falling within the range recently reported for other temperate
reservoirs around the world, further suggesting that this CHy4 source should be considered in
estimates of global greenhouse gas emissions. Methane flux from sediment pore-water within
littoral embayments averaged 4.2 mg m™ d”' during winter and 8.1 mg m™ d"' during summer,
with a peak flux of 19.8 mg m~d"' (at the same location where CHy ebullition was also the
greatest). Carbon dioxide flux from sediment pore-water averaged approximately 80 mg m~d
with little difference between winter and summer. Similar to emissions from ebullition, flux
from sediment pore-water was higher in reservoirs than in the free flowing reach. The findings
reported in this investigation are consistent with recent discoveries of substantial CH, emissions
from temperate Swiss and Chinese reservoirs. There is an apparent global need to better
understand CH4 emissions from littoral embayments of temperate hydroelectric reservoirs when
estimating the impact of CH4 emissions on climate change.

iii

29010035 BPA-2024-00643-F 0015






Acknowledgments

Arthur Stewart, Mark Bevelhimer, Jennifer Mosher, Jana Phillips, and Allison Fortner (Oak
Ridge National Laboratory) provided guidance and advice through all phases of the project.
Mark Reller and Janelle Schmidt (Bonneville Power Administration), Gregg Carrington and
Janel Duffy (Chelan County Public Utilities District), Tom Kahler (Douglas County Public
Utility District), Tom Dresser (Grant County Public Utility District), Kimberly Johnson, Brad
Bird, and Rebecca Weiss (U.S. Army Corps of Engineers), and Eric Corbin (U.S. Bureau of
Reclamation) served on an advisory group that helped identify important regional issues and
assisted with reservoir selection. Kenneth Ham and Katherine Klett (PNNL) assisted with
project implementation. Tom Resch (PNNL) completed carbon analyses. Chris Thompson
(PNNL) supervised gas chromatography analyses. Brenda Ben James (Cascade Aquatics LLC)
helped collect field samples. This work was supported by the U.S. Department of Energy, Office
of Energy Efficiency and Renewable Energy—Wind and Water Power Program. Pacific
Northwest National Laboratory is operated by Battelle for the U.S. Department of Energy under
Contract DE-AC05-76RL01830.

29010035 BPA-2024-00643-F 0017






Contents

ADBIPBOL couc00mmsssrssssssvsssssnisrstsssisn sissismmasssas s sssisssass sssasssssias ssues seomi oA FNR P R T S SRR TRa R30S 111
ACKNOWIEAZIMENIES. .....cviii ittt et eb et sb s e eb e en e seen s e e s aeanans v
10 EREOOCHNG 55,05 0n5 553505 wimonssssn e sRaRmar shn 5384545 SRS AR S AR RS PR UAT SRS SRS SRR SRS RSB EFRA FUFRR 89 1
2.0 MEEROMAS ...ttt ettt e st et aa e te et e ese e s et e eanenneeas e nseanaens 5
IR T ———————— 5

2.2, Expermmiental MEthods: ..cuniimniasimsssmssisssaisssissimessnssssassssssssssnsmnissnions 6
2.2.1 Surface flux of COs and CHa....ooeoiviiuiiiiiiiieeieie e 6

2.2.2 Depth-discreet and continuous water quality monitoring ...........ccccceeeeeenee 8

2.2.3 Degassing of CO, and CH4 through hydroelectric turbines.........c.cc.ccocueee.. 9

228 'O CIMIITRIOM 00 s50nnssinsisinssnsssssinassisniosiarsioi553 sHeRERERSFRF s T SRR S RSSO 9

2.2.5 Hyporheic Flux of CO2 and CHy ....cooviveciiiieieieicece e ceeveeese e ssaeneeaanns 10

2.2.6 Laboratory ANALYSIS ...oaisscmsimssssissssssssamsermmsssismosionsssiessssmssmisss 12

310 RIS crisssssinsmrmmsssimsmmisssrmmss s s s s i s o s s s om RS s T A SR RS TR oS eSS SR e 13
3.1 Surface flux of CH4and CO2 ...vevvieieriieeiieieect e sessesissssiss s sss e sassasaacassas 13

3.2 Degassing of CHsand CO; at hydroelectric dam projects..........ccceuveenieneseeiansas 14

3.3 Ebullition of CH; and CO; in littoral embayments ..........cccceeeviieiiereeieniesiaesiennas 15

3.4 Hyporheic Fluk of CHyB COh. oo sessormminssmmssisrassaensomasssisssmsis s 18

410 DIESCUSSION ..oiteuietietettese it etases s sseeses s et esaeseasehaese st esesss st essade s s ead et e b asses shessest et ensesanne 21
5.0 REFETEICES .....ouivieiiietiie ettt et et as ettt eae e e et st et e s e e b essesansasasensensasansaneas 25

vii

29010035 BPA-2024-00643-F 0019



Figures
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within the Hanford Reach, a free flowing stretch of the Columbia River.

Embayments (white squares) were sampled using inverted funnel samplers to trap
gas bubbles in surface water and using piezometers to sample sediment pore-water.
Samples were collected from the mainstem river adjacent to each embayment. ........... 6

Figure 2. Surface water flux for A) CH4 and B) CO; across sampling environments in the
Hanford Reach (HR), Priest Rapids hydroelectric dam complex (PRD), and Lower
Monumental hydroelectric dam complex (LMN). Solid horizontal lines within each
box represent median flux, dashed lines within each box represent mean flux, ends of
boxes represent the 25" and 75" percentiles and black dots represent outliers. .......... 13

Figure 3. Degassing flux values for A) CH, (td") and B) CO, (td) across hydroelectric
dam projects in March 2012 and September 2012. Solid horizontal lines within each
box represent median flux, dashed horizontal lines represent mean flux, and ends of
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Figure 4. Gas concentration values (mgL™") for A) CH, and B) CO, gas samples
collected in funnels from all littoral embayments during September 2012. Solid
horizontal lines within each box represent median concentration, dashed lines within
each box represent mean concentration, ends of boxes represent the 25™ and 75™
percentiles and black dots represent OUtHETS. ........coviviiiiiiiiiciii s 16

Figure 5. Flux values (mg m~ d"') for A) CH, and B) CO» gas samples collected using
mverted funnel samplers with littoral cove sampling environments in the Hanford
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1.0 Introduction

Atmospheric concentrations of carbon dioxide (CO;) have risen from 315 parts per million
(ppm) in 1959 to 385 ppm today (IPCC 2007; Taub 2010). The Intergovernmental Panel on
Climate Change (IPCC 2007) projects that atmospheric CO> concentrations will increase to
between 500 and 1000 ppm by 2100, raising questions about how this will effect carbon (C)
cycling between the atmosphere and hydrosphere (Taub 2010). CO, supersaturation in
freshwater lakes relative to atmospheric concentrations has been widely documented, implicating
inland waters as one source of this greenhouse gas (GHG) to the atmospheric sink (Cole et al.
1994). Furthermore, Butman et al. (2012) has shown several temperate and Arctic rivers to be
saturated with CO, in excess of atmospheric levels. At the same time, researchers have become
increasingly aware of the extent to which the greenhouse gases CO» and methane (CHs) may be
produced within the lacustrine environments created by hydroelectric dam complexes. As a
GHG, CH4 has a warming potential in the atmospheric sink that is approximately 25 times
greater than CO, per 100 years (Forster et al. 2007). Consequently, hydroelectricity’s long-
presumed carbon neutrality has been increasingly re-examined (Bastviken et al. 2004; Soumis et
al. 2004; Tremblay et al. 2005).

With only 17% of potential hydroelectric sites utilized globally, dam construction is on the
rise in developing countries (Bednarek 2001; Barros et al. 2011). In recent years, sizeable GHG
efflux from newly constructed hydroelectric dam reservoirs in tropical and boreal latitudes has
been measured, and efforts have been made to effectively model emissions (Huttunen et al. 2002;
Santos et al. 2005; Tremblay et al. 2005; Galy-Lacaux et al. 1997; Barros et al. 2011). However,
CO;and CHy flux rates vary among these studies by orders of magnitude. Furthermore, there is
uncertainty regarding the relative contribution of greenhouse gases from reservoirs in temperate
latitudes. For example, Barros et al. (2011) found that reservoir GHG emissions decreased with
reservoir age and distance from the equator. This conflicts with the relatively recent discovery of
“extreme” CHj4 emissions (>150 mg m~d") from a temperate latitude Swiss reservoir that is 90
years old (Del Sontro et al. 2010).

Hydroelectric dams alter riverine systems to create lacustrine conditions, and block the
downstream transport of organic and inorganic C (Wetzel 2001; Bastviken et al. 2004). In
addition to dissolved inorganic carbon, which may occur as CO», rivers export dissolved and
particulate organic carbon (DOC and POC) from throughout their catchments. While this DOC
and POC may be respired by aerobic heterotrophs to produce CO», POC accumulations in littoral
embayments of hydroelectric dam complexes can also become anoxic substrates for
methanogenesis (Wetzel 2001; Del Sontro et al. 2010; Butman et al. 2012). Additionally,
methanogensis can take place in the hyporheic zone, the shallow subsurface zone of streambeds
where microbial activity and anoxia can prevail within pore-waters (Schindler and Krabbenhoft
1998; Huttunen et al. 2006). Under low hydrostatic pressures (e.g., when surface water depths
are less than 10 m), hyporheic CHj can rise to the surface in large, ebullated bubbles (Del Sontro
et al. 2010).
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Previous studies within temperate reservoirs of the United States report varying exchange of
CO; and CH,4 with the atmosphere via surface flux. Soumis et al. (2004) evaluated six reservoirs
in Washington and California during September 2001, and concluded that four were sinks for
CO; and all were emitters of CHs (3.2 to 9.5 mg m™ d”'). Working in reservoirs located in semi-
arid Utah, Arizona, and New Mexico, Therrien et al. (2005) reported mean CO» emissions of 664
mg CO, m~ d”. In still another study, St. Louis et al. (2000) listed CO, and CH,4 emissions in
three of five Wisconsin reservoirs (3 to 11 mg CHs m™ d”' and 220 to 1300 mg CO> m™> d™). All
of these studies evaluated surface emissions only and were focused in the mainstem
environments of reservoirs. Recent results show COs surface efflux for Tennessee’s Lake
Douglas was generally within the range reported by the IPCC for other, moist temperate
reservoirs (<0 to 6.00E+03 mg m™ d'), while CH, surface efflux was generally similar to
previous results for the temperate United States (<10 mg m™ d), although emissions were much
greater, exceeding 50 mg m~ d”! in Nolichucky Cove, a local littoral embayment (Mulholland et
al. 2010).

Hydroelectric dam complexes include many distinct environments, including tributaries,
littoral embayments, the hyporheic zone, the mainstem reservoir, the forebay, and the tailrace.
The dynamics related to GHG emissions are known to vary spatially and temporally across these
environs (IHA 2010). While GHG emissions from the surface of hydroelectric reservoirs and
from water passing through hydroelectric projects (i.e., outgassing) have been documented,
studies of GHG fluxes from the littoral environments associated with these projects are less
represented (Chen et al. 2009; Del Sontro et al. 2010, Mulholland et al. 2010). Understanding
such littoral fluxes is important, especially since they have been previously underestimated in
studies of temperate hydroelectric dam complexes (Chen et al. 2009). For example, littoral
embayments occupy 10% of surface area in the impoundment created by the Three Gorges
hydroelectric dam complex, however contribute nearly 20% of CH, surface efflux. It is
generally accepted that CHs efflux occurs from vegetated littoral embayments of small boreal
streams, where the vascular tissues of emergent macrophytes convey dissolved CH, directly
from anoxic substrates to the atmosphere (Kelker and Chanton 1997; Juutinen et al. 2003;
Kankaala et al. 2004; Bergstrom 2007). These studies estimate that CH, efflux per unit area is
highest in such vegetated littoral embayments, but do not sample from or provide data on CHy
fluxes from large temperate rivers impounded by hydroelectric dams (Kelker and Chanton 1997,
Juutinen et al. 2003; Kankaala et al. 2004; Bergstrom 2007).

In order to provide greater understanding of the spatial and temporal resolution of GHG flux
from the temperate United States reservoirs it regulates, the U.S. Department of Energy (DOE)
initiated a study of Southeastern U.S. reservoirs (Mulholland et al. 2010). The Wind and Water
Power Program of the Office of Energy Efficiency and Renewable Energy (U.S. DOE) recently
expanded this evaluation to include reservoirs in the Pacific Northwest region of the United
States. Pacific Northwest National Laboratory (PNNL) conducted field sampling of
representative reservoirs from this region and estimated GHG emissions. The goals of PNNL’s
field program included 1) measurement of expected emissions pathways at sufficient temporal
frequency and spatial density, 2) collection of data from hydroelectric dam complexes that are
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regionally representative, and 3) study of pre-impoundment proxies, such as tributaries and
remaining free-flowing reaches to approximate net emissions (Mulholland et al. 2010).
Ultimately, such data are needed to develop a predictive understanding of gas fluxes within man-
made hydroelectric dam complexes.

The objectives of PNNL’s study were to contribute to the Department of Energy’s national
effort by sampling Northwest reservoirs in order to 1) determine whether CO, and CH,
emissions varied among different environments within representative hydroelectric dam
complexes on the Columbia and Snake Rivers in Washington and 2) estimate GHG fluxes from
those environments while placing them in context relative to GHG emissions from other
temperate hydroelectric dam complexes.
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2.0 Methods

2.1 Study Sites

Study locations were in xeric Eastern Washington, and included Priest Rapids on the mid-
Columbia River and Lower Monumental on the lower Snake River. We sampled both of these
hydroelectric dam complexes, with generating capacities of 955.6 MW and 810 MW,
respectively (CBR 2013). Additionally, one free-flowing reach (the Hanford Reach) of the
Columbia River was sampled. Field efforts at all locations occurred during March and
September, 2012. The Priest Rapids complex (Priest Rapids Lake) has a residence time of 0.8
days and a surface area of 31.3 km® (ORNL 2013). Mean annual discharge through Priest
Rapids Dam (for the time period 2002-2011) is approximately 3,115 m's” (USGS 2013). The
Priest Rapids Dam reservoir is characterized by several embayments and agricultural (i.e.,
nutrient) inputs, one tributary (Crab Creek). Pre-impoundment conditions may be approximated
by sampling the free flowing Hanford Reach, downstream from the dam (Figure 1). The Lower
Monumental Dam complex (Lake Herbert G. West) has a residence time of 6 days and a surface
area of 26.7 km’ (ORNL 2013). Mean annual discharge through Lower Monumental Dam (for
the time period 2003-2012) is approximately 1,410 m’ s (DART 2013). The Lower
Monumental Dam reservoir also has many embayments and agricultural inputs, and its
tributaries include the Palouse and Tucannon Rivers. Both reservoirs are generally oxic, with
winter temperatures dropping well below 5°C and summer temperatures approaching 20°C in the
Priest Rapids Dam complex and often exceeding 20°C in the Lower Monumental Dam complex
(DART 2013). The areas we studied were generally not nutrient limited. Summer
concentrations ranged from 0 to 0.47 mg L PO4 and from 0.6 to 1.9 mg L' NO5™ along the
Hanford Reach, from 0.02 to 1.64 mg L™ PO, and from 0.8 to 5.5 mg L™ NO" at Priest Rapids,
and from 0.28 to 2.75 mg L PO,*and from 0.1 to 4.3 mg L' NO; in the Lower Monumental
complex. Although none of our study locations represented anoxic conditions, some reservoirs
in the Pacific Northwest are known to contain seasonally anoxic environments (e.g., the Snake
River’s Brownlee complex; Nuernberg 2004). Both hydro projects participate in spring spill
operations to aid migratory juvenile fish, a unique and important characteristic of many Pacific
Northwest dam complexes, which may enhance outgassing in the tailrace. The selected
hydroelectric dam complexes are fairly representative of regional hydroelectric dam complexes
east of the Cascade Range, in semi-arid Washington. Within Priest Rapids and Lower
Monumental reservoirs, at least one major tributary, two embayment sites, two mainstem
reservoir sites, two forebay sites, and two tailrace sites were sampled (Figure 1). Additionally,
two embayment sites and two mainstem reservoir sites were sampled along the free-flowing
Hanford Reach (Figure 1).
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collect an ambient air sample. Additional samples were gathered using syringes and a gas tight
Van Dorn sampler (Wildco Alpha Horizontal 3.2 L) at | m and other depths to show relative
saturation to atmospheric concentrations of CO> and CH4. All vials contained 0.4 g potassium
chloride (KCl) to both inhibit further respiration and prevent partitioning of the sampled gas
between headspace and water (IHA 2010). Vials were sealed with a butyl rubber stopper and an
outer centrifuge tube containing DI water, and were refrigerated until analysis by gas
chromatography (GC). When vials were held for extended periods, helium (He) gas was injected
into the headspace vial as an additional seal. Flux at the surface of waters at all sites was
calculated in September using the thin boundary layer equation, as presented by Duchemin et al.
(1999), Roehm and Tremblay (2006), and Del Sontro et al. (2010):

F,

Surface — K; (Cw _Cev)

Where F,uce is GHG flux, K is the gas exchange coefficient, C, is the partial pressure of
CO; and CH4 (atm) in water (measured directly at 0.01 m depth), and C., is the atmospheric
equilibrium partial pressure of CO; and CHy (atm). The gas exchange coefficient, K;, was
determined using the following relationships (Wanninkhof 1992; MacIntyre et al. 1995; Cole and
Caraco 1998; Crusius and Wanninkhof 2003; Del Sontro et al. 2010; THA 2010):

K, =K, (Sc/600)"*

K (€CO,)=2.07+0.215U,;
Ky, =(CH,)=045U"

U,=U,122

Sc=a-bT+cT*-dT?

Where Uy is wind speed at 10 m above the water’s surface; this value was converted from
wind speed measured at 2 m above the water’s surface (U;) as outlined in Wanninkhof (1992).
Sc is the Schmidt number, or the ratio of momentum diffusivity and mass diffusivity as presented
by Jaehne et al. (1987) and Wanninkhof (1992), T is the temperature (°C), and a, b, ¢, and d are
constants for CO, and CH4 (Wanninkhof 1992; IHA 2010). The partial pressures of CO; and
CHy in water (C,,) and in the atmosphere (C,,;) were determined using the following
relationships:

Cw = F:KH
C,, =PK,

&

Pi=("i/"r)Pr
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Where P; is the partial pressure of CO; or CHy, respectively, n;/ nr is the mole fraction of
CO, or CH, obtained via gas chromatography, and Pris the approximate atmospheric pressure at
the elevation of sampling. The relationship between pressure and concentration is determined
using the ideal gas law.

Both C,, and C,, were corrected for temperature dependence of gas solubility in water
following Henry’s Law, and C,, was further corrected for the effect of pressure due to water
depth on gas solubility (Weiss 1974). These adjustments were made using the Ky and K
variables, which were determined as follows (Weiss 1974; Wiesenburg and Guinasso 1979; Lide
2007; IHA 2010):

K, =K, ln[(l-p)‘_’i/RTlc]
InK,(CO,)=A+B(100/ T, )+Cln(T; /100)+s[D-E(TK /100)+ F (T, /100)2]

InK,(CH,)=G+[H /(T, /100)]+ I In(T;, /100)-J(T, /100)

Where s is salinity (0.025 ppt), Tk is temperature in Kelvin, P is the pressure of the system, v;
is the partial molal volume of CO, (0.03023 mol L") and CH, (0.03044 mol L") In water as
determined by Weiss (1974) and Yamamoto et al. (1976), respectively, and R is the gas constant
(0.082057 L atm K™ mol™). 4, B, C, D, E, and F are dimensionless coefficients previously used
by Weiss (1974). G, H, I, and J are dimensionless coefficients suggested by Lide (2007) and
IHA (2010). Kjwas determined using an integrated form of the van’t Hoff equation and the
logarithmic Setchenow salinity dependence, first presented by Weiss (1974) for CO; and
modified by Lide (2007) for CHs.

2.2.2 Depth-discreet and continuous water quality monitoring

Depth-discreet water quality and the availability of nutrients were measured in order to help
interpret GHG influx and efflux, and to provide information needed to select appropriate
diffusion coefficients for the gases sampled. Oxidation-reduction potential (ORP), pH, and
temperature were measured at each site by deploying a data-logging water quality sonde (Hach
Environmental, Loveland, Colorado) to the riverbed and slowly raising it to the river surface
while logging data every second. This resulted in data collection at approximately 0.2-m
intervals, allowing for resolution of any vertical gradients present in the water column. This was
investigated because pH fluctuates with dissolved CO», and temperature affects gas solubility,
according to Henry’s Law. ORP provides insight into the oxidation of CH4, produced by
anaerobic respiration in benthic interstices, to CO; in the oxic, overlying water column,
represented by the following reaction:

CH4 + 20, 2 CO; + 2H,0
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Sonde measured water quality was monitored hourly in embayment areas concurrently with
the deployment of ebullition funnels to 1) capture the diurnal fluctuations in DO that can occur
as a result of primary production during daylight hours and 2) measure temperature (Arntzen et
al. 2009). Buoys with these sondes were deployed within each embayment location in both
Priest Rapids and Lower Monumental Dam complexes, as well as the Hanford Reach. Nutrient
(nitrate [NO5'] and phosphate [PO,"), dissolved oxygen (DO), and GF 45 pm-filtered dissolved
organic carbon (DOC) samples were taken from | m and bottom depths via gastight Van Dorn
sampler, and combined in a composite sample for each site. In smaller tributaries (e.g., the
Tucannon River), these samples were collected from shore. Nutrients were measured in field or
the laboratory using a Hach colorimeter (spectrophotometer) and associated standards (Hach
Environmental, Loveland, Colorado). Upon return to the laboratory, DOC samples were
refrigerated until analysis with a carbon analyzer (Model TOC-5000A, Shimadzu). All
supporting data, including vertical gradients in temperature and dissolved oxygen, nutrient
concentrations, and DOC were included in Appendix D.

2.2.3 Degassing of CO, and CH, through hydroelectric turbines

Degassing of CO; and CHj between the forebay and the tailrace were estimated using the
same approach as IHA (2010):

Fo=[(Cu=C)0r )+[(Cuu—C.u) Q. ]

Where Fp is the degassing flux, C,,, is the concentration of CO, and CH; entering the dam
through the forebay, C,, 4is the concentration of CO, and CHj leaving the dam in the tailrace, Or
is the mean daily turbine discharge in m® s, and Qs is the mean daily spillway discharge in m’ s”
' (USACE 2012). Water samples were obtained via gas tight sampler at | m. Water was
sampled using the same methods in the tailrace, at | m. Degassing flux headspace samples were
preserved in a manner identical to surface flux headspace samples, and GC output concentrations
were also adjusted for temperature and pressure dependence of solubility in water, or Henry’s
Law, as above (K; Soumis et al. 2004).

2.24 CHgebullition

CH4 ebullition in each littoral embayment site was captured using two inverted funnels
(Strayer and Tiedje 1978; Del Sontro et al. 2010; Mulholland et al. 2010; IHA 2010). Inverted
funnels were constructed of vinyl material with minimal seams and no openings along their
interior collection surface. These funnels channeled ebullated CH4 bubbles from a 0.79 m®
opening at a depth of 2 m into a sealed syringe at their terminus. Inverted funnels were deployed
for approximately 24 hours at each location, using four construction bricks as an anchor. Upon
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retrieval, the funnels were carefully lifted to just below the water’s surface, and the captured gas
withdrawn with another syringe (sometimes multiple syringes were filled from the gas reservoir
of one funnel; in this case the sample from each syringe was collected as an individual sample).
CHj4 headspace samples were preserved along with surface flux and degassing flux samples until
GC analysis. Flux (Fr) in mg CHs m~d"' was calculated using the following equation:

F, =[CH,|xVol IT,x 4,

Where Fg is ebullition of CHy, [CHy] is the CHs concentration (or the mean concentration if
multiple samples were collected from one 24 hour funnel deployment), Vol is the volume of gas
sampled, 7y is the number of days the funnel was deployed, and Ay is the cross sectional area of

the funnel.

2.25 Hyporheic Flux of CO; and CH4

A Ponar dredge was used to collect substrate samples from three random locations at each
embayment site in March 2012. Each of these three samples was analyzed for sediment
grainsize distribution, organic, and inorganic C content. Previous studies on the Snake River
utilizing a Ponar dredge have revealed little to no significant seasonal differences among results
(Arntzen et al. 2012). Substrate samples were dried inside a vented oven at 105°C for 24 hours.
The dried samples were then be sieved into 1-phi size classes from 64 mm (-6 phi) to 0.062 mm
(4 phi). For each sample, the weight of the substrate in each size class was taken, yielding a
percent-by-weight value for each size class. All laboratory sample handling and quality
assurance and quality control followed the guidelines of Guy (1969). The inorganic and organic
carbon content of fine sediments less than 2 mm was determined using the loss on ignition
method (LOI; Heiri et al. 2001; Arntzen et al. 2012). A 20 g sample of the less than 2 mm
portion was taken from each sample. If less than 20 grams of fine sediment was available, the
entirety of the less than 2 mm portion was taken for LOI. Samples were fired at 550°C for four
hours in a muffle furnace. The difference between their masses prior to ignition and masses
following ignition was calculated as percent organic carbon.

Concentrations of CO, and CH4 present within the upper strata of benthic sediments and the
hyporheic zone, where methanogenesis and gas ebullition originates, was determined by
installing two mini piezometers at sites where ebullition funnels were deployed. These were
installed at a subsurface depth of approximately 10 cm, where CH. concentrations have been
shown to peak in pore water, and a surface water depth of approximately 4 m (Furrer and Wehrli
1996; Schindler and Krabbenhoft 1998). CO, and CHs headspace samples were taken from mini
piezometers following the funnels’ retrieval. Installation and sampling of mini piezometers, then
the funnels, was timed to avoid releasing and measuring greater quantities of CO; and CHy in the
ebullition funnels from a disturbed benthos. To retrieve a headspace sample, water was
withdrawn from the mini piezometers” 0.64 cm diameter polyethylene tubing with a syringe
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while a peristaltic pump was in operation (Arntzen 2001). Before sampling, tubing was purged
with up to three volumes of water (Arntzen 2001). The tubing was moored at the water’s surface
with a buoy for subsequent sampling. CO; and CH4 headspace samples were also taken with a
gas-tight Van Dorn sampler from bottom depths at each embayment site. All CO; and CH4
headspace samples were then stored along with surface flux, degassing flux, and ebullition flux
headspace samples until GC analysis. Flux of CO, and CH, was calculated using pore-water and
bottom depth headspace sample concentrations (gathered by gas tight Van Dorn, as described
previously), as well as porosity (@) and tortuosity (#) estimated from sediment grainsize data
(Berner 1980; Huttunen et al. 2006) using the following derivation of Fick’s First Law of
Diffusion:

F,

Porewater

=—@(Dyx07)dC | dz

Where Fp,epaier 18 the diffusive flux of CO, or CHy at the sediment-water interface, D, is the
diffusion coefficient for CO,, or CHy, dC / d= is the concentration gradient measured between the
pore-water headspace sample at 10 cm and Van Dorn headspace sample at the sediment-water
interface, @ is sediment porosity, and & is sediment tortuosity. Temperature dependent diffusion
coefficients were obtained from Broecker and Peng (1974). During winter sampling (Feb-
March) surface water temperatures in littoral embayments ranged from approximately 4-7 °C,
and diffusion coefficients for CO; and CH4 were selected assuming an average water
temperature of 5°C.

Table 1. Porosity values for various substrates determined using grainsize distributions found in
greatest proportion at each littoral embayment, together with the relationship presented by
Stephens et al. (1998).

Location Substrate Type (Dso) Porosity
Han-Cl Fine Sand 0.42
Han-C2 Medium Sand 0.40
LMN-CI Fine Silt 0.50
LMN-C2 Course Silt 0.45
PRD-C1 Medium Sand 0.40
PRD-C2 Coarse Silt 0.45

Diffusion coefficients used for CO; and CHy (in 10° cmzfs) were 1.08 and 1.14, respectively.
During summer sampling (September), surface water temperatures within embayments ranged
from approximately 18°C to 21°C, and diffusion coefficients were selected assuming an average
water temperature of 20°C. For summer samples, diffusion coefficients used for CO; and CHy
(in 10° cmzfs) were 1.64 and 1.75, respectively. Sediment porosity was estimated using the Dsp
sorting index from our sediment grainsize distribution (the grainsize that 50% of the sample was
finer than). The D5, value was related to porosity using a relationship published by Stephens et
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al. (1998). Sediment tortuosity was then estimated directly from the resulting sediment porosity
as outlined in Sweerts (1991):

6 =0730+2.17

2.2.6 Laboratory analysis

Methane and carbon dioxide concentrations were analyzed by gas chromatography (GC).
The gas chromatograph was an SRI Instruments model 8610C equipped with a flame ionization
detector (FID) and a methanizer accessory to enable measurement of CO,. A 1-mL gas sample
loop was used to inject samples onto the packed separation columns, which consisted of 2 m
Haysep-Dand 1 m Shincarbon joined with a 30 cm length of 1/8” OD copper tubing.. The N
carrier gas pressure was set at 20 psi, and the column temperature was 100°C. A set of four
standards ranging in concentration from 9.93 to 245 ppm for CH, and 205.5 to 5018 ppm for
CO, was used for calibration. Blanks and check standards were run regularly between samples;
standard recoveries ranged from 56% to 180% for CHs (mean = 101%) and 96% to 101% for
CO> (mean = 99%).
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CH, efflux within the Priest Rapids and Lower Monumental Dam complexes occurred but
was very minimal, with small positive fluxes within the Priest Rapids complex and very small
negative flux within the Lower Monumental Dam complex (Figure 2). The free flowing Hanford
Reach was a source of COs, with a mean (SD) flux of 21.7 mg m”d™ (146.3 mg m~d"). The
Lower Monumental Dam complex was a sink for CO,, with a mean (SD) flux —262 mg m~d"
(265 mg m™”d"). The Priest Rapids Dam complex was also a sink for CO2 with mean (SD) flux
of —48.5 mg m>d" (190.8 mg m>d™).

3.2 Degassing of CHsand CO; at hydroelectric dam projects

Relative atmospheric contributions of CH; and CO; were evaluated by measuring gas
concentrations in the forebay and the tailrace of hydroelectric dam projects as water passed
through the turbines and spillway during March and September, 2012 (Figure 3). Results were
highly variable within each hydroelectric dam project sampled. Overall, during March, tailrace
concentrations of CHy were lower than forebay concentrations, meaning the system was a source
for CH, with a mean degassing flux of 3.1 x 10 t CH, d” (Figure 3). During September, the
system was a sink for CHs with a mean (SD) degassing flux of —5.6 x 10 t CH, d"'(9.8 x 10™ ¢
CH, d™') (Figure 3). During March, the system was a sink for CO, with a mean (SD) degassing
flux of —117 t CO, d™(200 t CO, d™). During September degassing was a source of CO», with a
mean (SD) degassing flux of 4.5t CO, d'1(66 tCO,d" (Figure 3).
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Figure 8. DOC versus CH; (porewater flux and surface flux combined) for all three regions

during September 2012.
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4.0 Discussion

The surface fluxes of methane we report here are small compared to those observed by others
n similar temperate reservoirs. Delsontro et al. (2010) found that surface fluxes of methane
ranged from 1.5 mg CH,4 m~d” to 12.0 mg CHy m™d" from a run-of-river reservoir on the Aare
River, Switzerland. Like the run-of-river reservoirs we studied, this reservoir was characterized
by oxic conditions and similar temperature regimes to those we studied, with extremes ranging
from approximately 5°C in winter to approximately 17°C during summer (Delsontro et al. 2010).
Soumis et al. (2004) reported a range of CH, surface fluxes between 3.2 and 9.0 mg CHym™ d”!
in another September study of different reservoirs—Lakes Wallula and F.D. Roosevelt—on the
Columbia River, and St. Louis et al. (2000) found a range between 3.0 and 11.0 mg CH, m>d’
in temperate Wisconsin. Concomitant with our study, Mulholland et al. (2010) measured
diffusive emissions of typically less than 10 mg CHym™ d”' in temperate Tennessee, with some
higher surface effluxes in littoral embayment areas. In their review paper synthesizing results
from 85 published reservoir studies worldwide, including those in the tropical and boreal zones,
where flux is highest, Barros et al. (201 1) estimates that reservoirs emit 5.80E+12 g CH, y",
accounting for 7% of annual lacustrine emissions. Of these, temperate reservoirs are assumed to
emit 1.00E+11 g CHy y™' (Barros et al. 2011). According to our mainstem results, extrapolated
annual emissions of CHy from water surface diffusion is 350 g CHs y™' from Priest Rapids Dam
complex, and =0.5 g CHy y”' from Lower Monumental Dam complex. Surface flux is generally
measured using a floating dome sampler, and we estimated surface flux exclusively using thin
boundary layer calculations, a difference that may have contributed to our comparatively low
flux estimates (Duchemin et al. 1999).

The reservoirs we sampled were sinks for CO., with mean flux rates ranging from —48.5 mg
m~d"' to 262 mg m”d"'. Previous research within different reservoirs in the same xeric,
temperate region of the United States found varying results, with CO; surface flux emissions
ranging up to 1,247 mg m™d"' from Shasta Reservoir, and several reservoirs acting as sinks for
CO,, with fluxes ranging from —349 to — 1195 mg m~ d”' (Soumis et al. 2004). Given this range
in values, our CO; surface flux results are thus comparable to previous studies in similar
locations.

Previous research in temperate western reservoirs of the U.S. showed that as water passed
through turbines, GHG was emitted into the atmosphere (Soumis et al. 2004). Our results differ
from these findings. Overall, the tailrace environment we sampled consistently acts as a sink for
COs. Results may differ because we directly measured gas concentrations within tailrace
environments. Soumis et al. (2004) measured gas concentrations in the forebay and estimated
them for tailrace environments, reporting a CO; degassing (efflux) of 324 + 95, 16 + 4, and 224
+56 td” in the tailraces of Grand Coulee, Dworshak, and McNary Dams, respectively. Two of
these hydroelectric dam complexes, Grand Coulee and McNary, are also located on the
Columbia. Soumis et al. (2004) assumed that downstream, tailrace water concentrations were at
equilibrium with mean ambient atmospheric concentrations of ~375 ppm CO2. However, as
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Roehm and Tremblay (2006) highlight, this leads to “gross overestimation™ because dissolved
CO, is often supersaturated immediately downstream of hydroelectric dams. This is supportive
of both our magnitude of results and our findings of CO; influx, due to CO; supersaturation in
the tailrace relative to the forebay. Examining two of the Le Grande reservoirs in the boreal
zone, Roehm and Tremblay (2006) reported CO; efflux based on turbine discharge of 5 to 45 and
5to 25 td”', but note the seasonal variability often observed with degassing flux. Other studies
that have quantified such fluxes have generally been conducted outside of the temperate zone, in
the tropics (Galy-Lacaux et al. 1997; Guerin et al. 2006; Del Sontro et al. 2011). We measured
very minimal influx of CHs due to degassing, with an overall net flux of -4.2 x 10" tCHsd ™.
Soumis et al. (2004) also found low emissions of CH, via this pathway, with values ranging from
0.003 to 0.815t CH,d"

Based on the relatively cool, oxygenated conditions in the reservoirs that were sampled, it
was expected that ebullition would represent a relatively minor input to overall CHy flux within
the reservoirs we surveyed. However, the efflux of CHs from ebullition within littoral
embayments was relatively high (10.5 to 533 mg CH; m™”d™"). The greatest effluxes were
measured in shallow (< 10 m deep) littoral embayments where surface water temperature was
approximately 20°C and dissolved oxygen levels exceeded 6 mgL™". These areas were
characterized by low water velocity (near zero), surrounded by land used for agriculture and
were likely not nutrient limited, with mean NO3™ and PO43' concentrations of 1.48 mg L and
0.36 mg L', respectively. Additionally, aquatic plants such as Eurasian watermilfoil
(Myriophyllum spicatum) are known to thrive in backwater areas of the Columbia and lower
Snake Rivers, which may deplete dissolved CO, during diurnal periods of photosynthesis,
provide substrates—including DOC—to respiring microbial communities within littoral
sediments, and serve as conduits for dissolved CHy to surface water (Kelker and Chanton 1997;
Wetzel 2001; Seybold and Bennett 2010; Arntzen et al. 2012). CH, fluxes of a similar
magnitude to those we found have recently been identified in littoral zones of other temperate
reservoirs. Chen et al. (2009) found methane fluxes in littoral marshes of the Three Gorges
Reservoir, China, that were approximately 360 mg CHy m™d™, a value within the range of
effluxes we measured. DelSontro et al. (2010) sampled a Swiss, run-of-river reservoir (Lake
Wohlen), and found methane ebullition was greatest when water quality conditions were similar
to the conditions we measured during September, 2012 (i.e., dissolved oxygen concentration
indicated oxic conditions, and temperatures exceeded 17°C). DelSontro et al. (2010) found CH,
ebullition resulting in emissions of approximately 1,000 mg CHs m”d"", or approximately 2 to 3
times the efflux we measured for this study. Our investigation was considered preliminary and
not designed in order to estimate reservoir wide greenhouse gas emissions via the ebullition
pathway; the intent was to determine whether substantial quantities of CH4 were escaping via
ebullition from shallow, littoral embayments within the reservoirs we studied. The sites we
studied are not unique, and there exists a substantial quantity of similar habitat within the
reservoirs examined. In order to estimate reservoir wide emissions due to ebullition it would be
necessary to use available hydrodynamic modeling and GIS tools to estimate the area of the
reservoir where conditions are representative of the areas we sampled. It would also be useful to
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deploy inverted funnel samplers in some additional locations to determine how representative
sampling results and model projections are.

Methane porewater flux was relatively low compared to mean flux from ebullition, and there
was little seasonal variability in mean flux, which ranged from approximately 4 mg to 8 mg CHy
m~d", respectively. It is difficult to directly compare our pore-water flux rates to flux rates from
ebullition because of the heterogeneous nature of the ebullition results. However, our results are
consistent with other research in temperature reservoirs that found relatively high CHs flux due
to ebullition compared to diffusive flux from sediment porewater. DelSontro et al (2010) found
peak CHy diffusion from sediments to be approximately 40 mg CHy m™d”, and estimated system
wide sediment flux of CH, to be approximately 15 mg CHy m”d”'. DelSontro et al. (2010) also
found CH, flux to be relatively constant seasonally, largely owing to the relationship between
CHy solubility and diffusivity with respect to temperature. As temperature increases to
approximately 20°C (e.g., during the summer months), CH, solubility decreases while CH,
diffusivity increases by an appreciable percentage (Delsontro et al. 2010). Working in the large
boreal reservoirs Lokka and Porttipahta, Huttenun et al. (2006) measured similar, even lower,
CH, efflux from sediments, ranging from 0.44 to 25 mg CH, m™~d™.

Molecular diffusion, biological mixing by organisms, respiration, and fermentation are all
important benthic processes that govern concentrations of dissolved organic carbon and gases in
bottom waters, including CO,, CHy, and O, (Wetzel 2001). We expect that a portion of the
DOC present in the hyporheic zone sampled was labile, which means it may be respired to
produce CO, under oxic conditions, or fermented to produce CH,4 under anoxic conditions
(Morel and Herring 1993; Papadimitriou et al. 2002). In this potentially anoxic porewater
environment, 10 cm below the riverbed surface, DOC may be subject to substantial amounts of
fermentation and CH4 production may be elevated as a result.

This study provides information about CH, and CO, emissions from various pathways within
xeric western United States reservoirs. While our surface flux results indicated that the
reservoirs sampled in our study were CO; sinks, and that CHy surface effluxes were lower
compared to other studies conducted in temperate regions, we found substantive methane
emissions due to ebullition and porewater flux of methane in littoral embayments, particularly
during the summer. Although high, our ebullition and pore-water flux results were comparable
to other recent studies conducted in temperate reservoirs. With increasing hydropower
development worldwide, it is important to assess the contribution of GHG emissions from all
parts of the hydropower complex, including littoral embayments, when considering the relative
contribution of hydropower to global anthropogenic GHG emissions. The results presented here
add to data collected on other hydropower complexes in the temperate zone that implicates this
mode of power production and water management as a modest source of GHG to the
atmospheric sink.
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emissions for the dam and reservoir source category should include the dam, the reservoir,
and all other buildings, structures, stationary equipment, and plants located at the
property that emit GHGs.

Relatedly, when EPA defines the source category in the subsequent rulemaking, it
should define the dam and reservoir source category to include, at a minimum, each dam;
the reservoir it creates, including the maximum fill line and area of the reservoir; and
related infrastructure (e.g., hydropower turbines, spillways, desilting operations, and fish
passage operations). EPA may also consider creating subcategories of dams and reservoirs
that would be required to report their GHG emissions. For example, dams and reservoirs
with hydropower generation could be a separate subcategory from non-hydro dams and
reservoirs, if different reporting thresholds or reporting requirements are reasonable for
these hydropower facilities.

In addition, there are several methodologies currently used for calculating GHG
emissions from dams and reservoirs. As noted above, some of these methodologies more
accurately calculate dams and reservoirs’ GHG emissions than others. See supra p. 14. As
a result, it will be important in future rulemakings for EPA to ensure that the equations
and methodologies it requires owners and operators to use for this source category
represent the best available science and accurately reflect the actual and complete GHG
emissions from dams and reservoirs.

CONCLUSION

The time to take prompt and decisive action on climate change is now. Every day
that dams and reservoirs continue to emit large amounts of GHGs that go uncounted and
unreported is a missed opportunity to better understand and address this significant source
of GHG emissions. Moreover, every day that federal agencies, states, and utilities
incorrectly assume and state that all hydropower is a low- or zero-carbon resource—or that
reservoir water storage has no GHG emissions—the United States goes further down the
path of making pivotal and long-lasting decisions regarding electricity and water based on
mistaken assumptions. Continuing these erroneous assumptions and ill-informed decisions
will have dire consequences. For these reasons, the Petitioners strongly urge the EPA to
grant this Petition and promptly initiate a rulemaking to add dams and reservoirs as a
source category under the GHGRP.

We look forward to your prompt reply to this Petition, no later than 180 days from

today. If you have any questions about this Petition, please contact Michael Hiatt at
Earthjustice (303-996-9617).
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American Alpine Club

American Rivers

American Whitewater

Association “Resource Aarhus center in BiH”
Atchafalaya Basinkeeper

Atlantic Salmon Federation

Back Country Excursions of Maine, LL.C
Backbone Campaign

Balkanka Association Sofia, Bulgaria
Beyond Searsville Dam

Black Warrior Riverkeeper

Boulder Waterkeeper

Bozeman Birders

Cahaba Riverkeeper

California Trout

California Wilderness Coalition (CalWild)
Centar za zZivotnu sredinu/Center for Environment
Center for Biological Diversity

Coastal Watershed Institute

Collier County Waterkeeper

Columbia Riverkeeper

Commons BC

Connecticut River Conservancy

Creative Chi

Dam Sense

Dam Watch International

Deschutes Estuary Restoration Team
Downeast Salmon Federation

Earth Law Center

Earth Matters/350VT

EcoAlbania

Elliotsville Foundation

Endangered Species Coalition

Energy and Climate Upper Valley
Energy Balance, Inc.

Environmental Defense Center
Environmental Stewardship

EuroNatur

Foothill Conservancy

Page 29

BPA-2024-00643-F 0121



Patagonia et al.
Petition to add Dams and Reservoirs to the GHGRP
Page 30

Forest Ecology Network

Friends of Butte Creek

Friends of Merrymeeting Bay

Friends of Sebago Lake

Friends of the Eel River

Friends of the River

Gallatin Wildlife Association

Glen Canyon Institute

Global Justice Ecology Project

Grand Riverkeeper Labrador, Inc.

Great Basin Waterkeeper and Great Basin Water Network
Idaho Rivers United

International Rivers

Lake Pend Oreille Waterkeeper

Last Tree Laws

LEAD Agency, Inc.

Living Rivers and Colorado Riverkeeper

Long Island Soundkeeper

Los Padres ForestWatch

LRB Hydrology & Analytics

Maine Youth for Climate Justice

Matilija Coalition

Mediterranean Institute for Nature and Anthropos
MHG Solar LLC

Milwaukee Riverkeeper

Missouri Confluence Waterkeeper

National Lawyers Guild - NYC Environmental Justice Committee
Native Fish Society

Nevada Conservation League

New York Environmental Law and Justice Project
NGO Green Home

Nimiipuu Protecting the Environment

North American Megadam Resistance Alliance
North Fork Studios

Northern California Council, Fly Fishers International
02 Utah

Orange County Coastkeeper

Outdoor Alliance

Peace Valley Environment Association
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Peace Valley Landowner Association

Peconic Baykeeper

Pippin Ventures

Port Phillip EcoCentre / Port Phillip Baykeeper

Raincoast Conservation Foundation

RAVEN (Respecting Aboriginal Values and Environmental Needs)

Restore Hetch Hetchy

RESTORE: The North Woods

Rio Grande Waterkeeper

Rios to Rivers

Riverkeeper

Rivers for Change

Riverwatch

Rogue Riverkeeper

Sacramento River Council

San Francisco Baykeeper

San Luis Obispo Coastkeeper

San Marcos High School

Satilla Riverkeeper

Save Our Wild Salmon Coalition
Save The Poudre

Sierra Club

Slovenian Native Fish Society
Snake River Waterkeeper
Solutionary Rail

South Yuba River Citizens League
Stoecker Ecological

SunCommon

Surfrider Foundation

Tennessee Riverkeeper

The Conservation Alliance

The Rewilding Institute

The Sierra Fund

Three Rivers Waterkeeper
Tualatin Riverkeepers

Two Rivers Action Coalition
University of Montana, Flathead Lake Biological Station
Upper Colorado River Watershed Group
Upper Valley Affinity Group (Vermont)
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Thanks,
Mary

Mary E. Godwin
Attorney-Adviser

Office of General Counsel
Bonneville Power Administration
905 NE 11" Avenue

Portland, OR 97232

(503) 230-4750

NOTICE: This electronic message contains personal and confidential information for the intended recipients and may
contain pre-decisional advice, attorney work product or attorney/client privileged material, which is protected from
disclosure under the Freedom of Information Act, 5 U.S.C. § 552. Do not forward, copy or release without prior
authorization from the sender. Any review or distribution by others is strictly prohibited. If you have received this
message in error, please notify the sender immediately by reply e-mail and delete this message.
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Department of Energy

Bonneville Power Administration
P.0. Box 3621
Portland, Oregon 97208-3621

ENVIRONMENT, FISH AND WILDLIFE

July 11, 2022

In reply referto: E-4
ATTN: Kramer Consultng and Ross Strategic Consulting Team,

This serves as Bonneville Power Admiistration (Bonneville) comments to Senator Murray and
Governor Inslee on the draft Lower Snake River Dams: Benefits Replacement Study report (Draft
Report). Bonnevilke provided mput mto the draft report on the power replacement analysis completed in
the 2020 Columbia River System Operations (CRSO) Environmental Impact Statement (EIS) and
Bonneville's comments focus on key technical points contained in the Draft Report and for inclusion in
the Final Report.

Bonneville markets and transmits the hydropower generated at thirty-one Federal Columbia River Power
System (FCRPS) projects, including the four lower Snake River dams.! Bonneville, s one of four Power
Marketing Admmistration’s and is part of the U.S. Department of Energy. Bonneville operates as a not-
for-profit federal entity, selling cost-based electrical power and transmission services to benefit the
Pacific Northwest, mcluding the public bodies and cooperatives that serve domestic and rural

consumers. In providing these services, Bonneville balances multiple public duties and purposes,
mchuding: assuring the Pacific Northwest has an adequate, efficient, economical and reliabke power
supply; promoting energy conservation and the use of renewable resources; respecting and upholding its
relationship with Tribal Nations; and, acting in a manner consistent with the program developed by the
Northwest Power and Conservation Council by protecting, mitigating, and enhancing fish and wildlife in
the Columbia River basin that are affected by the development and operations of the federal facilities
from which Bonneville markets power.?

! The Columbia River System(CRS) is a subset ofthe 31 FCRPS dams and includes 14 projects operated as a coordinated
watermanagement system. The 14CRS projectsare comprised of 12 Cops projects andtwo Bureauof Reclamation
(“Reclamation™) projects located through out the Pacific Northwest in the states of Idaho, Oregon, Montana, and W ashin gton.
BPA markets and trans mits the hydropower gencrated from these 14 projects. These projects are operated ina coordinated
manner forpurposes specifically authorized by Congress, including flood risk management, navigation, fish and wildlife
conservation, hydropower generation, recreation, irmgation, and municipal and industrialwatersupply, but the authorized
projects vary by project. The fourlowerColumbia projects are pant ofthe CRS.

216 US.C. § 839. Unlike most federalagencies, Bonneville does not receive annual congressional appropriations; instead.
the agency is self-financed fromrevenues received fromthe sale of power and transmission serv ices. Bonneville utilizes this
revenue to not only pay for the continuing costs associatedwith its programs (including power, transmis sion, and fish and
wildlife investments andmamtenance) butalso to repay the United States Treasury forthe powershare of the original federal
mvestment used to construct the Federal Co lumbia River Power System. The Bonneville Ad ministrator must operate the
agency ina mannerthat allows it to recoverits costs “in accordance with sound business principles.” 16 U.S.C. §
83%(a)(1).This includes theobjectives of setting the lowest possible rates for Bonneville services, while enabling Bonneville
to make timely repayments to the Treasury and simultaneously fulfilling multiple public purposes forthe benefit ofthe
Pacific Northwest.
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The U.S. Army Corps of Engineers (Corps) operates and maintains these four projects for multiple
congressionally authorized purposes including flood risk management, navigation, hydropower
generation, fish and wildlife conservation, irigation, recreation, water quality, and municipal and
ndustrial water supply though not every facility is authorized for every one of these purposes. While
the Corps is congressionally authorized to operate these four projects for multiple purposes, Bonneville
is the federal agency Congress authorized to market and transmit the power generated at these facilities.
In return, Bonneville is required to pay, either directly to the Corps, or as a reimbursement to the U.S.
Treasury, (1) all costs associated with power-specific operations and assets (e.g., turbines); and (2) a
share of “joint costs,” which benefit or mitigate, for all purposes of the facility (e.g., fish mitigation,
water quality).

Bonneville’s comments are separated into six sections: 1) General comments on the Executive Summary
and Context and Purpose; 2) Technical comments on the Power Information; 3) Technical comments on
Transmission Analysis; 4) Technical comments on Fish Information; 5) Technical comments on Water
Quality Information and 6) Clerical Error Correction.

Sincerely,

SCOTT G. ARMENTROUT
EVP, Environment, Fish and Wildlife
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1) General comments on the Executive Summary and Context and Purpose

On page 2 of the Draft Report, congressional authorization and numerous other activities are
identified as needed for the U.S. Army Corps of Engineers (Corps) to pursue breaching the four
lower Snake River dams (LSRD). The Corps would also need appropriations for any necessary
studies and work to prepare for breaching and for the actual action of breaching the dams in order to
avoid costs being passed to Bonneville ratepayers and increasing rates.

On page 9 of the Draft Report, the Corps is identified as releasing the 2020 CRSO Final EIS. The
Bureau of Reclamation (Reclamation) and Bonneville Power Administration were co-lead agencies
i this release with the Corps. The Draft Report also states that the flex spill agreement is included
in the preferred alternative, however, the preferred alternative does identify components of the 2019-
2021 Spill Operations Agreement, but the agreement itself was not included in the preferred
alternative. The agreement was superseded by the joint issuance of the 2020 CRSO EIS Record of
Decision by the Corps, Reclamation, and Bonneville.

On page 10 of the Draft Report, a chart contains reference to the Stay Agreement in the Columbia
River System litigation and states this was intended “to allow time to develop & begin implementing
a long-term comprehensive solution to Snake River salmon restoration.” This is not an accurate
characterization of the Stay Agreement language. The Stay Agreement states: “The Agreement
provides an interim compromise while the Parties work together to develop and begin implementing
a long-term comprehensive solution that, if successful, may resolve all claims in this litigation.”
There is no reference to the Snake River specifically because the litigation issues are broader than
the Snake River.

Page 17 describes mitigation measures for an alternative analyzed in the CRSO EIS, Multiple
Objective Alternative 3, but does not include the description from Chapter 5 of the implementation
issues. Additionally, it is unclear from the report if these mitigation measures are included in the
estimated costs in the report, so please clarify.

Related to the CRSO EIS, when a reference is as large as the 2020 CRSO EIS, we recommend citing
the specific pages and paragraphs and not the entire document. Referencing specific pages and
paragraphs would allow the reader to evaluate the basis for conclusions and the results presented.
Specifically, on page 18, the Draft Report references several personal communications related to the
breach of the Elwha Dams, sediment sampling in the lower Snake River, and geologic structure of
the riverbed of the lower Snake River. Bonneville recommends that the Final Report include
reference to the scientific documents or reports that contain data related to these points so that the
public can review those documents or reports and inform themselves regarding this data.
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On page 22, the Draft Report states that “Future projections in dam operations at [The] Dalles Dam
further downstream on the Columbia River predict large daily swings in release of water ranging
from 100,000 and 400,000 cubic feet per second.™ This is not a realistic operation of the Columbia
River System given important operational constraints. Bonneville staff worked closely for years on
the development and use of the classic GENESYS resource adequacy model and intend to work in
this same manner on the redeveloped GENESYS resource adequacy model with the Northwest
Powerand Conservation Council (Council). Bonneville sees great potential in this model as a way
to blend hourly operations of the regional hydropower system with the evolving renewable and
power market landscape. However, Bonneville does not think the redeveloped GENESYS resource
adequacy model has been thoroughly tested enough to rely upon it in the Draft Report’s analysis.
Bonneville supports the Council’s recommendation for the regional hydropower operators and
Council staff to keep evaluating the reliability of the hydro peaking flexibility in the redeveloped
GENESYS resource adequacy model, both with the existing and evolving hydropower system. The
future projections of flows at The Dalles Dam projecting large daily flow swings that do not meet
operational constraints should not be considered realistic operations in the Draft Report.

The Draft Report should describe what water assumptions are depicted from the 2019 White Book
for Figure 10. It appears that Figure 10 is showing a 2019 projection for 2022 if the water conditions
are those of the critical water period. The Draft Report should note that if water conditions in 2022
are average and wet years, then the LSRD would generate more, which provides generation that is
used to meet load or sell on the market. Without identifying that this figure applies only to the
critical water year, 1937 water conditions, this figure could confuse the public that the dams generate
this amount on average. Additionally, the figure caption should also mention that this is 2019
projection of 2022 generation. The load data in the White Book changes by water year due to some
Bonneville customers that have a variable portion of load that is related to the water conditions. In
addition, the average monthly load in the White Book and in Figure 10 does not show the peak
demand for extreme weather events. The peak demand is important because this is the amount of
energy the system will need to be able to provide for reliability.

Moving on to page 53 of the Draft Report, Bonneville requests the following corrections and
clarifications:

e The Draft Report lists the nameplate capacity of the LSRD as 3.033 MW of energy.
Hydropower facilities traditionally operate above nameplate and closer to overload capacity
which is approximately 15% above nameplate capacities (referredto as “peak generation
values™). This is why the Federal Energy Regulatory Commission uses these peak generation
values n hydropower project licensing. We request the Draft Report use the information
provided i the 2020 CRSO EIS: a capacity value of 3,483 MW for the LSRD.

¢ The Draft Report states that “The LSRD produced just under 1,600 MW of energy during a
recent extreme weather event.” The Draft Report should note that this was for a summer event
when flows on the lower Snake River are typically lower. During the winter, when the
Northwest has peak load demand, the LSRD typically have more flow in order to meet these
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However, many statements throughout the Draft Report suggest that alternative resources are ready

and able to replace the LSRD at this time.

The Draft Report describes well how markets allow for more efficient use of energy produced once

capacity is built in the West Coast Integration section (page 62). However, these iitiatives help

distribute energy efficiently, but do not create energy or capacity. Market participants have to enter

the market ready to meet their own capacity requirements so it does not reduce the need or cost for
additional capacity. Bonneville would like the Draft Report to clarify the Western Resource
Adequacy Program and Energy Imbalance Market will not solve resource adequacy, but rather will
require utilities to be resource adequate.

Bonneville would like to correct some errors or add clarifying language on pages 67- 69:

e The statement on page 67 “The 2020 CRSO EIS forecasts that this replacement portfolio
would lead to a 13.8% loss of load probability (LOLP)” is incorrect. Without the
replacement resources, the LOLP is 13.8 percent, but it is 6.6 percent with the
replacement portfolio. This same conclusion needs to also be corrected on page 68.

e [tshould be noted that the 2022 Energy Strategies Study does not replace all of the
sustained peaking from the LSRD and relies on market purchases. Therefore, reliability
(the ability to keep the lights on) is not maintamed in the Energy Strategies study. The
replacement portfolio in the 2022 Energy Strategies Study also includes a demand
response program. It should be noted that many demand response programs have a
limited number of call options per year which limits their ability to provide peak capacity
during every event where it is needed. Additionally, the replacement portfolio during
times of energy shortfalls, as described in the 2022 Energy Strategies Study, adds
batteries, which do not provide capacity in times when energy is also constrained, such as
multi-day weather events during low flow conditions. This is because current utility
scale batteries only have four hours of sustained capacity and then they must use an
energy source to recharge. There would need to be a technology breakthrough to
increase the sustamed capacity before batteries would be a valid winter capacity resource
in the Northwest. The conditions in the Southwest are different, with capacity shortfalls
n the summer evenings while there may be surplus during summer days to recharge
batteries.

e Bonneville would like to provide clarity in the rate increases contained in the 2020 CRSO
EIS. These rate increases are based on resource replacement portfolios needed to
maintain reliability only and were not one-to-one replacements of the services provided
by the LSRD.
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3) Technical comments on the transmission analysis
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A. General Clarifications and Comments

Bonneville requests the following clarifications:

Regional Load v. Bonneville Load: Section 7 of the Draft Report seems to use Regional
Load and Bonneville’s load interchangeably, but those terms have different meanings.
Bonneville understands Regional Load to refer to the demand of the entire Pacific
Northwest, but Bonneville’s load to refer only to those purchasing energy and
transmission services from Bonneville. For example, the Draft Report states that the
“output of the federal Columbia River hydroelectric system matches or exceeds regional
demand over the course of the year.” Id. at 52 (emphasis added). That statement refers to
Figure 10, which shows Federal resources and “Total Federal Demand,” but is labeled as
a comparison of “regional resources compared to regional power demand.” Id. at 53.
The Draft Report should clarify what the intent of Figure 10 is (Regional Load v.
Bonneville Load). Inaddition, even though the Draft Report says that the output of the
Federal System matches or exceeds regional demand over the course of the year, Figure
10 clearly shows that not to be the case.

The Draft Report notes a 120-hour capacity of the LSRDs of 3143MW. Id. at 53.
Bonneville requests the Draft Report nclude analysis of what resources (wind, solar and
batteries) it would take to replace this 120-hour capacity.

On page 54 of the Draft Report, the last sentence in the paragraph on Transmission
Services and Grid Resiliency would be more accurate if it stated: “Due to the location of
the LSRD within the transmission interface, the LSRD allow power managers to
distribute energy efficiently throughout the Pacific Northwest grid in order to maintain
the reliability of the transmission system and to minimize power costs.”

On page 55 of the Draft Report:

o The third paragraph, second sentence should state: “The LSRD provide additional
grid resiliency services like flexible capacity, frequency response and regulation,
voltage control, and inertia.”

o Use of the word “oscillate” i the third sentence s technically ncorrect. Replace
it with the word “ramp.” In addition, the phrase “automatic generation controls™
is redundant with the fourth sentence of the paragraph, and should be combined.
The sentence should state: “Hydropower projects like the LSRD do not always
operate at full capacity, they can easily ramp up and down in energy production to
meet loads in real time by allowing more or less water to pass through turbines 7o
meet loads in real-time by automatically allowing the energy systemto safely
respond to large swings in either load or generation.”

On page 59 of the Draft Report, the relationship between the capacity of the Pacific
Northwest to the Western Interconnection should be described as the 63,000MW of
nameplate capacity in the Northwest as nearly one quarter of all the nameplate capacity in
the Western Interconnection. The current wording implies that the generation in the
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B.

Bonneville agrees with following statements on page 52 of the Draft Report: “First, a replacement
portfolio should be in place and demonstrating that it is producing energy and providing services to
the grid before the dams were breached to avoid significant impacts to the regional energy system
and the communities it serves. Second, in addition to evaluating a one-to-one replacement portfolio,
an option for replacing the energy attributes of the LSRD should be evaluated that optimizes the
ability to meet the Pacific Northwest region’s current and future needs, not just what the LSRD

11

Pacific Northwest is not included as part of the total capacity in the Western
Interconnection.

The first sentence on page 61 of the Draft Report needs to be clarified. The sentence
should provide, “Current battery technology does not have the ability to provide peaking
support continuously over multiple days to address prolonged winter cold snaps or
summer heat events. Furthermore, batteries add to system load when charging.”

The fourth paragraph of page 61 should clarify that there are a limited number of
locations where a pumped storage facility can be sited due to the need to construct both
an upper and a lower reservorr.

The first paragraph of page 63 inaccurately states that BPA is part of the Western
Resource Adequacy Program (WRAP). BPA has participated in the development of the
WRAP, but the agency has not made a formal decision to officially jon the WRAP. This
paragraph should be modified to reflect this current state of BPA engagement.

On page 68 of the Draft Report, the last sentence of the first paragraph states that the
Energy Strategies “study suggests that 100% replacement of [the LSRD] capability may
not be necessary or cost effective because there could be additional peaking capabilities
already within the existing infrastructure.” It is unclear where these peaking capabilities
exist, and whether the study accounted for peak load levels that could be expected during
a severe winter storm or summer heat event. The capacity of the LSRD has been relied
upon in the past during those types of events, so the report should clarify where unused
capacity is located in the current system to replace that.

Page 72, table 14 states that the Energy Strategies study anticipates that the costs of
transmission upgrades, grid connections, and other system upgrades will be small.
Bonneville, as the operator of the Federal Columbia River Transmission System
(FCRTS), disagrees with this assumption based on its experience operating and
maintaining the FCRTS as well as integrating and interconnecting renewable resources.
Transmission costs can be significant due to the cost of materials, construction, land
acquisition, and permitting process. Furthermore, there is often substantial opposition to
new transmission projects by various stakeholders, which increases project costs and can
delay or even result in the cancellation of a project. Thus, the report should explain what
the Energy Strategy assumption is based on and acknowledge the costs may not be small.

Adequacy of Replacement Resources

currently provide and when they provide it.” Draft Report at 52.
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Bonneville does not believe the Draft Report adequately analyzes the attributes of alternative energy
resources and the risks of using those resources to maintain the reliability of the Federal Columbia
River Power System. There does not appear to be any analysis on the extent alternative resources
could replace the energy and capacity of the LSRD if the region experiences extreme peak
conditions, such as if the region is experiencing a sustained cold snap in the winter. When the region
experiences sustained cold snaps, wind production is usually extremely low and solar production is
also likely to be low due to shorter daylight periods, frequent cloud cover, and panels potentially
covered by snow and ice. Bonneville has relied heavily on the LSRD when these conditions have
occurred in the past to maintain regional reliability. There is substantial uncertainty that the
proposed replacement portfolio of resources could perform to the same level of reliability and the
Draft Report should make this uncertainty clear.

A plan to address LOLP by the addition of evolving technologies needs to be quantified so that risks
and costs are clearly understood. Specifically, an estimate of the amount of new resources that are
anticipated to be on the grid and the timing should be included so that informed decisions canbe
made. Reliability could be seriously compromised if large numbers of conventional resources, like
the LSRD, are retired based on the assumption that the new technologies are available to replace
them, but the anticipated deployment of these technologies is delayed for any reason. Many factors
could cause these delays, including supply chain issues, legal or regulatory challenges, or problems
with the technology itself. The Draft Report should make clear reliance on technologies that are not
in use and proven could increase reliability issues in the region.

It is also important to account for differences in how emerging technologies may perform in the
Pacific Northwest versus other regions, such as the Pacific Southwest. The Pacific Northwest
typically has more volatility in wind and solar. Wind is driven largely by weather fronts in the
Pacific Northwest versus diurnal wind patterns in the Pacific Southwest that are the result of daily
heating and cooling effects. Solar is also more volatile in the Pacific Northwest due to more
frequent cloud cover. Because of the more predictable weather patterns, batteries provide an
effective compliment in areas such as the Pacific Southwest. As discussed above, a battery provides
capacity when it is charged, but is a load when it needs to be recharged. Hence, the battery recharge
has a direct impact to the regional load profile, and predictable weather patterns help to ensure
enough capacity is available during times of recharge to meet both actual consumer load and battery
recharge requirements.

Technical comments on the Fish Information

Bonneville suggests a few clarifications to the Executive Summary and Section 4 of the Draft
Report. The purpose of including selected graphics in this response are to illustrate where areas in
the final report canbe improved upon, although not necessarily needed for inclusion in fnal report.

Bonneville recommends clarification in the illustration of LSRD construction and their impacts,
specifically the historical impacts to salmon and steelhead abundance before 1960. On page 3 (and
page 20) of the Draft Report, there is a statement that “Salmon and steelhead have declined by over
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Figure 4. Life cycle model projections o fmedian abundance and Quasi-Extinction Risk thres holds of 50 (spawning
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Estimates assume a 35% increase in survival per C8S model, which includes reductions in latent mortality . Source:
2020 NMFS Columbia River System Biological Opinion, Figure 2.2-1 Ib(page 2-230).

On page 28 of the Draft Report, the Plan for Analyzing and Testing Hypotheses (PATH) is cited.
Please consider referencing a more recent scientific review since the PATH analysis was
conducted using data from the 1980s and 1990s and completed in 2001.'7 Since then, the LSRD
(and other CRS dams) have undergone major modifications that have improved fish passage and
survival studies using new technologies have substantially mproved our understanding of fish
passage dynamics.

T Marmorek et al. 2001
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The following appendix contains four sections related to the evaluation of air quality and
Greenhouse Gas (GHG) for the Columbia River Systems Operations (CRSO) EIS. Chapter 1
provides information regarding pollutant emissions management in the Pacific Northwest.
Chapter 2 provides a detailed evaluation of methane emissions related to hydroelectric project
reservoirs. Chapter 3 describes society’s willingness to pay to avoid climate-related impacts
associated with an additional unit of a GHG in the atmosphere, also known as the Social Cost of
Carbon (SCC). Chapter 4 describes regional haze, Class | Areas and wind speed trends. Chapter 5
evaluates the Columbia River Basin as a source of emissions of methane to the atmosphere.
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CHAPTER 2 - ENERGY SECTOR GHG EMISSIONS MODELLING

AURORA is the primary model used in the CRSO GHG emissions analysis. AURORA is a power
production cost model, described in Appendix J, Hydropower. The quantitative emissions
analysis focuses specifically on carbon dioxide (CO2) emissions. CO: is the primary source of
GHG emissions from power generation, accounting for over 80 percent of energy-related
carbon emissions (EIA 2018). Additionally, the AURORA model emissions reporting is limited to
CO.. This analysis notes that quantifying only the CO2 emissions may understate total GHG
emissions and this point is considered in assessing the intensity of the GHG emissions effects of
the action alternatives.

Table 2-1 presents the regional nodes or zones used in the AURORA model. Each of these zones
contains a set of power resources from which power is “dispatched” to meet demand for
electricity. This analysis focused on emissions from power generation from zones in the Pacific
Northwest and across the broader Western Interconnection (as defined in Section 3.7.2),
excluding sources in Northern Mexico and Canada.

Table 2-2 presents the detailed emissions outputs of AURORA for each action alternative by
month and by region in million metric tons (MMT) CO,. The analysis relies on 3,200 iterations of
the AURORA model (drawn from 80 water years and 40 climate scenarios) to estimate the
average dispatch of power resources and thus emissions for the regional power system.

The values in the table reflect averages across all 3,200 iterations and represent emissions
expected in 2022. The AURORA outputs take into consideration the change in modelled
hydropower generation and the resource replacement portfolios of either zero-carbon or
conventional least-cost resources. Even under a “zero-carbon” portfolio there is the potential
for emissions to increase as other coal or natural gas power plant generation increases to meet
load under MO3 and MO4.

Note that the emissions estimates from AURORA in Table 2-2 are for the base case scenario
(described below) and that the Pacific Northwest totals presented in this table do not include
Jim Bridger and North Valmy power plants, which are included in the “Other Western US”
region in the AURORA model instead.

The AURORA CO: emissions output is the basis for forecasting emissions from 2022 to 2041.
This analysis considers a base case scenario for the mix of resources generating power in the
Pacific Northwest over time, as well as two additional scenarios that assess the sensitivity of
emissions estimates to alternative assumptions regarding potential future coal plant
retirements that have been announced and are described in the NW Council 7*" Power Plan
Midterm Assessment (2019). The sensitivity analysis scenarios developed by Bonneville for
power system reliability analysis (and described in Section 3.7) are as follows:

e The “limited coal retirement” scenario assumes an additional reduction of 2,505 MW of coal
power capacity compared to the No Action base case by 2022 (see Table 2-3). This scenario
includes potential future coal plant retirements and only limited coal capacity remaining
(including Colstrip unit 4 and Jim Bridger units 3 and 4).

G-2-1
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CHAPTER 3 - SOCIAL COST OF CARBON

GHG emissions influence a variety of socioeconomic outcomes related to climate change,
including agricultural productivity, human health, flood risk, and infrastructure and fishery
damages. The value of reducing levels of GHGs in the atmosphere is the avoided damages that
would be generated by a unit of GHG if it were present. Economists express this value in
monetary terms representing society’s willingness to pay to avoid climate-related impacts
associated with an additional unit of a GHG in the atmosphere. This value is defined as the
“social cost” of GHGs. The more common term, “social cost of carbon” (SCC), generally pertains
to CO2 emissions.

The academic literature and Federal agency guidance on these measures is actively evolving.

A Federal Interagency Working Group (IWG) on the Social Cost of GHGs formerly issued
guidelines that were updated over time (the most recent was in August 2016) to help agencies
assess the climate change-related benefits of reducing carbon emissions and integrate these
estimates into their assessments of regulatory impacts in cost-benefit analyses (Interagency
Working Group 2016). The Interagency guidance provided a SCC dollar value based on the
average of three integrated assessment models (IAMs). The socioeconomic effects of changes
in emissions are calculated by multiplying the change in emissions in a given year by that year’s
SCC value. The net present value of the benefits can then be calculated by multiplying each of
these future benefits by an appropriate discount factor and summing across affected years.

The literature identifies an average social cost per ton of carbon dioxide of $42 for the year
2020 (2007 dollars, assuming a discount rate of 3 percent), though the value varies between
$12/ton and $123 dollars per ton depending on the carbon distribution scenario and discount
rate assumption (Marten et al. 2015). There are differences in the social cost measures for
different GHGs due to differences in the “global damage potential” of the GHGs. While global
warming potential of GHGs account for the differences in radiative forcing of the gases as
compared with CO,, global damage potential captures the differences across gases in terms of
climate-related damages.

Table 3-1 presents the full schedule of SCC estimates for the years 2010 to 2050 from the
August 2016 IWG update. The table lists estimates for three discount rates: 5 percent, 3
percent and 2.5 percent as well as an estimate of low-probability high impact outcomes at the
3 percent discount rate. As per best practices the 3 percent discount rate is considered the
central estimate. The schedule comes from the August 2016 update to the Social Cost of
Carbon. Dollars values are in 2019 US dollars adjusted using the BEA Implicit Price Deflator.
The totals are the discounted present values as well as annualized values, each in an
independent table.

Table 3-2 presents the total present value estimates of the SCC for each action alternative
under the varying discount rate assumptions by multiplying the SCC value estimate from

Table 3-1 by the emissions estimate for that specific year. The present values reflect the value
of the changes in GHG emissions under each alternative relative to the No Action Alternative in

G-3-1
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CHAPTER 4 - REGIONAL HAZE AND WIND SPEED DATA

EIS Section 3.8.2.1 discusses EPA permitting and regulatory requirements related to air quality
and criteria air pollutants. The 1999 Regional Haze Rule call for states to establish goals for
improving visibility in national parks and wilderness areas and to develop long-term strategies
for reducing emissions of air pollutants that cause visibility impairment (EPA 2019a). The rule
provides protection to 156 “Class | Areas” across the country (EPA 2019a). These Class | areas
are defined as having special natural, scenic, recreational, or historic value in a national or
regional context. The management and improvement of visibility conditions is organized by
regional planning organizations, with the Western Regional Air Partnership (WRAP) managing
the Western United States. In the Pacific Northwest there are 37 Class | Areas. These include
large national parks, including Glacier National Park in Montana (covering over 1 million acres)
and Mount Rainier. In addition, the Columbia River Gorge Scenic Area is within the Columbia
River Basin. The Gorge is not a Class | Area but has protection as a National Scenic Area and, as
such, receives protection along with Class | Areas (OR DEQ 2020).

Haze may be formed by natural air pollutants or air pollutant emissions from anthropogenic
sources. Fugitive dust and other small airborne particles generate haze as well as a variety of
other particles react with sunlight in the atmosphere to form haze and impair visibility and air
quality related values (AQVRs). AQRVs include visibility as well as any other resource that could
be adversely affected by changes in air quality including but not limited to cultural, biological or
physical resources identified by a Federal land manager in a Class 1 Area. Air pollutant
emissions from major sources, such as power plants, may contribute to haze even if they are
operating within the requirements of their Prevention of Significant Deterioration (PSD)
permits. Near a source of air pollutants, such as a city or power plant, haze is typically a mixture
of aerosols (a dispersion of microscopic solid or liquid particles in gaseous media such as smoke
or fog) and gases, such as sulfur dioxides and nitrogen dioxides from fossil fuel power plants
(EPA 1999).

The EPA and other state agencies that regulate these areas examine haze in terms of a “haze-
index,” based on the unit of measurement “deciview.” The higher the deciview, the lower the
visibility. Generally, visibility at Class | Areas in the Pacific Northwest has improved since 2000,
however some monitors have identified increasing index scores (i.e., worsening visibility) in
recent years (OR DEQ 2020). As multiple factors contribute to haze, including wildfires,
variations may occur year to year.

Table 4-1 presents the number of Class | areas and the number acres they cover by state.
Figure 4-1 presents a map of Class | Areas in the Pacific Northwest and the CRSO Regions.

G-4-1
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with reduction because the net exchange of electrons must balance - the number of electrons
lost by one species must equal the number gained by the other, therefore, in any redox
reaction one species is always oxidized and another is reduced.

A general redox reaction is as follows:
Oxidized species + e” + H* €<> reduced species

Redox potential is the tendency of an environment to receive or supply electrons. A solution
with a higher (more positive) reduction potential than the new species will have a tendency to
gain electrons from the new species (i.e., to be reduced by oxidizing the new species) and a
solution with a lower (more negative) reduction potential will have a tendency to lose electrons
to the new species (i.e., to be oxidized by reducing the new species). Figure 5-2 shows standard
reduction potentials.

An oxic environment has high redox potential because Oz is available as an electron acceptor.
For example, Fe (iron) oxidizes to rust in the presence of Oz because the iron shares its
electrons with the O::

4Fe + 302 - 2Fe 03

By contrast, an anoxic environment has low redox potential because of the relative absence of
0a.

The net reaction for aerobic oxidation of organic matter (OM) is:
CH20 + 02 - CO2 + H20

In this case, oxygen is the electron acceptor; the reduction half-reaction is:
0 + 4H" +4e" - 2H,0

CHyis produced primarily under anoxic conditions from the degradation of organic matter (OM)
by microbes within lake or reservoir sediments. This process, called methanogenesis, is a form
of anaerobic respiration and uses C in the form of CO2 or acetic acid instead of oxygen, as
demonstrated in the following reactions:

CO2 +4H; - CHa + 2H,0

CH3COOH - CH4 + CO;

G-5-2
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Idaho, Washington and Oregon). The headwaters of the Columbia and Kootenai Rivers are
excluded as these reside in Canada. Figure 2-1 shows the basin and major hydropower projects.

The Columbia River is the fourth largest river in North America as measured by average annual
flow and the single largest freshwater source on the west coast. It originates in British Columbia
and flows 1,954 km (1,214 mi) through Canada and the United States to the Pacific Ocean.
Although only 15 percent of the river’s basin lies in Canada, 38 percent of the average annual
flow volume originates in Canada. In addition, up to 50 percent of the peak flood waters in the
lower Columbia River between Oregon and Washington originate from snowmelt in the
Canadian portion of the Columbia River basin. Seasonal unregulated discharge ranges widely
from 36,000 cfs to 1,240,000 cfs with an annual mean of 275,000 cfs. The estuarine portion of
this immense river, as defined by salt intrusion, ranges from 20 km to 50 km (12 mi to 31 mi)
long and the river is tidally influenced all the way upstream to the first hydroelectric project,
Bonneville Dam, located 235 km (146 mi) from the estuary mouth (Figure 5-5). Average water
depth is 7 m (23 ft), with narrow channels that are dredged to 20-30 m (65-98 ft) deep
(Pfeiffer-Herbert et al. 2015).

Within the basin over 60 large hydroelectric projects and their reservoirs are owned and
operated by many different entities for multiple purposes (Figure 5-5). The hydroelectric
projects located in Eastern Washington, the mid-Columbia mainstem reach, on the Kootenai
and Flathead Rivers in Montana, and on the Snake River in Idaho are all within xeric terrain.
Many of these reservoirs, along with those located in hydric Western Oregon, have agricultural
inputs and are generally not nutrient-limited (Arntzen et al. 2013). However, compared to other
U.S. regions, most Pacific Northwest rivers are colder, swifter, and more oxygenated, and thus
generally have better water quality with modest levels of nutrient inflow impacts (Arntzen et al.
2013; Falter 2017). Nonetheless, some parts of the basin have substantial drainage areas with
significant nutrient loading from agricultural uses, urban/suburban runoff, and treated
wastewater, boosting productivity particularly in the mid- and lower-Columbia segments.
Conversely, some sections of the basin host ultra-oligotrophic reservoirs (Falter 2017). Overall,
most of the reservoirs in the basin are generally oxic although some are known to be anoxic
seasonally, such as the Brownlee complex on the Snake River (Arntzen et al. 2013; Nirnberg
2004); anoxic conditions are required for CHs production, as noted earlier.

Many Pacific Northwest hydropower complexes employ spring spill operations to aid migratory
juvenile fish in accordance with the operative biological opinions and the Clean Water Act. Fish
spill operations are conducted at the four lower Snake River and four lower Columbia River
dams for the benefit of juvenile fish passage. Fish passage spill is also conducted at Dworshak
Dam to provide additional water for flow augmentation and to moderate temperature in the
lower Snake River. Such spill operations have the potential to enhance CH; outgassing in the
tailrace.

G-5-9
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2017). Soumis et al. (2004) found a range of emissions between 3.2 = 9.0 mg CH; m2 day™ for
F.D. Roosevelt Lake, behind Grand Coulee Dam in the upper portion of the basin. Priest Rapids
Reservoir, located on the mid-Columbia reach, was found to have very low surface estimates of
CHa: Falter (2017) reported a mean of 0.004 mg CHs m2 day*! from the pelagic zone and
Arntzen et al. (2013) reported a mean close to zero. The Lower Monumental Reservoir on the
Snake River was also found to have comparable mean flux rates (Arntzen et al. 2013; Falter
2017). By comparison, the free-flowing Hanford reach of the Columbia was found to have a
mean surface flux of 0.08 mg CHs m™2 day™ during the fall (Arntzen et al. 2013). These amounts
are quite low compared to a global synthesis, whereby Deemer et al. (2016) calculated a mean
range of CHs emissions from hydroelectric reservoirs worldwide of 24 — 112 mg CHs m*? day™
and a mean of 120 mg CHa m day™ for all reservoirs worldwide.

Conversely, CHa production in the littoral zone of the Priest Rapids Reservoir was found to be
much higher, with a mean of 362 mg CHs m2 day™ (Falter 2017). This large difference between
the two reservoir zones is likely due to underestimating CHs flux by current gas diffusion
methodologies as it is difficult to accurately quantify and thus extrapolate. The high potential
for CHa production in littoral zones of a water body that is only moderately productive, like
Priest Rapids reservaoir, is another factor influencing this measurement (Falter 2017). It is
important to note that the high ratio of pelagic:littoral area resulted in relatively low overall
reservoir-wide mean CH4 emissions compared to general estimates for reservoirs on a national
scale (Falter 2017).

Given evidence from Falter (2017), littoral areas in the Columbia River Basin are expected to be
confined to the mid-Columbia River area, an area in which the CRS project reservoirs do not
experience considerable changes in under any of the MOs or the Preferred Alternative. While
MO3 would result in breaching the four lower Snake River projects, which would result in the
loss of the reservoirs behind these projects, the information provide in Falter (2017) indicates
that littoral areas are less likely at these sites.

Chapter 3 of the EIS details some of the characteristics of regions through the CRSO study area,
including the mid-Columbia region (Region B) where littoral zones are abundant. For example,
Table 5-2 profiles the hydrology of reaches in the region, noting that many of these areas are
characterized by flat pools at particular times of year, while Section 3.3 describes sediment
supply and transport in the same region. More information about the aquatic vegetation and
shoreline development that that contributes to CH4 production in the littoral zones abundant in
the mid-Columbia River, is described in detail in Section 3.6 of the EIS.

The Priest Rapids reservoir has very comparable limnology to the Rock Island and Rocky Reach
reservoirs directly upstream (Falter 2017). The data for Priest Rapids can be applied toward
these reservoirs, thus it is expected that there are very low CHa emissions from pelagic waters
and sporadic distribution of moderately high CH4 emission pockets within the littoral sediment
accumulation zones and along aquatic macrophyte beds (Falter 2017). By applying the
controllers of CHs production and emission described previously in Table 1-2 and within other
global research results, pelagic methanogenesis is believed to be very low in the Rock Island
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and Rocky Reach reservoirs and exceptionally low in oligotrophic water bodies such as nearby
Lake Chelan, whose river flows into the Columbia (Deemer et al. 2016; Falter 2017). Given this,
there are likely also amplified areas of CHs production near sediment deposition zones

(i.e., stream deltas, backwater embayment areas, and nearshore deposition areas of organic
sediment deposition) and areas with highly productive aquatic macrophyte beds and attached
benthic algae populations. These amplified areas likely have high rates of local methanogenesis
and may produce greater emissions of CHs within the water column and into the atmosphere
(Falter 2017). As noted above, both reservoirs’ morphometry and hydrology indicate that these
potentially high CHa emission rates that are expected to occur within the littoral zones are a
small portion of the overall reservoir area, suggesting that the CHa emissions per reservoir are
likely to be low on the regional scale and extremely low on the national and worldwide scales of
CH4 emissions from hydropower project reservoirs (Falter 2017).

For the lower river section, studies have found higher CH4 oxidation in the lower Columbia River
estuary compared to the mainstem and tributaries because of the prevailing saltwater
conditions, which results in a net uptake of riverine CHa by the estuarine sediment, creating a
CHa sink (Lilley et al. 1996; Tremblay et al. 2005). Pfeiffer-Herbert et al. (2015) found that nearly
a quarter of the riverine CHa supply was consumed by methantrophic bacteria within the
Columbia River estuary, greatly reducing the potential for CHs emissions. Additionally, the
estuary experiences rapid flushing due to the sheer volume of discharge from the Columbia
River and also tidal action, which both minimize CHs production (Pfeiffer-Herbert et al. 2015).

Degassing of CH, at hydroelectric projects’ forebays and tailraces from water passing through
the turbines or spillways is highly variable between each project and appears to also be
dependent on the season (Arntzen et al. 2013). Overall, system concentrations of CHa in March
across Columbia River hydroelectric projects were lower in the tailrace than in the forebay,
indicating that the system was a source, with a mean degassing flux of 3.1 x 10 t CH4 d*
(Arntzen et al. 2013). During September, the system was a sink for CHa, with a mean degassing
flux of -5.6 x 10*t CH4 d™ (Arntzen et al. 2013). This also supports Falter’s (2017) findings that
Lower Monumental and Priest Rapids were sinks for CHa at the hydropower projects’ outflows.

Ebullition as measured in littoral embayment zones for the mid-Columbia and Snake River
hydropower complexes were high in September (mean concentrations of CHs were over
7,000 mg L'Y) and were roughly an order of magnitude lower in March (Arntzen et al. 2013).
These results are to be expected, as higher CH4 flux coincides with increased temperatures in
the summer (DelSontro et al. 2010). Increased summer temperatures also moderately affect
hyporheic flux of CHs within sediment pore-water in littoral embayments — the system had
mean fluxes of 4.2 mg m2 day™ in March and 8.1 mg m* day™ in September (Arntzen et al.
2013). CH4 efflux from ebullition was more pronounced in embayment areas within reservoirs
than embayments located in the free-flowing Hanford reach segment of the River, as was CH4
pore-water flux, although the differences in the sediment pore-water values were minor and
remained relatively constant seasonally (Arntzen et al. 2013).
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emissions from hydroelectric reservoirs in the Columbia River basin and determining their
contribution to the global carbon budget are detailed below.

It is critical to incorporate both short and long-term temporal and spatial variability in research
efforts, which can be quite difficult to capture due to resource constraints and logistical
feasibility. As discussed previously, the amount of CHs emitted varies widely among reservoirs
(depending on basin-specific characteristics, reservoir morphology, latitude, and climate),
within reservoirs (nearshore vs. water column, sample site proximity to dam and location
within the water column), and over time (land use changes, reservoir aging, seasonal and daily
biological and physical changes such as precipitation, photosynthesis, methanogenesis, and
temperature). In addition, individual dam operation should also be considered; operations vary,
depending on energy demand, reservoir level, and runoff/precipitation amounts. Average CHa
diffusive emission values can vary by an order of magnitude in temperate regions, highlighting
the need for comprehensive assessments (IPCC 2006).

Despite the difficulties of such an endeavor, quantifying CHs emissions from reservoirs is
essential because reservoirs can be of substantial size, e.g., Franklin D. Roosevelt Lake, behind
Grand Coulee Dam, is considerable at 125 mi? (324 km?2). Furthermore, the extensive total
surface area of all reservoirs regionally and globally necessitates studying these systems at
larger spatial and temporal scales to capture all of the variability in order to establish realistic
estimates of CHs4 contributions to the regional and global carbon budgets.

Arguably the most important aspect towards broadening the knowledge base of mechanisms
contributing to CH,4 emissions is to conduct comprehensive assessments of site-specific
characteristics for each reservoir, notably climate (wind, precipitation, temperature) and
drainage basin characteristics (residence time, OM inputs). Climate affects OM inputs and CHa
production and oxidation (Nguyen et al. 2010; Barros et al. 2011; Sobek et al. 2012; West et al.
2012; Falter 2017); wind, precipitation and temperature likely affect gas exchange rates at the
water-atmosphere interface (Bastviken et al. 2008), and it has also been thoroughly
demonstrated that warmer temperatures are associated with greater CH; emissions (Barros
et al. 2011; Demarty and Bastien 2011; Deemer et al. 2016).

Additionally, since increased GHG emissions is positively correlated with warmer temperatures,
there will be an ongoing need to study the impacts of climate change on CH,4 processes within
temperate hydroelectric reservoirs (IPCC 2006). The IPCC notes that temperature is the main
driver affecting reservoirs as a result of climate change, which impacts oxygenation levels,
redox potentials, lake stratification mixing rates, growth of biota, and methanogenesis rates
(IPCC 2006). Warming trends are likely to prolong and intensify summer thermal stratification
which leads to anoxic conditions aiding increased methanogenesis, leading to increased CHy
production (IPCC 2006; Barros et al. 2011; Demarty and Bastien 2011; Deemer et al. 2016).

Run-of-river hydroelectric projects are regularly used in densely populated areas with poor
water quality to improve oxygen conditions or selectively draft cooler water from deeper within
the reservoir (Kumar et al. 2012). This strategy could be useful in mitigating against the effects
of increased GHG emissions from global climate change impacts. Building new structures that
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promote degassing, such as stilling basins or aeration weirs, may also help prevent GHG
supersaturation at project tailraces (Kumar et al. 2012). The IPCC (2006) recommends proactive
risk management as an adaptive measure to address extreme climate events; as precipitation
events become more unpredictable, reservoir operations may become more limited in range,
particularly for run-of-river projects. Climate change is imperative to consider when assessing
GHG production and future mitigation measures.

Wind stress can create turbulence and waves, affect vertical circulation (and contribute to
down- or up-welling), and influence transport of OM or dissolved compounds involved in
methanogenesis or oxidation, all of which is also dependent on the specific characteristics of
the body of water (shape, depth, size) and its surrounding terrain (Bastviken et al. 2004; Falter
2017). Wind direction is particularly important in influencing downwelling or upwelling, which
can directly affect CHs production. Downwelling favors CHa oxidation, as CHa is converted into
CO:2 due to the heightened availability of oxygen coupled with a decreased supply of OM within
the water column, thus reducing CHs4 emissions (Capelle and Tortell 2016). Conversely,
upwelling can lead to increased CHq emissions as CHa from the deeper oxic regions is shuttled
to the reservoir surface (Capelle and Tortell 2016). Indeed, coastal upwelling and downwelling
were found to be the dominant transport mechanism for CHa across the continental shelf of
southern British Columbia (Capelle and Tortell 2016). CHs measurements at varying water
depths, under different weather conditions and in multiple seasons are necessary to determine
the role upwelling and downwelling may play for any particular reservoir. These measurements
can be difficult to obtain as the data collection must encompass broad spatial and temporal
scales in order to capture upwelling or downwelling events, as evidenced by the extremely
limited number of studies addressing the role of upwelling and downwelling in CH4 production.

Land use, type and amount of vegetation cover, along with intensity and frequency of
precipitation events can alter OM loading and water residence time, thus affecting CHa4
production and emissions (Bastviken et al. 2004). Reservoirs often have shorter residence times
than natural lakes and have more complex in-situ variability because they typically have one or
more major inlets compared to naturally occurring lakes (Falter 2017). The reservoir inlets also
play into the dynamics of how OM is incorporated into the reservoir, e.g. if it is quickly carried
to the deeper anoxic layers, the OM will more readily undergo methanogenesis (Capelle and
Tortell 2016). These examples illustrate a need for measuring site-specific residence time and
variability around OM inputs.

Another crucial element in understanding and quantifying CH4 emissions is the adoption of
standardized methods. There is a remarkable lack of consistent, standardized methods or
protocol for measuring CHs emissions. Granted, this is a relatively new field of research - the
first IPCC Assessment Report considering GHG contributions to global climate change was
published in 1990. Yet after nearly 30 years there is still no standard methodology for
measuring CH; emissions from reservoirs, particularly ebullition (Lilley et al. 1996; St. Louis et
al. 2000; Johnson et al. 2002; Boudreau 2012; Harrison et al. 2016). The suite of environmental
variables that contribute to ebullition is not fully understood, and as discussed earlier, emphasis
should be placed on comprehensive assessments of site-specific characteristics to capture all
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variables influencing CH4 emissions. For instance, in deep reservoirs, CH4 bubbles typically
dissolve in the water column before reaching the surface, unlike in shallow reservoirs
(Delsontro et al. 2010). This highlights the idea that estimating CH4 diffusive emissions should
be done on a case-by-case basis until additional knowledge on the dynamics of CHs4 emissions is
available.

However significant and promising advancements in monitoring techniques that could be
employed to generate emissions estimates have been made in recent years (e.g., Beaulieu et al.
2016). A recent study by Miller et al. (2017) provides an overview of the methods used to
measure methane flux at temperate hydropower reservoirs, including the bubble trap, optical
detector, echosounder, inverted tunnel, and automated bubble trap.

It is also important to understand the effects of stratification. Methanogenesis is prevalent in
persistently stratified tropical reservoirs (Demarty and Bastien 2011), but because of oxidation
by methantrophic bacteria in the oxygenated layer of the water column, most of the CH4
produced in a tropical reservoir is instead emitted to the atmosphere as the less potent GHG
CO:2 (Guerin and Abril 2007). While not strictly acting as a CHs sink, oxidation does ultimately
reduce CHs emissions, although GHG is still being produced. Deep tropical reservoirs also allow
greater methanotrophic activity in the water column compared to shallow reservoirs, resulting
more efficient oxidation of CHa and less emission directly to the atmosphere (Lima 2005). Again,
measurements should be conducted long- and short-term and across multiple depths and
locations to capture temporal and spatial variability.

Turning to the role of hydroelectric projects themselves, more information is needed to fully
understand and measure degassing from turbines. CH4 degassing can occur at the project from
turbulence as water passes through the turbines or can occur further downstream. When
passing through the turbines, CHas gas is exposed to low pressure and high temperature
conditions which enables rapid degassing in tropical reservoirs (Kemenes et al. 2007). However,
high amounts of CHs can remain in the outflow after passing through the turbines; GHG has
been measured up to 25 mi (40 km) downstream of a tropical dam (Guerin et al. 2006). These
findings point to the need to better understand and quantify degassing that occurs at the
turbines and downstream of hydroelectric dams, particularly in temperate regions for which
such data is still lacking.

Another consideration that should be included in CHs emissions estimates is the concept that
age matters: reservoirs produce more GHG in the first ten to twenty years after impoundment
(IPCC 2006; Barros et al 2011). Studies of Canadian systems demonstrated that CO, emissions
from reservoirs over ten years old were on par with emissions from natural lakes and rivers
(Tremblay et al 2004). Temperate reservoirs had a significant negative relationship between age
and GHG emissions, meaning with increasing age GHG diminished over time (St. Louis et al
2000). Therefore, it is important to incorporate the age of the reservoir in calculations of GHG
emissions.

To more accurately estimate CHa contributions to the global carbon budget, future research
efforts should continue to focus on tropical reservoirs due to the relationship between
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temperature and high OM with CH4 emissions and because this is the region with the most
potential for future hydroelectric development. It would be very informative and beneficial to
the scientific community at large to assess whether reservoirs are net CHq sinks or sources by
evaluating pre- and post-impoundment values to compare carbon burial in the reservoir versus
under pre-impoundment conditions (i.e., carbon burial in the ocean). However, as hydroelectric
power is already very highly developed in temperate regions, many hydroelectric dams are
nearing the end of their lifespans; consequently, the effects of dam decommissioning on the
global carbon budget will be important to study. The major knowledge gaps listed above need
to be filled by future research to better understand CHa production overall and to better
estimate regional and global carbon budgets.

5.3.3 Conclusions

Primary contributing controllers of CHa emissions from hydroelectric project reservoirs are
geographically and sample site-specific, and include availability of OM, condition of reservoir
sediments, reservoir trophic status (dependent upon nutrient inputs, primary productivity, and
water temperature), presence of rooted aquatic macrophyte and algal populations, and factors
that affect CH4 ebullition to the reservoir surface, including hydrostatic pressure changes and
benthic sediment conditions (Falter 2017). Strong correlations have been identified between
reservoir CHa emissions and OM and nutrient accumulation in nearshore sediments, nutrient
loading in reservoirs (eutrophic conditions), increased water temperatures, and presence of
aquatic macrophytes (Bastviken et al. 2004; Demarty and Bastien 2011; West et al. 2012;
Arntzen et al. 2013; Deemer et al. 2016; Falter 2017). The available data and comparisons
presented in this report support the likelihood that CHs emissions are very low from pelagic
waters within Columbia River basin hydroelectric project reservoirs. The sporadic distribution of
moderately high CHa emissions for some reservoirs results from ‘hot spots’ of littoral sediment
accumulation and robust aquatic macrophyte beds. The high ratios of pelagic:littoral area,
particularly for Eastern Washington reservoirs, in all probability means overall reservoir-wide
CH4 emissions are low in comparison to reservoirs on a regional or national scale.

Even though the surface flux measurements of Columbia River hydroelectric project reservoirs
presented in this report indicate that CH4 emissions are lower compared to other studies
conducted in temperate regions, it’s been shown that CH,4 ebullition and pore-water flux in
littoral embayments can potentially produce substantial emissions, particularly in the summer.
The values reported here may be high relative to surface flux values, but are on par with
ebullition and pore-water flux results from recent comparable studies of temperate reservoirs
and are much lower than global estimates (DelSontro et al. 2010; Arntzen et al. 2013; Deemer
et al. 2016). The implication of these results is that temperate hydroelectric project reservoirs
provide a modest source of CHs to the atmosphere. Indeed, several studies have found that, in
particular, temperate estuarine and river contributions of CH, to the global budget are likely
minor because of their small footprint (De Angelis and Lilley 1987; Middelburg et al. 2002;
Borges and Abril 2012; Pfeiffer-Herbert et al. 2015). This realization coupled with the
knowledge that the primary controllers affecting CH4 emissions are inconsistently present
within Columbia River basin reservoirs supports the conclusion that GHG emissions from
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From: Petersen,Christine H (BPA) - EWP-4

Sent: Monday, January 9, 2023 9:53 AM

To: Calvert,Paula P (BPA) - E-4; Bettin,Scott W (BPA) - EWP-4; Norris,Tony (BPA) - PGPO-5;
Hausmann,Benjamin J (BPA) - EWP-4

Subject: CH4 output

Hi,

After reading commentary about Columbia basin reservoirs producing methane, | looked up a few papers.
Perhaps this is already widely discussed in Paula’s area, and I’d be interested in what the most updated issues are.

| had heard this raised with respect to the tropical reservoirs+ greenhouse gas review that came out a few years ago.
Locally, we have pointed out that most Columbia reservoirs are in rocky terrain and not very much soil was inundated.
However, | have seen reference to a specific estimate of the volume of methane released.

This non-peer reviewed assessment by John Twa, appears to be one source of this estimate. He is starting with the PNNL
study done by Evan Arntzen and others, who of course, have done temperature monitoring for us at Ives Island. In this
study, they talk about 3-4 different ways in which reservoirs can generate methane. Their study is publishable because
they highlight ebullition measurements of methane, and are able to report high values at sites at Lower Monumental
and Priest Rapids. They didn’t have a variety of sample points throughout the reservoirs, but rather, sampled only in
shallow locations in side embayments that they classified as “depositional littoral zones” where sediment and milfoil
tend to collect. There is very likely higher bacterial activity in these spots, so the ebullition methane value could be a
high or maximum level for the whole reservoir. (Paula??) (Also — how comparable are natural wetland marsh
environments to the shallow depositional zones in the reservoirs?). A larger list of sampling sites was used for diffusive
methane.

Arntzen et al. do not estimate the methane flux of the whole reservoir. What John Twa does in his estimate is take the
description of the embayment sites sampled for ebullition methane as all areas shallower than 10 m, and he estimates
what fraction of the whole reservoir is shallower than 10 m (about 1/3) and expands the value from the depositional
littoral zone to the whole reservoir. He did not do adjustments with respect to how much of the shallow area is truly
depositional with slow water movement and high bacterial growth. For that reason, | doubt that his total methane
estimate is correct.

Twa does accurately say that Miller/Arntzen say that the highest ebullition is with depth <10m, water velocity near zero,
near agriculture and temperatures above 17 C. But as far as correcting for areas with low water velocity, he says that
velocities are below 1 ft/s after June 21, What about the free-flowing river upstream of Lower Granite?

| do think that the literature review in the Miller/Arntzen paper has an interesting finding that ebullition values
measured in lakes were lower than for reservoirs, averaged among multiple studies in other areas and it would be
interesting to hear them talk about that? Lakes supposedly are slowly filling with sediment, while free flowing rivers
keep moving sediment downstream, and this sediment is the source of the methane.

The Priest Rapids values were lower than for Lower Monumental, which has much slower velocities or longer water
retention time. Agricultural runoff is also important. What does this mean for reservoir management, if we were to want
to reduce the ebullitive flux? For example, would a deeper reservoir like Hells Canyon naturally have less ebullition
methane because it has less <10 m shallow area? What about low volume tributary rivers and wetlands in late summer?
In the study, they do say that something about the reservoir itself encourages the condition: “Mean daily ebullitive CH4
fluxes from temperate hydropower reservoirs were significantly higher than mean daily ebullitive CH4 fluxes from
temperate rivers and lakes. This emphasizes that hydropower structures alter natural systems by creating environments
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