Greenhouse Gas Emissions at Four
Klamath River Dam Facilities, and
Post-Dam Removal Carbon
Sequestration, Estimated by the
All-Res Modeling Tool
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EXECUTIVE SUMMARY

The Klamath River Dam facilities have received international attention
over the last few years because four of the dams - JC Boyle, Copco 1,
Copco2, and Iron Gate - were removed recently in what many describe
as the largest dam removal project in U.S. history. The restoration of the
Klamath River has garnered international attention, in part, because it
has revived salmon runs to historic habitat, enabled tribal access to a
critical food source, and revealed over two thousand acres of previously
submerged land. As of this writing, wild salmon have already migrated
up the Klamath River past all four dam removal sites, through the

two remaining dam'’s fishways, into Upper Klamath Lake, and further
upstream into multiple headwater tributaries.

The main impetus for removing the four dams was that Pacific Corp, the dams’ owner,
did not want to invest in re-licensing the dams through the Federal Energy Regulatory
Commission. These dams were old and needed considerable repair and rebuilding to
be functional and to meet current fish passage and other environmental requirements
-- ultimately the expense of deconstruction was less than retrofitting and repairing the
dams. Hundreds of dams across the U.S. may face the same fate over the next decade
due to their state of disrepair and environmental impacts.

The cost of maintaining and upgrading dams is an important piece of the licensing
process, but there can be other equally important pieces that regulators at the local,
state, and federal level should take into account. This report estimates the greenhouse
gas (GHG) emissions caused by the four removed Klamath River Dam facilities. The
climate impact of a dam, and potential alternatives to improve climate outcomes at
dam facilities, are important issues that need to be raised during licensing.

Over the last two decades, knowledge about the environmental impacts of dams

and reservoirs has increased significantly, including a focus on the GHG emissions
they cause. Recent science has shown that dam, reservoir, and hydropower facilities
worldwide cause the emission of hundreds of millions of tons of greenhouse gases
including carbon dioxide, methane, and nitrous oxide each year. Methane, an
extremely potent climate pollutant, is the largest contributor of climate-heating
emissions from these facilities. Similarly, studies like this one can show how reservoirs
submerge landscapes that capture carbon, and that restoring and revegetating these
lands following dam removal can restore their ability to sequester carbon.



EXECUTIVE SUMMARY

In this report, we apply the All-Res Modeling Tool (“All-Res”) to estimate the
cradle-to-grave, life cycle GHG emissions caused by the Klamath River Dam
facilities. All-Res is an advancement over existing modeling tools and frameworks
because it estimates emissions from all known greenhouse gas emission sources
attributed to dam, reservoir, and hydropower systems reported in the scientific
literature, and evaluates these over a 100-year life cycle time window.

In All-Res, we use the best available data from federal reports and scientific
literature. Where there is a lack of data from the Klamath River Dam facilities,
we utilize estimates from peer-reviewed literature and other sources that are
conservative, so that the emissions reported are not overstated.

The U.S. EPA requires large facilities to report emissions that exceed 25,000 metric
tons of CO2e/year. Over their lifetime, the four Klamath River Dam facilities that
were removed caused emissions 11 times that threshold annually.

The four Klamath River D
fac?lit?:sf ar:?s?timatglc(ie:o - 2 75 y O O O

have caused the emission of METRIC TONS OF CO.e/VEAR

Each year, over their

lifetime, the four 6 4 y 2 6 O

Klamath River Dam GAS-POWERED AUTOMOBILES DRIVEN FOR ONE YEAR, OR,
facilities that were

removed are estimated 306,000,000

to have caused the same
POUNDS OF COAL BURNED IN ONE YEAR, OR,

31,000,000

GALLONS OF GASOLINE CONSUMED IN ONE YEAR

*using the U.S. EPA’'s emissions comparison tool



EXECUTIVE SUMMARY

Multiple claims have been made over the decades about the low environmental
and climate impact of hydroelectricity. Those claims do not take into account

the significant amounts of climate-heating GHG emissions caused by dams,
reservoirs, and hydroelectric facilities throughout their entire life cycle or the

lost carbon sequestration caused by reservoir inundation of carbon sinks. We
strongly encourage decision-makers and public agencies to consider the GHG
emissions caused by dams and carbon sequestration impacts in any ongoing or
future permitting, funding, and infrastructure decisions, whether that includes
constructing new facilities, relicensing or retrofitting existing facilities, or as in the
case of the Klamath River Dams, decommissioning.
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INTRODUCTION

Over the last few decades, dam, reservoir, and hydropower projects have come
under increasing scientific scrutiny because of the greenhouse gases (GHGSs)
they emit. Since 1974, more than 770 peer-reviewed scientific studies describe
GHGs caused by dam and reservoir projects, including those generating
hydropower. Some projects built primarily for hydropower production can

emit more GHGs than coal-fired powerplants producing an equal amount of
electricity"234,

In 2022 the U.S. Environmental Protection Agency (EPA) began reporting reservoir
surface GHG emissions to the United Nations Framework Convention on Climate
Change (UNFCCC), using guidelines from the Intergovernmental Panel on Climate
Change (IPCC). This set the precedent for GHG reporting in the U.S. during dam
permitting and re-permitting processes®.

Using readily available emissions models that estimate GHGs from dam, reservoir,
and hydropower projects, and using data provided from public sources including
reports from the U.S. Corps of Engineers (USACE), U.S. Bureau of Reclamation,

U.S. Geological Survey, U.S. Fish and Wildlife Service, water agencies, scientific
publications, and news articles, we developed and applied the All-Res Modeling
Tool® to calculate the total carbon footprint over the lifecycle of the four Klamath
River Dam facilities. For the purposes of this report, the four removed Klamath River
facilities include the dam, reservoir and hydropower facilities associated with the
Copco #1and #2, J.C. Boyle, and Iron Gate Dams. They were located in the Klamath
River Watershed in Northern California and Southern Oregon.

We also estimate the potential carbon sequestration by the forest and grassland
ecosystems being planted and naturally reclaiming reservoir sites after
decommissioning.

https://www.climatecentral.org/news/hydropower-as-major-methane-emitter-18246

https://www.washingtonpost.com/news/energy-environment/wp/2016/09/28/scientists-just-found-yet-another-way-that-humans-are-creating-greenhouse-gases/

https://www.latimes.com/science/la-xpm-2013-aug-01-la-dams-greenhouse-gas-hot-spots-20130801-story.html

Song, Cuihong, Kevin H. Gardner, Sharon J.W. Klein, Simone Pereira Souza, and Weiwei Mo. “Cradle-to-Grave Greenhouse Gas Emissions from Dams in the United States
f America.” Renewable and Sustainable Energy Reviews 90 (July 2018): 945-56. https://doi.org/10.1016/j.rser.2018.04.014

https://therevelator.org/dam-emissions-reporting/

https://tellthedamtruth.com/all-reservoir-greenhouse-gas-model/
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https://www.climatecentral.org/news/hydropower-as-major-methane-emitter-18246
https://www.washingtonpost.com/news/energy-environment/wp/2016/09/28/scientists-just-found-yet-another-way-that-humans-are-creating-greenhouse-gases/
https://www.latimes.com/science/la-xpm-2013-aug-01-la-dams-greenhouse-gas-hot-spots-20130801-story.html
https://doi.org/10.1016/j.rser.2018.04.014
https://therevelator.org/dam-emissions-reporting/
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Figure 2:
The Klamath River Dams
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Figure 2:
The Klamath River Dams
(continued)
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THE ALL-RES MODELING TOOL

We applied the All-Res Modeling Tool to the Klamath River Dam
Facilities from their initial construction to decommissioning, and
compared total greenhouse gas emissions to other emissions
sources using the U.S. Environmental Protection Agency’s emissions
comparison calculator’.

All-Res uses a cradle-to-grave, full life-cycle inventory approach to estimate
the total carbon footprint of the dams, reservoirs and hydropower systems. All-
Res assumes a 100-year life cycle period, a common metric in greenhouse gas
accounting for these facilities, unless an actual life cycle period is known for a
facility.

All-Res is an advancement over existing modeling tools because it includes all
known greenhouse gas emissions attributed to dam, reservoir, and hydropower
systems as documented in the peer-reviewed scientific literature. Other existing
GHG emissions tools examine only a portion of the life cycle scope and do

not include emissions from end-of-life facility decommissioning, downstream
emissions due to the impacts on wetland and riparian vegetation, soil and
sediment carbon and nitrogen losses caused by the facility, loss of ecosystem
function, and the full scope of land-use-change emissions (‘carbon leakage’),

as well as carbon sequestration by the ecosystem through site restoration after
decommissioning.

The following emissions pathways are included in the All-Res modeling tool:
» Construction
« Facility operations and maintenance
« Reservoir surfaces
» Degassing methane through hydropower turbines and non-hydropower
bypasses and spillways
« Carbon leakage: land use changes away from the reservoir, including
deforestation and vegetation changes, to replace inundated farmland, grazing
land, and homes
» Land use changes beneath the reservoir, including loss of carbon
sequestration by vegetation that becomes inundated and emissions from
anaerobic decay of that vegetation, as well as the lost ecosystem function of
future carbon sequestration in the inundated former forest

7 USEPA 2025. Greenhouse Gas Equivalencies Calculator. https://www.epa.gov/energy/greenhouse-gas-equivalencies-calculator



THE ALL-RES MODELING TOOL

- Downstream effects caused by altered river hydrographs and reductions in
river flows, including carbon loss from dewatering of wetlands, riparian forests,
and estuarian ecosystems

= Facility decommissioning

Each of these are described below, including a summary of the key components
and methods used to estimate the emissions from each pathway. See Figure 3,
below, for a graphical depiction of all emissions sources and pathways.

Per convention as described by the Intergovernmental Panel on Climate Change
(IPCC), the tool converts emissions of methane (CH,) and nitrous oxide (N,O)
emissions into CO_e (carbon dioxide equivalent) emissions. N O emissions are cal-
culated from ecosystem losses downstream, but are not quantified from reservoir
surfaces or banks, to avoid the possibility of double-counting emissions already
attributed to other sources.

All-Res accounts for the uncertainty of input data and emissions factors by incor-
porating them into a Monte Carlo simulation to estimate emissions confidence
intervals, as recommended by the IPCC&,

Figure 3:
Emissions pathways in a dam and
reservoir facility included in All-Res.
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8 Frey, Christopher, Jim Penman, Lisa Hanle, Suvi Monni, and Stephen Ogle. 2003. Chapter 3: Uncertainties, in 2006 IPCC Guidelines for National
Greenhouse Gas Inventories. https://www.ipcc-nggip.iges.or.jp/public/2006gl/pdf/1_Volume1/V1_3_Ch3_Uncertainties.pdf.
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EMISSIONS PATHWAYS INCLUDED IN THE ALL-RES MODELING TOOL

Construction

Construction is a component of total emissions associated with reservoirs due to
the large amount of energy required to manufacture materials such as cement and
steel used in construction, as well as the fuel burned by construction equipment
on site and to quarry and deliver rock and aggregate used in dam and hatchery
construction.

Limited records exist that describe the amount of concrete, rock, and aggregate
used in constructing the four Klamath River Dams. The mass of concrete used
was estimated based on estimates of the amount of concrete and rock that would
be removed during decommissioning, or when those data were not available,
from design diagrams for the dams®. Where estimates of steel were not available,
they were estimated based on the ratio of steel to concrete used in other dams of
comparable size and design™™,

Emission factors for fuels burned during construction, and construction materials,
are derived from the GREET model®,

Operations and Maintenance

Emissions from Operations and Maintenance (O&M) activities at the Klamath River
Dam Facilities include maintenance activities, use of recreational areas around the
reservoir, fish hatcheries built in an attempt to mitigate the impact of the dams, as
well as operation of spillways and turbines.

No data were available from the dam and hatchery operators regarding energy
use to operate the facilities. Operations emissions were estimated by extrapolating
energy use reported for other dam and hatchery facilities.

Emissions from recreational use from the reservoir were estimated using U.S.
Army Corps of Engineers Fact Sheets on visitation™, combined with California
state modeling standards for estimating emissions from boating activities'. Miles
traveled to visit the reservoir were estimated from survey data provided by the
State of California™.

9 U.S. Bureau of Reclamation. 2011. Hydrology, Hydraulics, and Sediment Transport Studies for the Secretary’s Determination on Klamath River Dam
Removal and Basin Restoration. https://ifrmp.org/wp-content/uploads/2023/10/00.Klamath_Sed_Report_Final_Full_compressed.pdf

10 U.S. Bureau of Reclamation: https://www.usbr.gov/uc/rm/crsp/gc/

11 Pacca, S. and A. Horvath. 2002. Greenhouse Gas Emissions from Building and Operating Electric Power Plants in the Upper Colorado River Basin.
Environ. Sci. Technol. 2002, 36:3194-3200.

12 Wang, M Q. 1996. “Development and use of the GREET model to estimate fuel-cycle energy use and emissions of various transportation technologies
and fuels”. United States. https://doi.org/10.2172/230197. https://www.osti.gov/servlets/purl/230197.

13 U.S. Army Corps of Engineers. 2017-2024. Value to the Nation Fast Facts for Klamath River Reservoir.

14 California Air Resources Board. Air Quality Planning and Science Division. 2013. Appendix J: Recreational Watercraft Emissions Inventory Methodolo-
gy. https://ww2.arb.ca.gov/sites/default/files/2023-08/pc2014_technical_document.pdf

15 Sacramento-San Joaquin Delta Boating Needs Assessment. Chapter 4: Statewide Survey Summaries and User Assessment.

https://www.waterboards.ca.gov/waterrights/water_issues/programs//bay_delta/california_waterfix/exhibits/docs/petitioners_exhibit/dwr/part2
/dwr1097/Chapter%204.pdf


https://ifrmp.org/wp-content/uploads/2023/10/00.Klamath_Sed_Report_Final_Full_compressed.pdf
https://www.usbr.gov/uc/rm/crsp/gc/
https://www.osti.gov/servlets/purl/230197
https://ww2.arb.ca.gov/sites/default/files/2023-08/pc2014_technical_document.pdf
https://www.waterboards.ca.gov/waterrights/water_issues/programs//bay_delta/california_waterfix/exhibits/docs/petitioners_exhibit/dwr/part2/dwr1097/Chapter%204.pdf
https://www.waterboards.ca.gov/waterrights/water_issues/programs//bay_delta/california_waterfix/exhibits/docs/petitioners_exhibit/dwr/part2/dwr1097/Chapter%204.pdf

EMISSIONS PATHWAYS INCLUDED IN THE ALL-RES MODELING TOOL

Reservoir Surfaces

Greenhouse gases can enter the atmosphere from the surface of the water body.
These gases come from decomposing organic matter that flows into a reservoir
from its watershed, from decomposed organic matter in vegetation and soils
inundated at the time the reservoir filled, and from organic matter fixed through
photosynthesis by aquatic plants and algae in the reservoir. Microbes in the
reservoir water column and in reservoir sediments consume the organic matter
and release CO, in oxygen-rich portions of the reservoir, and produce CH, in the
oxygen-depleted depths and sediments of the reservoir. The gases move to the
surface through diffusion and bubbling (ebullition). CH, that is not oxidized by CH,
-consuming organisms in the water column during diffusion and ebullition are
emitted from the reservoir surface. CO, not taken up by aquatic plants and algae in
the water column is also emitted from the reservoir surface.

Due to the different processes involved in the production of various gases, and to
avoid double-counting, All-Res conservatively limits surface emissions estimates
to CH,.

4

For littoral regions of reservoirs (where sediment accumulates and depths are

less than or equal to 10 meters) we applied emissions factors derived from
measurements of surface CH, reported for temperate hydropower reservoirs by
Miller et al. (2017). This includes areas near reservoir banks, in tributaries that
flow into the reservoir, and in the upper reaches of the reservoir. Methane ebullition
(bubbles released from sediments to the reservoir surface) emissions dominate
littoral regions.

Emissions from littoral areas were estimated annually as the reported emissions
factor from Miller et al. (2017) multiplied by average annual reservoir surface area
that was 10m or less depth, derived from bathymetric data reported by Eilers and
Gubula (2003)". Water levels are reported to have remained relatively steady over
the life of the dams, with relatively little annual fluctuation in surface elevation and
therefore surface area.

Methane emissions from non-littoral regions (deep water, > 10m) were estimated
using an emission factor derived from measurements from reservoirs in temperate
climate regions as reported in Deemer et al. (2016, 2020)®.

16 Miller, Benjamin L., Evan V. Arntzen, Amy E. Goldman, and Marshall C. Richmond. “Methane Ebullition in Temperate Hydropower Reservoirs and Implications for US
Policy on Greenhouse Gas Emissions.” Environmental Management 60, no. 4 (October 2017): 615-29. https://doi.org/10.1007/s00267-017-0909-1.
17 Eilers, JM and CP Gubala. 2003. Bathymetry and Sediment Classification of the Klamath Hydropower Project Impoundments. Prepared for PacifiCorp. https://www.

pacificorp.com/content/dam/pcorp/documents/en/pacificorp/energy/hydro/klamath-river/relicensing/resource-reports-and-data/Bathymetry_and_Sediment_Classification_Re-
port_Final April 2003.pdf

18 Deemer, BR, JA Harrison, SY Li, J] Beaulieu, T Delsontro, N Barros, JF Bezerra-Neto, SM Powers, MA dos Santos, and JA Vonk. 2016. “Greenhouse Gas Emissions from
Reservoir Water Surfaces: A New Global Synthesis.” BIOSCIENCE 66, no. 11 (November 2016): 949-64. Associated data updated in 2020. https://doi.org/10.1093/biosci/biw117.


https://doi.org/10.1007/s00267-017-0909-1
https://www.pacificorp.com/content/dam/pcorp/documents/en/pacificorp/energy/hydro/klamath-river/relicensing/resource-reports-and-data/Bathymetry_and_Sediment_Classification_Report_Final_April_2003.pdf
https://www.pacificorp.com/content/dam/pcorp/documents/en/pacificorp/energy/hydro/klamath-river/relicensing/resource-reports-and-data/Bathymetry_and_Sediment_Classification_Report_Final_April_2003.pdf
https://www.pacificorp.com/content/dam/pcorp/documents/en/pacificorp/energy/hydro/klamath-river/relicensing/resource-reports-and-data/Bathymetry_and_Sediment_Classification_Report_Final_April_2003.pdf
https://doi.org/10.1093/biosci/biw117

EMISSIONS PATHWAYS INCLUDED IN THE ALL-RES MODELING TOOL

Because All-Res uses a life cycle assessment from construction to
decommissioning as the basis of study, the areas in littoral and non-littoral portions
of the reservoir were projected forward in some cases based on bathymetric

data provided approximately two decades prior to decommissioning. The

farthest downstream reservoir, Iron Gate, had an estimated loss of storage due to
sedimentation of approximately 5.5% between its construction in 1962 and 2001
when the bathymetric survey was done. Since this reservoir is located mostly in a
narrow canyon it was assumed there would be no change in the littoral and non-
littoral areas due to post-2001 sedimentation. In contrast, JC Boyle reservoir and
Copco reservoir non-littoral areas decrease over time between their construction
in 1958 and 1922, respectively, to the 2001 bathymetric survey based on reservoir
volume analyses reported in Eilers and Gubala (2003). Assuming a uniform rate of
sedimentation, the littoral and non-littoral areas were estimated for JC Boyle and
Copco reservoirs on an annual basis from the time of their construction through
2024,

Turbines and Bypass Tubes

Discharge of reservoir water through turbines or outlets, referred to here as the
turbines and bypass tubes pathway, can be a source of significant CH, emissions.
These emissions are due to degassing of CH, -rich water discharged from the
oxygen-depleted depths of reservoirs (the hypolimnion) through turbines and
bypass tubes. Turbines and bypass tubes release methane due to the rapid drop
in hydrostatic pressure when water exits turbines or bypass tubes into the river
downstream. CH, emissions are much higher for turbine and bypass tube outlets
that are situated in the CH, -rich hypolimnion, due to the anoxic conditions present
in those waters. CH, emissions at turbine and bypass tube outlets located within
the hypolimnion are comparable in scale to reservoir surface emissions™ 2°, A
value of 80% of surface emissions was used in All-Res to conservatively estimate
CH, emissions through the turbine and bypass tubes pathway, derived from
calculations made by Delwiche et al. (2022).

Land Use Change

Inundation of vegetated land beneath a reservoir affects greenhouse gas
emissions in two pathways: the loss of ecosystem function as future carbon
sequestration (uptake) from the land that was inundated?; and the production
of CO,due to decomposition of organic matter in inundated trees, shrubs, and
grasses?, and in the soil at the reservoir bottom?,

19 Delwiche et al, 2022. Estimating Drivers and Pathways for Hydroelectric Reservoir Methane Emissions Using a New Mechanistic Model. JGR Biogeosciences, 127,
€2022JG006908. https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022]G006908

20 Deemer, B. R., Harrison, J.A., Li, Jake J. Beaulieu, Tonya DelSontro, Nathan Barros, José F. Bezerra-Neto, Stephen M. Powers, Marco A. dos Santos, and J. Arie Vonk.
“Greenhouse Gas Emissions from Reservoir Water Surfaces: A New Global Synthesis.” BioScience 66, no. 11 (November 1, 2016): 949-64. https://doi.org/10.1093/biosci/biw117

21 Eve et al, 2014. Quantifying Greenhouse Gas Fluxes in Agriculture and Forestry: Methods for Entity-Scale Inventory. Technical Bulletin Number 1939. U.S. Department
of Agriculture, Washington, DC. 606 pages. https://www.usda.gov/sites/default/files/documents/USDATB1939_07072014.pdf

22 Beaulieu, JJ, S Waldo, DA Balz, W Barnett, A Hall, MC Platz, and KM White. “Methane and Carbon Dioxide Emissions From Reservoirs: Controls and Upscaling”
Journal Of Geophysical Research-Biogeosciences 125, no. 12 (December 2020). https://doi.org/10.1029/2019]G005474.

23 Félix-Faure, ], C Walter, ] Balesdent, V Chanudet, JN Avrillier, C Hossann, JM Baudoin, and E Dambrine. “Soils Drowned in Water Impoundments: A New Frontier”
Frontiers In Environmental Science 7 (April 24, 2019). https://doi.org/10.3389/fenvs.2019.00053


https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2022JG006908
https://doi.org/10.1093/biosci/biw117
https://www.usda.gov/sites/default/files/documents/USDATB1939_07072014.pdf
https://doi.org/10.1029/2019JG005474
https://doi.org/10.3389/fenvs.2019.00053

EMISSIONS PATHWAYS INCLUDED IN THE ALL-RES MODELING TOOL

The equivalent emissions of lost carbon sequestration are quantified using the
IPCC greenhouse gas inventory guidance for estimating the total carbon stock

and the rate of change of carbon stock at the time of inundation. 2#?%2¢ Forests and
shrubland systems are estimated to have covered 75% of the reservoir area in the
Klamath River Dam facilities at the time of inundation, with grasslands covering
the remainder?. Ecosystem carbon stocks were derived from regional estimates
developed by the State of California for its Natural and Working Lands Greenhouse
Gas Inventory?,

Beaulieu et al. (2020)?° and Deemer et al (2016)° estimated that 73% and 84%
(respectively) of the organic matter in trees and soils under a reservoir at the
time of inundation is decomposed into CO,. The remainder is estimated to be
decomposed into CH,. The CH, emissions from inundated organic matter are
included in surface emissions and the CO, emissions are included in emissions
from land use change, to avoid double-counting. All-Res uses the average
percentage of decomposable organic matter from the range listed above.

Land Use Changes Away From The Reservoir (Carbon Leakage)

“Carbon leakage” describes the change in CO,emissions that occur due to a
land use change away from a reservoir to replace land uses in areas that were
inundated.

Prior to building the dams, Indigenous peoples inhabited the lands inundated by
the reservoirs. Multiple sources document that these indigenous people relied
upon fishing, hunting, and gathering to meet their food needs prior to European
settlement and dam construction, and inhabited the area prior to the reservoirs
being inundated 3! 32 33 34,

24 Penman et al, 2003. Good Practice Guidance for Land Use, Land-Use Change and Forestry. IPCC National Greenhouse Gas Inventories Programme. https://www.
ipcc-nggip.iges.or.jp/public/gpglulucf/gpgluluct_files/§GPG_LULUCF_FULL.pdf

25 Lasco et al, 2006. Volume 5 Chapter 5, Cropland. 2006 IPCC Guidelines for National Greenhouse Gas Inventories. https://www.ipcc-nggip.iges.or.jp/public/2006gl/
pdf/4_Volume4/V4_05_Ch5_Cropland.pdf

26 Lovelock et al. 2019. 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories, Chater 7: Wetlands. https://www.ipcc-nggip.iges.or.jp/
public/2019rf/pdf/4_Volume4/19R_V4_Ch07_Wetlands.pdf

27 J. Chenoweth, personal communication. 2025.

28 California Air Resources Board. 2020. An Inventory of Ecosystem Carbon in California’s Natural & Working Lands. https://ww2.arb.ca.gov/sites/default/files/classic/cc/
inventory/NWL%20Inventory%20Report%20Website.pdf

29 Beaulieu, JJ, S Waldo, DA Balz, W Barnett, A Hall, MC Platz, and KM White. “Methane and Carbon Dioxide Emissions From Reservoirs: Controls and Upscaling””
Journal Of Geophysical Research-Biogeosciences 125, no. 12 (December 2020). https://doi.org/10.1029/2019]JG005474

30 Deemer, B. R, Harrison, J.A., Li, Jake J. Beaulieu, Tonya DelSontro, Nathan Barros, José F. Bezerra-Neto, Stephen M. Powers, Marco A. dos Santos, and J. Arie Vonk.
“Greenhouse Gas Emissions from Reservoir Water Surfaces: A New Global Synthesis.” BioScience 66, no. 11 (November 1, 2016): 949-64. https://doi.org/10.1093/biosci/biw117

31 The Klamath Tribes. 2025. Our History. https://klamathtribes.org/history/

32 Klamath River Basin Study Technical Working Group. 2016. Klamath River Basin Study Final Report. Technical Memorandum 86-68210-2016-06. https://www.usbr.
gov/watersmart/bsp/docs/klamath/fullreport.pdf

33 Litton, Sabrina. 2003. A Review of the History of Water Use throughout the Klamath River Basin. https://cawaterlibrary.net/wp-content/uploads/2025/06/MwmEBC-A-
Review-of-the-History-of-Water-Use-throughout-the-Klamath-River-Basin.pdf

34 U.S. Department of the Interior. 1989. Draft Eligibility and Suitability Report for the Upper Klamath Wild and Scenic River Study. https://www.rivers.gov/rivers/sites/

rivers/files/2023-01/klamath-upper-draft-study_0.pdf


https://www.ipcc-nggip.iges.or.jp/public/gpglulucf/gpglulucf_files/GPG_LULUCF_FULL.pdf
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EMISSIONS PATHWAYS INCLUDED IN THE ALL-RES MODELING TOOL

Based on population data and land records, we estimate the lands inundated by
the reservoirs held a population of 300 people, or approximately 75 families, who
were forced to find other homes and re-create their livelihoods elsewhere . If we
assume the number of families who were displaced ranged from approximately
38 to 113, the possible range of greenhouse gas emissions caused by this forced
relocation is 300-3,700 metric tonnes of CO_e* ¥,

Downstream Effects

A reservoir can affect emissions in downstream areas due to changes in river
flow. Reservoirs typically decrease river flow downstream due to evaporation
from reservoir surfaces and diversions for irrigation, cities, and other uses, which
reduces and dries out wetlands and other riparian vegetation downstream.

The organic matter in the plants and soils of those lost wetlands decompose,
producing CO, and N,O. In addition, hydropower reservoirs can affect downstream
emissions due to fluctuating river levels caused by changes in the hydrologic flow
regime. The latter effects may be similar to those for shorelines of reservoirs, with
additional emissions produced due to the alternating exposure and subsequent
inundation of the riverbanks.

The land use and land cover data needed to assess long-term loss of wetlands
downstream due to the dams are not available for the Klamath River Estuary®,

Decommissioning

Decommissioning a reservoir has the potential to produce a significant short-term
amount of both CH, and CO, from the mineralization and decomposition of carbon
present in exposed sediments. Methane accumulates in sediments deposited in a
reservoir and is held in place by the hydrostatic pressure of the water column, until
CH4 gas pressure within the sediments is large enough that ebullition (bubbling)
events release CH4 to the reservoir surface. When reservoirs inevitably must be
decommissioned, water levels drop to and below the surface of the sediment and
the loss of that hydrostatic pressure releases a portion of methane stored in the
sediments®®°, Pacca (2007)* and Amani et al. (2022) “? estimated significant

35 Trust for Public Land. 2021. Heartland: Reclaiming Ancestral Territory in Northern California. https://www.tpl.org/stories/yurok-tribe-ancestral-homeland-kepel-cali-
fornia#:~:text=Congress%20never%20ratified %20its%20treaty,by%20executive%200rder%20in%201855 (This citation is for the Yurok Tribe which did not live near the dam sites, but
is illustrative for indigenous settlement in the Klamath River basin, pre-dam.)

36 Rocky Mountain Institute. 2023. The Hidden Climate Impact of Residential Construction. https://rmi.org/insight/hidden-climate-impact-of-residential-construc-
tion/#:~:text=The%20results%200f%20five%20previous,Key%20Takeaways

37 Moura, et al. 2015. 120 Years of U.S. Residential Housing Stock and Floor Space. https://pmc.ncbi.nlm.nih.gov/articles/PMC4532357/

38 NOAA. 2025. Klamath River Basin. https://www.fisheries.noaa.gov/west-coast/habitat-conservation/klamath-river-basin

39 Varadharajan, Charuleka, and Harold E. Hemond. “Timelseries Analysis of HighXresolution Ebullition Fluxes from a Stratified, Freshwater Lake.” Journal of Geophysi-
cal Research: Biogeosciences 117, no. G2 (June 2012): 2011JG001866. https://doi.org/10.1029/2011JG001866.

40 Beaulieu, Jake J., David A. Balz, M. Keith Birchfield, John A. Harrison, Christopher T. Nietch, Michelle C. Platz, William C. Squier, et al. “Effects of an Experimental
Water-Level Drawdown on Methane Emissions from a Eutrophic Reservoir.” Ecosystems 21, no. 4 (June 1, 2018): 657-74. https://doi.org/10.1007/s10021-017-0176-2.

41 Pacca, S., 2007. Impacts from decommissioning of hydroelectric dams: a life cycle perspective. Climatic Change, Vol 84 pp 281-294. https://link.springer.com/arti-
cle/10.1007/s10584-007-9261-4

42 Amani, M, D von Schiller, I Sudrez, M Atristain, A Elosegi, R Marcé, G Garcia-Baquero, and B Obrador. “The Drawdown Phase of Dam Decommissioning Is a Hot

Moment of Gaseous Carbon Emissions from a Temperate Reservoir” INLAND WATERS 12, no. 4 (October 2, 2022): 451-62. https://doi.org/10.1080/20442041.2022.2096977.
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short-term emissions from sediments during the reservoir decommissioning
process. Evidence indicates that the emissions from decommissioning are directly
proportional to the amount of sediment captured by the dam. The longer the dam
operates, the more sediment accumulates, and the larger the emissions will be

at the time of inevitable decommissioning. Emissions for the Klamath River Dam
facilities were estimated using the Pacca (2007) modeling framework based upon
the measured sediment accumulation rates and bathymetric data to estimate total
sediment load in the reservoir at the time of decommissioning, along with physical
and chemical attributes of the sediment documented in scientific literature* 44,

Carbon Sequestration through Restoration after Decommissioning

After dam decommissioning, restoring reservoir footprints to their previous or
comparable ecosystems holds promise to draw down carbon dioxide from the
Earth's atmosphere and sequester that carbon in ecosystems. Tribes from the
region have taken responsibility for site restoration, and are managing the sites
to establish native ecosystems of oak woodlands, riparian forest, shrublands, and
grasslands.

After restoration, the footprint of the decommissioned reservoirs is expected to
be approximately 75% woody ecosystems (oak woodlands, riparian forest, and
shrublands) and approximately 25% grasslands*.

Through its inventory of Natural and Working Lands, the California Air Resources
Board estimates that forested and shrubland ecosystems in the Klamath water-
shed hold on average 185 +/- 74 metric tons of carbon (678 +/- 271 metric tons
CO.e) per hectare in trees and shrubs, roots, forest litter, and dead organic mat-
ter?®. This estimate is comparable to carbon stock density estimates of oak wood-
lands and oak forests done by the California Oak Foundation*. Grasslands in the
region hold on average 13 (range of 11-20) metric tons per hectare (40-73 metric
tons CO,e)*. Research into forests of the region indicate the grasslands would
reach their maximum carbon stocks in approximately 50 years, and the oak wood-
lands and riparian forest that would dominate the site restoration would reach that
stock density in approximately 100 years* *°,

43 G&G Associates for Pacificorp. 2003. Klamath River Dam Removal Investigation. https://www.klamathwaterquality.com/documents/Klamath%20dam%20deconstruc-
tion%20costs%20final.pdf

44 Wheldon-Haught, D.R., Schenk, L.N., and Wright, S.A., 2022, Bed material grain size distributions for surficial samples from Iron Gate, Copco, and J.C. Boyle Reser-
voirs: U.S. Geological Survey data release, https://doi.org/10.5066/P9X7RRZI

45 J. Chenoweth, personal communication.

46 California Air Resources Board. 2020. An Inventory of Ecosystem Carbon in California’s Natural & Working Lands. https://ww2.arb.ca.gov/sites/default/files/classic/
cc/inventory/NWL%20Inventory%20Report%20Website.pdf

47 Gaman, Tom. 2008. An Inventory of Carbon and California Oaks. https://californiaoaks.org/wp-content/uploads/2016/04/CarbonResourcesFinal.pdf

48 Ibid.

49 Ibid.

50 Bernhardt and Svecki. 2001. Restoring Oak Woodlands in California: Theory and Practice. https://phytosphere.com/restoringoakwoodlands/oakrestoration.htm
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These factors were used to estimate carbon uptake in the restored reservoir
footprints.

Uncertainty Analyses

The All-Res Modeling Tool includes an uncertainty analysis that utilizes the Monte
Carlo processes recommended by the IPCC?®. The method incorporates published
probability distributions of emissions factors, carbon stocks, construction
materials, and activity data, based on published means, ranges, and standard
deviations. Using a 1000-iteration approach, the resulting emissions are described
by their mean and percentile distributions.

51 Eve et al, 2014. Quantifying Greenhouse Gas Fluxes in Agriculture and Forestry: Methods for EntityXScale Inventory. Technical Bulletin Number 1939. U.S. Depart-
ment of Agriculture, Washington, DC. 606 pages. https://www.usda.gov/sites/default/files/documents/USDATB1939_07072014.pdf


https://www.usda.gov/sites/default/files/documents/USDATB1939_07072014.pdf

THE KLAMATH
RIVER DAM
FACILITIES
RESULTS



Table 1:

Estimated Greenhouse
Gas Emissions From
Known Life Cycle
Emissions Sources
caused by the four
removed Klamath River
Dam Facilities

METRIC TONS OF
CO.e AYEAR

249,000

CH, from the reservoir surface(s), turbines, and bypass tubes

5,750

Dam Construction

6,630

Land Use Change, Carbon Leakage & Lost Carbon Sequestration

12,800

Decommissioning

1,250

Operations and Maintenance




Figure 4: Distribution of estimated
emissions of CO2e/year by emissions
pathway for the the four removed
Klamath River Dam Facilities. The bars
show the mean emissions +/- 95%
confidence interval.
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Figure 5:
Emissions
Comparisons
From EPA’s
Greenhouse
Gas
Equivalencies
Calculator

b

64,000

GAS-POWERED AUTOMOBILES DRIVEN FOR ONE YEAR, OR,

700,300,000

MILES DRIVEN BY AVERAGE GAS POWERED
VEHICLE FOR ONE YEAR, OR,

30,900,000

GALLONS OF GAS CONSUMED FOR ONE YEAR, OR,

305,000,000

POUNDS OF COAL BURNED IN ONE YEAR
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Figure 6: Estimated long-term carbon sequestration potential after
ecosystem restoration at the decommissioned Klamath River Dams.

Carbon Sequestration in Biomass over Time
Ecosystem Restoration at Decommissioned Klamath River Dams
800,000

700,000
600,000
500,000
400,000
300,000
200,000
100,000

_
[H]
N
o
o
(%]
5
-
(=)
=
=]
[T}
=
=

2025 2035 2045 2055 2065 2075 2085 2095 2105 2115 2125
Year

=
S
2
(]
S
o
(%]
[}
=
o
[
(7]
o
[=]
K=}
A
1}
o
£
(]
%
>
7]
(=]
(8]
w




THE KLAMATH RIVER DAM FACILITIES RESULTS

Notes Regarding Conservative
Emissions Estimates & Carbon

Sequestration

Note Regarding Conservative Emissions Estimates:

The emissions estimated in this report are likely a conservative under-estimate
of the actual emissions from the Klamath River Dam Facilities because the
assumption that turbine emissions are 80% of surface emissions is estimated as
the lower end of the emissions range reported in the scientific literature.

Note Regarding Carbon Sequestration:

What would have been the fate of organic matter if a dam had not captured it in
its sediments? Multiple studies have examined this issue, and increasingly point
to river estuaries, tidal flats, and near-shore ocean regions as long-term carbon
sinks (e.g. millennia) that rely on functioning rivers and regular sediment deposits
from the watersheds above, with carbon residence times significantly longer than
the life cycle of dam and reservoir facilities. When dams and reservoirs prevent
flows and sediment from reaching river mouths, these same coastal ecosystems
that were once carbon sinks under undammed conditions can become net sources
of greenhouse gases® % %6 5, At the time this report was written, no modeling
methods have been published to estimate how dams affect this carbon balance.
When such models exist they will be incorporated into All-Res.

54 Chen, Zhao Liang, and Shing Yip Lee. “Tidal Flats as a Significant Carbon Reservoir in Global Coastal Ecosystems.” Frontiers in Marine Science 9 (May 2022): 900896.
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