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Case study:  Hydro-Quebec



Science to take home
• Climate impact (gCO2e/kWh) of hydro facilities varies by a factor of 10,000

• 3 main factors control greenhouse gas emissions
• Area of forest flooded per kWh generated (hydro => deforestation)

• Hydro from damming narrow, steep valleys above tree line is cleaner
• Hydro from damming broad forested lowlands is dirtier

• Age:  New reservoirs emit ~ 5 x CO2 of old reservoirs (initial rapid decay & disturbance)
• Temperature (forest density, methane production)

• Low T is better
• High T is worse

• Need to evaluate specific reservoirs in making decisions
• Power from new Hydro Québec reservoirs emits >> average CO2

• 15 - 60 times wind, 5 - 15 times solar, 0.5 – 2.5 times Combined Cycle Natural Gas
• For HQ, CO2 is the problem, not methane



My backgound

• Avid outdoorsman, concerned citizen, worried parent
• “Dual citizenship:” Massachusetts & Maine
• MIT Professor
• Department of Earth, Atmospheric and Planetary Sciences
• Co-Director, MITEI Center for Carbon Capture, Utilization, and Storage
• Teach 12.021: Earth Science, Energy, and Environment
• Science definition team for NASA’s Radar Satellite Mission, 2012 - 2019

• Deformation of Earth’s surface
• Motion of ice sheets
• Assessment of above-ground woody biomass 



Reliable sources of information?

• Peer reviewed literature – not infallible, but best available
• Important recent citations included next slides

• White papers – not reviewed, but information can be assessed
• Used here: International Hydropower Association - predicted footprints

• G-Res Tool)

• Statements by companies and organizations; op-eds
• Difficult to trace accuracy
• Easy to apply spin via half-truths, lies of omission

• Can contradict articles in peer-reviewed literature by same authors!



Recommended refereed articles: measured footprints

Data from 85 reservoirs

Detailed measurements of Hydro-Quebec’s new Eastmain-1 reservoir



Recommended refereed articles – global statistical models
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Hydropower's Biogenic Carbon Footprint
Laura Scherer*, Stephan Pfister

Institute of Environmental Engineering, ETH Zurich, Zurich, Switzerland

* scherer@ifu.baug.ethz.ch

Abstract
Global warming is accelerating and the world urgently needs a shift to clean and renewable
energy. Hydropower is currently the largest renewable source of electricity, but its contribution
to climate changemitigation is not yet fully understood. Hydroelectric reservoirs are a source
of biogenic greenhouse gases and in individual cases can reach the same emission rates as
thermal power plants. Little is known about the severity of their emissions at the global scale.
Here we show that the carbon footprint of hydropower is far higher than previously assumed,
with a global average of 173 kg CO2 and 2.95 kg CH4 emitted per MWh of electricity pro-
duced. This results in a combined average carbon footprint of 273 kg CO2e/MWh when using
the global warming potential over a time horizon of 100 years (GWP100). Nonetheless, this is
still below that of fossil energy sources without the use of carbon capture and sequestration
technologies. We identified the damsmost promising for capturing methane for use as alter-
native energy source. The spread among the ~1500 hydropower plants analysed in this study
is large and highlights the importance of case-by-case examinations.

Introduction
The annual emission rates of carbon dioxide (CO2) and methane (CH4), and the consequent
global temperature increase, are accelerating rapidly [1]. To meet the target of limiting the
average temperature increase to 2°C, emission reductions are urgently needed. Even in the case
that emissions are halved in 2050 compared to 1990, there is still a 29% chance that the target
is missed [2]. A portfolio of strategies, coined the stabilization wedges, is available in order to
limit emissions using existing technologies. These strategies include energy efficiency increases,
carbon capture and storage (CSS), alternative (nuclear and renewable) energy sources and for-
est and agricultural conservation [3]. Among these, hydropower is considered a low-carbon
technology helping to mitigate climate change [4]. However, it was ascertained that the carbon
footprint of some hydropower plants is even larger than that of thermal power plants [5]. Emis-
sions are particularly high in tropical regions [6,7] and at high area-to-electricity ratios [5,8].

The emissions from hydroelectric reservoirs arise from the decomposition of organic matter
that was either flooded during reservoir construction, transferred to the reservoir by river run-
off, grown in the reservoir such as by algal production [6], stems from dead trees protruding
from the water [9], or was grown in newly created marshes in the drawdown area [10]. Besides
reservoirs, also other ecosystems influence the greenhouse gas (GHG) fluxes. While rivers and
lakes emit GHGs, forests, peatlands and wetlands rather bind them. The real impact of the res-
ervoir is therefore the difference between GHG emissions before and after flooding. The net
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Climate Impacts of Hydropower: Enormous Differences among
Facilities and over Time
Ilissa B. Ocko* and Steven P. Hamburg

Environmental Defense Fund, New York, New York 10010 United States

*S Supporting Information

ABSTRACT: To stabilize the climate, we must rapidly displace
fossil fuels with clean energy technologies. Currently hydropower
dominates renewable electricity generation, accounting for two-
thirds globally, and is expected to grow by at least 45% by 2040.
While it is broadly assumed that hydropower facilities emit
greenhouse gases on par with wind, there is mounting evidence
that emissions can be considerably greater, with some facilities even
on par with fossil fuels. However, analyses of climate impacts of
hydropower plants have been simplistic, emphasizing the
aggregated 100-year impacts from a one-year pulse of emissions.
Such analyses mask the near-term impacts of methane emissions
central to many current policy regimes, have tended to omit carbon
dioxide emissions associated with initial plant development, and
have not considered the impact of the accumulation of gases in the atmosphere over time. We utilize an analytic approach that
addresses these issues. By analyzing climate impacts of sustained hydropower emissions over time, we find that there are
enormous differences in climate impacts among facilities and over time. If minimizing climate impacts are not a priority in the
design and construction of new hydropower facilities, it could lead to limited or even no climate benefits.

1. INTRODUCTION

The urgency of climate change has made it clear that we need
to drastically and rapidly reduce global emissions of green-
house gases.1 Reducing emissions while meeting growing
energy demands involves scaling up renewable energy sources,
such as hydropower, solar, and wind.
Hydropower is currently the leading renewable energy

source, contributing two-thirds of global electricity generation
from all renewable sources combined.2 In fact, over a dozen
countries use hydropower to produce more than 75% of their
electricity requirements (such as Paraguay, Nepal, Norway,
and Ethiopia),3 and hydropower generation in China more
than quadrupled from 2000 to 2017.2 Electricity generation
from hydropower is expected to grow by 45 to 70% by 2040
depending on future policies,2 with 3700 new hydroelectric
facilities either planned or under construction.4

The general perception among industry, governments, and
the public, that is even written into children’s books, is that
hydropower is a low-carbon energy source and therefore an
excellent alternative to fossil fuels; several assessments of
greenhouse gas emissions from various energy technologies
have previously classified hydropower on average as on par
with wind and cleaner than solar.5−9 However, a recent
emphasis on data collection has revealed that average
greenhouse gas emissions from hydropower are in fact much
higher than wind and solar,10−12 and individual plant emissions
can even exceed those from fossil fuel plants.11,13−19

The anthropogenic carbon footprint of hydropower facilities
is generally considered as the difference between the net
carbon balance of the landscape before and after development
of the plant.20 Natural landscapes before they are transformed
into hydropower sites range from carbon sinks (i.e., terrestrial
landscapes) to carbon sources (i.e., peatlands and swamps).21

Carbon cycling processes can then be altered dramatically as
landscapes are flooded to create a reservoir, as endogenous and
exogenous organic matter decomposes in the reservoir. Carbon
dioxide (CO2) is produced from oxidation of the organic
matter, and when oxygen is limited (as is often the case in
bottom waters), methane (CH4) is produced. Emissions of
CO2 from reservoirs are also partially offset by the drawdown
of CO2 into the reservoir through photosynthesis. Nitrous
oxide (N2O) is also formed, but emissions have been shown to
be low as compared with CO2 and CH4; however, emissions of
N2O do vary and depend on characteristics of the
reservoir.15,22

The magnitude of greenhouse gas emissions from a
hydroelectric reservoir depends on several factors, including
meteorological conditions such as temperature and precip-
itation;23,24 characteristics of the submerged vegetation and
soil, and net primary productivity;11,23 and features of the
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Fit model to ~ 100 reservoirs;
Predict footprint of ~ 1500 reservoirs

Further analysis of Sherer & Pfister’s
~ 1500 reservoirs



Estimated Hydro GHG emissions per facility highly variable
https://www.hydropower.org/news/study-shows-hydropower’s-carbon-footprint

Study by International Hydropower Association

International Hydropower Association:
Results of GHG Reservoir (G-RES) Tool

Power density
Log(W/m2)

W/m2 ~ Flow * height/Area

Log(g CO2/kWh)
gCO2 ~ Area

https://www.hydropower.org/news/study-shows-hydropower%E2%80%99s-carbon-footprint


Fig. 7.29b

Narrow, deep 
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vegetation, large h, 
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small Flow
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breadth valleys, 
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intermediate Area, 
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Wide valleys, most 
vegetation, small h, 
largest Area, 
highest Flow

Switzerland, Iceland
Maine

Hydro-Québec

Switzerland
Iceland

Hydro-Québec



Per facility estimates from EDF study comparable

S2

Figure S1. Distribution of greenhouse gas emissions of individual hydropower facilities in Scherer and 

Pfister (2016) database.1 Last category is spillover from emissions greater than the previous category.
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Fig 1. Carbon footprints of hydropower plants across the world (a) and hydropower plants with highmethane emissions (! 10
kg CH4/MWh) and a large share of methane emissions (! 50% of the carbon footprint) (b). Country boundaries are obtained from
Natural Earth (http://www.naturalearthdata.com/).

doi:10.1371/journal.pone.0161947.g001

Table 2. Global average carbon footprints andmethane shares using different approaches.

Model CO2e (kg/MWh) Share of CH4

Per energy unit (Model 1) 577 16%

Areal fluxes (Model 2) 245 61%

Average of both models (Model A) 411 29%

Corrected average of both models (Model AC) 404 42%

Corrected average of both models with GWP20 661 64%

doi:10.1371/journal.pone.0161947.t002

Hydropower's Biogenic Carbon Footprint

PLOS ONE | DOI:10.1371/journal.pone.0161947 September 14, 2016 6 / 11

Estimated CO2 footprint (Scherer & Pfister, 2016)

Fig 1. Carbon footprints of hydropower plants across the world (a) and hydropower plants with highmethane emissions (! 10
kg CH4/MWh) and a large share of methane emissions (! 50% of the carbon footprint) (b). Country boundaries are obtained from
Natural Earth (http://www.naturalearthdata.com/).

doi:10.1371/journal.pone.0161947.g001

Table 2. Global average carbon footprints andmethane shares using different approaches.

Model CO2e (kg/MWh) Share of CH4

Per energy unit (Model 1) 577 16%

Areal fluxes (Model 2) 245 61%

Average of both models (Model A) 411 29%

Corrected average of both models (Model AC) 404 42%

Corrected average of both models with GWP20 661 64%

doi:10.1371/journal.pone.0161947.t002

Hydropower's Biogenic Carbon Footprint

PLOS ONE | DOI:10.1371/journal.pone.0161947 September 14, 2016 6 / 11

Wind & Solar NGCC Coal



Estimated Methane footprint (Scherer & Pfister, 2016)

Fig 1. Carbon footprints of hydropower plants across the world (a) and hydropower plants with highmethane emissions (! 10
kg CH4/MWh) and a large share of methane emissions (! 50% of the carbon footprint) (b). Country boundaries are obtained from
Natural Earth (http://www.naturalearthdata.com/).

doi:10.1371/journal.pone.0161947.g001

Table 2. Global average carbon footprints andmethane shares using different approaches.

Model CO2e (kg/MWh) Share of CH4

Per energy unit (Model 1) 577 16%

Areal fluxes (Model 2) 245 61%

Average of both models (Model A) 411 29%

Corrected average of both models (Model AC) 404 42%

Corrected average of both models with GWP20 661 64%

doi:10.1371/journal.pone.0161947.t002

Hydropower's Biogenic Carbon Footprint

PLOS ONE | DOI:10.1371/journal.pone.0161947 September 14, 2016 6 / 11



Recent articles

Initially, Hydro in boreal forest ~ 2.5 global warming of Natural Gas (without CCS)

Long-term, Hydro in boreal forest ~ 1/2 global warming of Natural Gas (without CCS)



Science to take home
• Climate impact (gCO2e/kWh) of hydro facilities varies by a factor of 10,000

• 3 main factors control greenhouse gas emissions
• Area of forest flooded per kWh generated (hydro => deforestation)

• Hydro from damming narrow, steep valleys above tree line is cleaner
• Hydro from damming broad forested lowlands is dirtier

• Age:  New reservoirs emit ~ 5 x CO2 of old reservoirs (initial rapid decay & disturbance)
• Temperature (forest density, methane production)

• Low T is better
• High T is worse

• Need to evaluate specific reservoirs in making decisions
• Power from new Hydro Québec reservoirs emits >> average CO2

• 15 - 60 times wind, 5 - 15 times solar, 0.5 – 2.5 times Combined Cycle Natural Gas
• For HQ, CO2 is the problem, not methane



Thank you! – Any questions?

S2

Figure S1. Distribution of greenhouse gas emissions of individual hydropower facilities in Scherer and 

Pfister (2016) database.1 Last category is spillover from emissions greater than the previous category.
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CO2 Footprint Comparison (Scherer & Pfister, 2016)

dams with a high CH4 recovery potential, located mainly in the United States, India andWest
Africa (Fig 1). If methane emissions from these dams would be captured with the assumed effi-
ciency of 60% [31], 19% of total methane emissions could be saved, which would reduce the
overall carbon footprint of global hydropower by 8%.

Implications
Biogenic carbon emissions from hydropower reservoirs are far higher than previously assumed.
Consequently, our results question the sustainability that is often associated with hydropower.
Although the carbon footprint of hydropower exceeds that of all other renewable energy
sources and that of fossil energy sources combined with carbon capture and storage (CSS), it is
on average about half the footprint reported for conventional fossil energy sources [32,33] (Fig
2). The emissions vary greatly among plants and the relationship with the reservoir age is not
yet well understood, as demonstrated by the contradicting reports addressed above. In addi-
tion, uncertainties of estimates remain high, as the comparison of the two approaches (per
energy unit and areal fluxes) reveals, with a production-weighted average coefficient of varia-
tion (CV) of 57%, 43% and 29% for CO2, CH4 and CO2e emissions, respectively. This high-
lights the need for a more extensive monitoring network covering diverse ecosystems, repeated
measurements over a longer observation period (at least a decade) as well as standardized mea-
surement procedures taking into account carbon burial [34], drawdown areas [10] and meth-
ane bubbles [35]. The dam construction is typically not relevant for the total carbon footprint
with emissions of ~19 CO2e/MWh [33].

Fig 2. Carbon footprints of various energy sources (based on [32] for all energy sources other than hydropower). The lower and
upper value of the dark bar for hydropower are the lower and upper quartiles for the corrected model average (Model AC). The light extensions
represent the 10 and 90% quantiles and the red diamond marks the median.

doi:10.1371/journal.pone.0161947.g002

Hydropower's Biogenic Carbon Footprint

PLOS ONE | DOI:10.1371/journal.pone.0161947 September 14, 2016 8 / 11
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MA electric power generation mix

https://www.nytimes.com/interactive/2018/12/24/climate/how-electricity-generation-changed-in-your-state.html

https://www.nytimes.com/interactive/2018/12/24/climate/how-electricity-generation-changed-in-your-state.html


New Brunswick electric power generation mix

https://www.cer-rec.gc.ca/nrg/sttstc/lctrct/rprt/2017cndrnwblpwr/prvnc/nb-eng.html?=undefined&wbdisable=true

https://www.cer-rec.gc.ca/nrg/sttstc/lctrct/rprt/2017cndrnwblpwr/prvnc/nb-eng.html%3F=undefined&wbdisable=true

