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ABSTRACT: To stabilize the climate, we must rapidly displace
fossil fuels with clean energy technologies. Currently hydropower

Climate impacts from replacing fossil fuel electricity
generation with that from new hydropower facilities
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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.' 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.” In fact, over a dozen
countries use hydropower to produce more than 75% of their
electricity requirements (such as Paraguay, Nepal, Norway,
and Ethiopia),” and hydropower generation in China more
than quadrupled from 2000 to 2017.> Electricity generation
from hydropower is expected to grow by 45 to 70% by 2040
depending on future policies,” with 3700 new hydroelectric
facilities either planned or under construction.”

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.’™® 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,'"°™'? and individual plant emissions
can even exceed those from fossil fuel plants.'""*~"
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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.”” 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).”!
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 (CO,) is produced from oxidation of the organic
matter, and when oxygen is limited (as is often the case in
bottom waters), methane (CH,) is produced. Emissions of
CO, from reservoirs are also partially offset by the drawdown
of CO, into the reservoir through photosynthesis. Nitrous
oxide (N,0) is also formed, but emissions have been shown to
be low as compared with CO, and CH,; however, emissions of
N,O do vary and depend on characteristics of the
reservoir.' >

The magnitude of greenhouse gas emissions from a
hydroelectric reservoir depends on several factors, including
meteorological conditions such as temperature and precip-
itation;*>** characteristics of the submerged vegetation and
soil, and net primary productivity;'">’ and features of the
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facility such as age, area, volume, and depth of the
reservoir, *~'% as well as the extent of reservoir drawdowns
that lead to fluctuating water levels.”

Measuring net annual life cycle greenhouse gas emissions
from individual hydropower facilities is challenging due to
complex biogeochemistry, multiple emissions pathways,
varying conditions across the reservoir seasonally and over a
plant’s lifetime, and commonly a lack of knowledge of the
greenhouse gas emissions from the original landscape.”®
Estimating the aggregate emissions of hydropower globally is
challenging due to the limited number of facilities that have
been monitored as well as a lack of a standard methodology
and thus inconsistent reporting metrics.”’ For example, some
studies only report gross emissions,”'”*" while others omit
parts of the life cycle such as methane bubbling, which has
been found to double the methane flux.'"'

Acknowledging these uncertainties, studies to date show that
individual hydropower plants have greenhouse gas emissions
that vary across several orders of magnitude, some can even be
a carbon sink,'* while others can have emissions greater than
those from coal-fired power plants on a per unit power
generated basis.""'*™"” Surface area of the reservoir per unit of
electricity generated has been identified as a robust predictor
of emissions of both CO, and methane; erosion rate, indicative
of biomass transported to the reservoir, is a useful predictor of
CO, emissions; and maximum temperature is a useful indicator
of methane emissions (higher temperatures are associated with
anoxic conditions as result of less mixing of the water
column).'""* Latitude was once considered a proxy of
emissions, with hydropower facilities in the tropics assumed
to emit more greenhouse gases than those in temperate and
boreal regions.'” New measurements have shown that
midlatitude reservoirs can emit as much as tropical reservoirs, >
but the seasonal patterns of emissions are likely different (more
temporally consistent emissions in the tropics and large
springtime pulses of emissions in temperate and boreal
zones).”’

Another challenge beyond empirical measurements of
emissions is translating observed emissions fluxes into climate
impacts. Specifically, analyzing climate impacts of technologies
that emit multiple climate pollutants with vastly different
radiative properties and lifetimes, such as methane and CO,, is
difficult because each pollutant impacts the climate over
different time scales. Methane, which is responsible for
trapping over 100 times more heat than CO, kilogram for
kilogram,zg'29 lasts for around a decade in the atmosphere,
thereby only impacting the climate in the near-term after it is
emitted. CO, can last for hundreds of years in the atmosphere,
thereby impacting the climate as it builds in the atmosphere
over time. (While methane does partially decay to CO,, the
resultant forcing is small.*®)

To analyze the climate impacts of hydropower, studies
employ the traditional, and widely used, carbon dioxide
equivalence (CO,e) framework based on the Global Warming
Potential (GWP) metric.'”'>">'¥72%%% However, this metric
requires the selection of a time scale in which to compare
impacts, and studies almost always use impacts over 100 years
of an annual pulse of emissions, ”'"'¥'**° masking the near-
term impacts of methane; further near-term impacts are
overlooked due to studies omitting emissions from initial
flooding of the reservoir. Studies that do consider a 20-year
time horizon in addition to 100 years state that the impacts are
much larger than for 100 years but focus their analyses on 100

years.'”'®*° A further shortcoming of CO,e is that the metric
is based on emissions from one year and how they affect
radiative forcing over the following t years, and does not
include the accumulation of gases in the atmosphere from
previous and future years.

It is important to consider both the near- and long-term
climate imlpacts because each is associated with a specific set of
damages.”’ Near-term impacts are important for the rate of
warming, which impacts when we exceed tipping thresholds
and is also critical for the survival of plants and animals.****
Long-term impacts control shifts in biomes and the extent of
ice melt and sea level rise.

In this work we analyze the integrated climate impacts of
sustained emissions of hydropower over time, including the
impact of creation of the reservoir, and compare them to those
associated with the use of fossil fuels and other energy
technologies. We use the most comprehensive database of net
life cycle emissions available, with estimates for nearly 1500
plants currently in operation in over 100 countries, accounting
for nearly half of global hydropower generation.'” While
uncertainties in this database exist, our approach provides key
insights into the climate impacts of hydropower plants over
time. We conduct a sensitivity analysis as to whether the large
differences in hydropower plant climate impacts make a
difference under future electricity generation policy scenarios.
We conclude our analysis by providing recommendations for
how to minimize climate impacts of future hydropower plant
development.

2. METHODS

2.1. Hydropower Emissions Data. We use the hydro-
power greenhouse gas emissions data set developed by Scherer
and Pfister (2016), based off of Barros et al. (2011) and
Hertwich et al. (2013)."°7"* Scherer and Pfister (2016)
estimated net steady-state CO, and methane emissions from
1473 hydroelectric facilities spanning 104 countries and
covering 43% of global hydropower electricity generation in
2009. While caution must be applied to the use of this data set
as it is a modeling study based on direct measurements from
100 plants, its broad global coverage and accounting of missing
methane sources and multiple uses of the reservoir (such that
greenhouse gas emissions are allocated proportionally for the
different uses, and not all emissions are attributed to
hydropower if the reservoir has other functions) makes it
very useful.

It is important to note that the model deployed by Scherer
and Pfister (2016) applies very large discounts to emissions
from reservoirs that have multiple uses and preflooding net
emissions are assumed negligible, both conservative assump-
tions. Given that most terrestrial ecosystems are net sinks of
carbon, the carbon balance of terrestrial ecosystems that will be
or have been flooded will almost always be negative in the
absence of flooding (except for rare situations such as
wildfires), resulting in net sequestration of carbon. Therefore,
we treat the carbon dioxide emissions from hydropower plants
as additional emissions to the atmosphere that otherwise
would not have occurred. Even though some biogenic carbon
in source waters might have been released otherwise, this is still
a conservative approach as we do not include the avoided
sequestration of carbon dioxide from the development of the
reservoir.

Figure S1 shows the distribution in greenhouse gas
emissions per facility in the database, per unit electricity
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generation and per year.'” The global median emissions are 55
kgCO, MWh™' and 0.43 kgCH, MWh™!, and the global
weighted average emissions are 170 kgCO, MWh™' and 3
kgCH, MWh™"."> Both CO, and methane emissions
distributions are skewed toward higher emissions, with
maximum emissions of 63000 kgCO, MWh™' and 5000
kgCH, MWh™'. Compared to emissions data reported in the
Intergovernmental Panel on Climate Change (IPCC) Fifth
Assessment Report (ARS), the global median estimate for CO,
emissions in the database is twice as high, although the
“typical” methane emissions from hydropower in the IPCC is
comparable to the global weighted average rather than the
global median.’

We assign regions to each facility using a modified United
Nations (UN) geoscheme; North America is split into Canada
and the United States due to the large amount of facilities in
each (note that in the UN geoscheme Mexico is considered
part of Central America, which works for our purposes due to
similar climate zones and a limited number of facilities in the
database), and Australia, New Zealand, and Papua New
Guinea are combined as Oceania.”* Figure S2 shows the
geographical distribution of hydropower plants in the database
based on energy generation; more than half of the energy
generation is from 242 plants located in Asia (27% of
generating capacity) and 73 plants located in South America
(26% of generating capacity). Europe has the largest number of
plants in the database with 545, accounting for 18% of energy
generation, followed by the U.S. with 341 but only accounting
for 7% of energy generation.

To analyze emissions from new, rather than steady-state
hydropower plants, we adjust the data to account for initial
emissions from flooding the reservoir, which accounts for large
fluxes of CO, into the atmosphere for the first few years—
available data suggests four years. We use the measurements in
Teodoru et al. (2012) to develop a multiplier function for
CO,"” and note that the amplified emissions in early years are
proportionally consistent with Abril et al. (2005)."* Emissions
data for new plants were determined by multiplying steady
state emissions by S, 3, 2.5, and 2 for years one through four,
respectively. CO, emissions from construction of the plant are
found to be small compared to emissions from flooding and
are included in the lifecycle annual emissions.”

2.2. Emissions Data from Other Energy Sources. We
use global median estimates of greenhouse gas emissions per
unit of energy generation for existing infrastructure for coal,
natural gas, nuclear, solar rooftop, solar utilities, onshore wind,
and offshore wind as reported by IPCC ARS Working Group
III (2014).° The data can be found in Table S1. Life cycle
greenhouse gas emissions include emissions from all stages,
from manufacturing of components to operations to trans-
portation to decommissioning. Emissions estimates in IPCC
ARS Working Group III (2014) are derived from two main
efforts: one in which emissions from dozens of studies for each
technology have been harmonized to be as consistent and
comparable as possible and one in which data were collected
under uniform conditions.

Emissions from coal and natural gas include CO, emissions
directly emitted from the plant and from the infrastructure,
supplies, transport, etc. and methane emissions from the fuel
production and delivery system. Emissions from nuclear, solar,
and wind technologies include CO, emissions from upstream,
operational, and downstream processes. There is no distinction
between second and third generation nuclear power plants,

and newer thin-film technologies for solar photovoltaics are
included. Emissions intensities used in this analysis aggregate
cradle-to-grave emissions, and therefore we do not consider
the impact of varying emissions at different stages of life as well
as technology replacements at the end of a technology’s
lifespan.

Emissions associated with building and installing equipment
are included in the annual emissions for all technologies
including hydropower. We note that the majority of green-
house gas emissions from wind and solar are associated with
construction. Therefore, we expect a pulse of emissions initially
with lower emissions throughout the lifetime of the technology
and another pulse when the technology is replaced 15 to 25
years later. However, this emissions pattern is not considered
in this analysis because we do not look at technology/
infrastructure turnover. This leads to an overestimate of solar
and wind emissions annually and thus an underestimate in
hydropower’s climate impact compared to these technologies.
We include the high emissions from reservoir flooding for a
new hydropower facility because it is an important one-time
phenomenon unparalleled by other technologies.

Although individual facilities and units of each technology
exhibit their own range in emissions, we restrict our analysis to
comparisons against the global medians because (i) hydro-
power arguably has the scarcest data available and the
variability appears more extreme than among other tech-
nologies,'” and (ii) there is an apparent lack of awareness of
the variability among hydropower facilities by government
stakeholders and the public. We do note, however, that there is
a lack of data on global methane emissions from the oil and
natural gas supply chain; recent studies have shown these
emissions can greatly impact the net climate impact of facilities
dependent on these supply chains in the U.S.>*

2.3. Climate Impacts. To assess the climate impacts of
greenhouse gas emissions over time, we use the Technology
Warmin% Potential (TWP) metric as described in Alvarez et al.
(2012).”” TWP calculates the annual warming impact (via
radiative forcing) of continuous emissions from one technol-
ogy and compares this impact to that from a different
technology. The metric builds on GWP and carbon dioxide
equivalence but greatly enhances their utility as it does not rely
on integrating climate impacts over a fixed time frame, which is
very important as the influence of different technologies on the
climate tends to shift over time, and it allows for characterizing
the impact of continuous, rather than pulse, emissions as they
occur in the real world. It is important to note that the TWP
metric does not account for benefits/disbenefits other than
radiative forcing, e.g., air quality, ocean acidification, land
conversion. We use radiative and lifetime properties of
methane and CO, from Myhre et al. (2013) and Etminan et
al. (2016);*®*° the values and calculations are outlined in the
Supporting Information (Table S2).

2.4. Future Hydropower Use. To gain insight into the
climate implications from anticipated hydropower growth, we
consider three future policy scenarios developed in IEA
(2017), along with information on under construction or
planned hydropower dams collected by Zarfl et al. (2014).**

The three policy scenarios estimate electricity generation
from various sources, including hydropower, from 2015 to
2040: current policies, new policies that are planned but not
yet enacted as of 2016, and sustainable development policies
that are consistent with the goals in the Paris Agreement
(Table S3). In the current policies scenario, global electricity
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Figure 1. Ratio of climate impacts (using radiative forcing as a proxy) over time from replacing global median emissions from each energy
technology (coal, natural gas, nuclear, solar, or wind) with global median hydropower emissions for existing (solid line) and new facilities (dashed
line). Emissions from all technologies are per unit energy generation and are continuous throughout the 200 year period, assuming these facilities
will last that long. A value greater than one means that hydropower has climate impacts greater than the respective energy technology, and a value
less than one means that hydropower has climate impacts less than the respective energy technology.

generation from hydropower grows by 53% from 2015 to
2040, accounting for 14% of total electricity generation and
45% of renewable electricity generation (note that the totals
here include all energy technologies in IEA (2017) and not just
the six we analyze). In the new policies scenario (policies in
development but not enacted yet), hydropower generation
grows by 59% from 2015 to 2040, accounting for 16% of total
electricity generation and 40% of renewable electricity
generation. In the sustainable development scenario (pathway
consistent with Paris Agreement goals), hydropower gener-
ation grows by 78% from 2015 to 2040, accounting for 19% of
total electricity generation and 31% of renewable electricity
generation. These scenarios were used to simulate the
cumulative radiative forcing from total electricity generation
from 2015 to 2040 for cases with different levels of greenhouse
gas emissions for new hydropower facilities (Figure S6).

The projections for hydropower growth in each region for
the new policies scenario provided by IEA (2017) were
combined with data collected by Zarfl et al. (2014) to identify
regions with the largest projected growth in hydropower
electricity generation and capacity. Both sources highlight
Africa, Brazil, China, India, and Southeastern Asia as hotspots
of anticipated hydropower growth;>* these regions are
responsible for nearly 70% of the anticipated hydropower
growth based on capacity.” To further look at the importance
of future hydropower plant greenhouse gas emissions proper-
ties, we consider the climate impacts (per energy generation)
of new hydropower facilities in each of these regions where
new plants are likely to be built. We calculate median and first
and third quartile emissions properties of existing hydropower
facilities within each region based on the Scherer and Pfister
(2016) database,'” supplement with additional emissions from
reservoir creation, and compare the climate impacts of new
facilities with regional emissions profiles to that from median
emissions from fossil fuel plants. The assumption that future
plants are similar to existing plants is a limitation of this

analysis, and changes to technologies and current practices
could modulate or enhance emissions.

3. RESULTS

3.1. Climate Impacts of Average Hydropower. For
most of our analysis, though not all, we use global median
emissions of greenhouse gases from hydropower rather than a
weighted average (where emissions of CO, are three times
higher and emissions of methane are seven times higher in the
weighted average). This is both to be statistically conservative
as well as consistent with emissions estimates we use of other
technology sources, which are provided as global medians.
Further, due to the high skewness of the greenhouse gas
emissions distributions among facilities in the database, a
median can be more appropriate than a mean in representing
“average” hydropower emissions. However, we note that
hydropower studies often emphasize the weighted average
and not the median emissions'"'* and throughout our analysis
we compare our median-derived results to that from a
weighted average.

Figure 1 compares the climate impacts (using radiative
forcing as a proxy) of continuous global median emissions of
new and existing hydropower to that from other electricity
sources. The comparison is a ratio between the annual
radiative forcing from hydropower emissions per electrical
generation to that from the other electricity sources and can be
considered the relative climate impacts of replacing another
electricity technology with hydropower. A value greater than
one means that hydropower has climate impacts greater than
the other electricity source, and a value less than one means
that hydropower has climate impacts less than the alternative
electricity source (i.e., switching from the alternative electricity
source to hydropower produces a climate benefit).

Overall, global median hydropower emissions are greater
and thus worse for the climate than nuclear, solar, and wind
but better for the climate than coal and natural gas. However,
the relative climate impact of hydropower is far greater in the
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Figure 2. Ratio of climate impacts comparing global median hydropower emissions per unit energy generation to global median emissions from
each energy technology (coal, natural gas, nuclear, solar, or wind) per unit energy generation. Thick colored lines show ratios of climate impacts
(using radiative forcing as a proxy) over time for continuous emissions that are allowed to accumulate in the atmosphere until they decay; this is the
Technology Warming Potential metric. Thin lines show ratios of climate impacts (using radiative forcing as a proxy) of a pulse of emissions
integrated over a specified time horizon (black line: 20 years; gray line: 100 years); this calculation uses the Global Warming Potential metric
derived from IPCC ARS (2013)*® and Etminan et al. (2016)* with values of methane GWP20 = 96 and GWP100 = 33. For both metrics, a value
greater than one means that hydropower has climate impacts greater than the respective energy technology, and a value less than one means that
hydropower has climate impacts less than the respective energy technology.

near-term than the long-term, especially for a new hydropower
plant. The use of new hydropower plants (with median
emissions properties, would be even greater using weighted
average characteristics) instead of solar or wind yields climate
impacts that are initially 8 or 30 times greater, respectively.
While, in the long term, hydropower median emissions yield
climate impacts that are about 10% and 15% that of coal and
natural gas, respectively, the initial percentages are 35% and
40% when a new hydropower plant is constructed.
Construction emissions can more than double the climate
impact from a hydropower plant for the first few years (Figure
S4).

However, even for existing hydropower plants, impacts are
greater in the near-term. For example, hydropower climate
impacts are initially an order of magnitude greater than
onshore and offshore wind and nuclear but drop to five times
worse after 200 years. The reason for this temporal shift is that
methane emitted from the reservoir does not accumulate in the
atmosphere the way that CO, does; of all considered
alternative technologies, only coal and natural gas have
associated methane emissions. Methane’s impact can account
for half of hydropower’s climate impact in the near-term but
only 15% in the long term (Figure SS). Because the natural gas

supply chain also emits a considerable amount of methane (the
coal supply chain also emits methane but a proportionally
smaller role in net radiative forcing), we find that switching
from natural gas to existing hydropower yields a nearly
constant impact across the time horizon, in contrast to the
larger near-term impact of hydropower compared to all other
electricity technologies.

To show the benefit of this analysis method (i.e.,
Technology Warming Potential) and provide context for
how our results compare to previous analyses, we compare the
ratio of the climate impacts over time to the values derived
using Global Warming Potential (Figure 2). It takes around
100 years of sustained hydropower emissions to arrive at a
ratio calculated using GWP with a 100-year time horizon (such
as hydropower climate impacts are S5 times higher than that
from offshore wind). Before these 100 years, climate impacts
from hydropower are much greater than the GWP metric
suggests, especially in the near-term (hydropower climate
impacts can be 10 to 25 times higher than offshore wind in the
first several years). Given that most policies aimed at reducing
global warming have much shorter time horizons than 100
years, the use of GWP with a 100-year time horizon to meet
those policy objectives can provide spurious understandings.
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Figure 3. Ratio of climate impacts (using radiative forcing as a proxy) over time from replacing global median emissions from fossil fuels (left: coal;
right: natural gas) with global median emissions from renewable energy sources (hydropower, solar, wind). Global weighted average hydropower
properties also included, as are hydropower emissions for existing (solid line) and new (dashed line) facilities. Emissions from all technologies are
per unit energy generation and are continuous throughout the 200 year period.

While using a time horizon of 20 years better captures near-
term impacts, it overestimates the impacts in the long term.
This is why a metric that resolves climate impacts over time is
so valuable.

Given that most strategies to address climate change involve
switching from fossil fuels to renewables, we compare the
relative climate impacts of switching from coal and natural gas
to hydropower, solar, and wind, respectively (Figure 3). We
account for both new and existing plants and consider the
global weighted average for hydropower emissions in addition
to the global median to show the climate impacts of a range of
average hydropower emissions. The global weighted average is
most often reported in studies.'” We find that for the global
weighted average, while long-term climate impacts are less than
coal and natural gas (30% and 60% respectively), compound-
ing effects from plant development (i.e., reservoir flooding)
and methane yield climate impacts that are initially greater
than that from fossil fuel based electricity generation.

Whereas the ratio of the climate impacts of hydropower go
down over time relative to fossil fuels, owing to the strong
near-term impacts of methane emissions before CO, has
sufficiently built up in the atmosphere to dominate climate
impacts, the ratios of solar and wind grow over time. This is
because both coal-fired power plants and natural gas plants
emit methane, whereas solar and wind do not, and therefore
solar and wind’s most minimal impact on climate compared to
coal and natural gas will be in the near-term when methane
plays an outsized role in the climate impact of coal and natural
gas. Over time, methane’s role is diminished as CO,
accumulates.

Overall, we find that near-term climate impacts of
hydropower are much larger than in the long term, especially
for new plant development. It is important that these near-term
impacts are considered when replacing fossil fuels with
hydropower, as near-term warming yields various consequen-
ces, such as exceeding tipping point thresholds and preventing
species from adapting to changes.’”’

3.2. Climate Impacts of Existing Sites. While analyzing
the global median and weighted average hydropower emissions
are useful for broad comparisons between hydropower and
other energy sources over time, it is important to analyze
individual plant emissions as there exists a tremendous range in
climate impacts (Figure S1). For example, 23% of hydro-
electric facilities in the database are estimated as net CO, sinks,
whereas 3% and 7% of the facilities have CO, emissions per
unit of electricity generated that are above median coal and
natural gas electrical plants, respectively.

Evaluating the climate impacts over time from switching
from coal or natural gas to each of these existing hydropower
facilities clearly shows that some sites are far better for the
climate than fossil fuel based generation, while some sites are
far worse (Figure 4). In the near term, within 20 years, 15%
and 17% of all hydropower plants in the database have greater
climate impacts than median coal and natural gas emissions,
respectively, accounting for 6% and 12% of electrical
generation in the database, respectively (Table 1). Over the
entire 200-year period that we analyze, 7% and 12% of
hydropower facilities have climate impacts greater than the
average coal and natural gas generating station. These long-
term percentages are similar to the results derived when using
GWP100/C0O,e100 (9% and 13%, respectively) and under-
score the issues with using simplified metrics, such as
underestimating the amount of plants with climate impacts
greater than fossil fuels at some point in time. On the other
hand, 44% and 40% of hydropower facilities have impacts less
than 10% of coal and natural gas initially, accounting for 24%
and 20% of electrical generation in the database, respectively.

It is important to note that every geographic region has
hydropower facilities that have climate impacts greater than
coal and natural gas generated electricity (Table S4). Western
Africa has the largest percentage of plants that fall into this
category (71% of their facilities that account for 86% of their
hydropower generation); however, the overall energy gen-
eration from Western Africa accounts for less than one percent
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Figure 4. Ratio of climate impacts (using radiative forcing as a proxy) over time from replacing fossil fuels (global median emissions from coal
(top) and natural gas (bottom)) with each existing hydropower plant in the database (1473 facilities). Emissions from all technologies are per unit
energy generation and are continuous throughout the 200 year period; 15% of plants have climate impacts initially greater than coal (TWP > 1)
and 17% of plants have climate impacts initially greater than natural gas (TWP > 1). Using CO,e with a 100-year time horizon, 9% and 14% of
plants have climate impacts greater than coal and natural gas, respectively.

Table 1. Number of Hydropower Facilities with Climate Impacts Greater than Fossil Fuels

Climate impacts greater than coal Climate impacts greater than natural gas

Length of time  Number of plants Share of total Share of hydro energy Number of plants Share of total Share of hydro energy

after switch” in database plants in database generation in database in database plants in database generation in database
0+ years 216 15% 6% 248 17% 12%
10+ years 210 14% 6% 245 17% 12%
25+ years 189 13% 6% 232 16% 11%
50+ years 158 11% 5% 218 15% 10%
100+ years 126 9% 3% 198 13% 10%
200+ years 10S 7% 3% 179 12% 10%

“This column refers to the time period in which the hydropower facility has climate impacts greater than coal and/or natural gas, such that “0+”
means that a facility has climate impacts worse than coal/natural gas at least initially and “200+” means that a facility has climate impacts worse
than coal/natural gas for at least 200 years. bThis column represents the percent of global energy generation from hydropower in the database that
these individual plants account for. For example, the 216 hydropower facilities with climate impacts greater than coal initially account for 6% of the
energy generation in the database.
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Figure S. Ratio of climate impacts (using radiative forcing as a proxy) over time from replacing fossil fuels (global median emissions from coal
(top) and natural gas (bottom)) with a new hydropower plant based on regional hydropower median emissions. Number of plants in the database
for each region are noted in the parentheses in the legend. Emissions from all technologies are per unit energy generation and are continuous

throughout the 200 year period.

of global generation in the database (based on 2009 generation
levels); 19% of South America’s facilities (20% of capacity)
have greater climate impacts than natural gas generated
electricity initially, these facilities account for 5% of generation
capacity in the global database. Eastern Asia and Western
Europe have the lowest percentage of plants with greater
climate impacts than fossil fuel generated electricity.

Figure S3 shows the median hydropower emissions in the
database binned by region. The 17 facilities in Western Africa
have near-term climate impacts per unit energy generation that
are triple that of global coal-fired power plants; this is mostly
due to high methane emissions. Near-term impacts of median
emissions in Southern Asia (61 facilities) are on par with that
of natural gas. Median emissions of the 112 facilities in
Western Europe are near zero.

Identifying why certain regions have more facilities with
large climate impacts compared to others is not straightforward
due to the complexity of factors that control greenhouse gas
emissions from reservoirs and within region variability.
However, regions with more plants with high climate impact
(Western Africa, Southern Africa, and Southern Asia) have
higher ratios of reservoir surface area to electricity generated,
and regions with fewer high-emitting hydropower plants have
ratios that are low (Eastern Asia and Western Europe). The
correlation between percentage of high emitting facilities and
ratio of surface area to electricity generation is r = 0.82. Other
characteristics with correlations include the surface area of the
reservoir (r = 0.7), the erosion rate in the reservoir (r = 0.57),
and the maximum temperature (r = 0.59) — indicative of the

climate zone. The volume of the reservoir and the age of the
facility explained relatively less of the variation.

3.3. Climate Impacts of Future Hydropower Develop-
ment. The database of existing facilities can be used to
provide insight into regions that are targets for low-carbon
hydropower development and where such development can be
expected to lead to higher impacts; however, we caution that
emissions properties can range tremendously even within a
region. Figure S shows the climate impacts over time from
replacing fossil fuels with new hydropower facilities based on
median emissions in 19 regions.

New hydropower facilities in Western Europe have near-zero
climate impacts, whereas new facilities in Western Africa yield
climate impacts greater than coal and natural gas over all time
scales. New facilities in Southern Asia yield climate impacts
that are greater than coal and natural gas in the near-term, with
many regions (Central and South America; Eastern and
Southern Africa; and Central, Southeastern, and Western Asia)
at risk of climate impacts on par with fossil fuels in the near-
term following the development of new facilities. On the basis
of this assessment, Europe can be targeted for low-carbon
hydropower development, whereas caution should be used for
developing hydropower in several parts of Africa and Asia if
reducing climate impacts is of concern.

Of course, targets for hydropower development largely
depend on technical feasibility. Regions that have been
identified as hydropower “hotspots” for new hydropower
facilities include Brazil, China, India, Pakistan, the Democratic
Republic of the Congo, and Mynamar.* Over a thousand new
plants, a quarter of all major hydropower dams worldwide
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Figure 6. Ratio of climate impacts (using radiative forcing as a proxy) over time from replacing fossil fuels (global median emissions from coal
(top) and natural gas (bottom)) with a new hydropower plant based on median and first and third quartile emissions in hotspot regions that are
expected to incur the most growth in hydropower by 2040 (based on WEO (2017) Sustainable Development scenarios). Emissions from all
technologies are per unit energy generation and are continuous throughout the 200 year period. Italicized number in parentheses is the hotspot’s

share of global growth in electricity generation from hydropower.

under construction or planned, are located in Brazil and are
anticipated to have a capacity of nearly 90000 MW." In China,
about 200 anticipated hydropower facilities are expected to
account for over 160000 MW in additional capacity, nearly a
quarter of the global capacity from anticipated new hydro-
power.” In Africa, 5 new plants in the Democratic Republic of
the Congo are expected to have 45000 MW in capacity.” In
Southeast Asia, electricity generation from hydropower is
projected to increase by 350% from 2015 to 2040, and in India,
it is expected to increase by 230%.’* How much of this
capacity will actually be brought on line is hard to estimate.

Figure 6 shows the climate impacts of replacing fossil fuels
with new hydropower facilities for the hotspot regions, for
regional median emissions, and also for emissions at first and
third quartiles. Given that we only have a few plants in the
database each for the Democratic Republic of the Congo,
Pakistan, and Myanmar, we utilize the entirety of data available
for Africa and Southeastern Asia regions in considering the
impacts.

In Africa and India, new facilities that exhibit third quartile
greenhouse gas emissions properties are worse for the climate
than coal and natural gas over all time scales. We note that
weighted average emissions for Africa are slightly less than the
third quartile emissions. In India, even facilities with median
hydropower emissions properties have climate impacts greater
than fossil fuels in the near-term, and weighted average
emissions for India are similar to median emissions. Of around

50 hydropower facilities in India in the emissions database, half
have climate impacts initially worse than coal. Given that
electricity generation from hydropower in India is expected to
more than triple from 2015 to 2040 it is important to consider
the climate implications. New hydropower plants in China
have the lowest climate impacts of these five regions with
considerable anticipated hydropower growth. We note that
weighted average emissions for China are in between the
median and third quartile for CO, emissions, and similar to
median emissions for emissions.

What remains unclear is whether or not the climate impacts
of hydropower actually matter for climate change going
forward. In order to determine whether or not hydropower
emissions impact climate in the aggregate, we analyzed climate
impacts from three future policy scenarios for -electricity
generation from 2015 to 2040 (described in the Methods
section and displayed in Table $3).>® We restricted our
analysis to the electricity generating technologies that account
for over 90% of total global electricity generation currently
(coal, natural gas, nuclear, hydropower, wind, and solar).

Figure S6 shows the aggregate radiative forcing from
electricity generation from 2015 to 2040 for the six major
electricity generation technologies (coal, natural gas, nuclear,
hydropower, wind, and solar). On the basis of global median
emissions properties, hydropower’s share of 2040 radiative
forcing from electricity generation is 3%, 4%, and 6% for the
current policies, new policies, and sustainable development

DOI: 10.1021/acs.est.9b05083
Environ. Sci. Technol. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b05083/suppl_file/es9b05083_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.9b05083/suppl_file/es9b05083_si_001.pdf
http://dx.doi.org/10.1021/acs.est.9b05083

Environmental Science & Technology

RATIO OF RESERVOIR SURFACE

MAXIMUM TEMPERATURE OF RESERVOIR

EROSION RATE IN RESERVOIR

AREA TO ENERGY GENERATION ©c) (tha'yr?)
(km? GWh-)
3 - - - 3 - - - 3 - - - .
== <0.01(14%) == <15 (4%) == <1(36%)
. 25¢) == 0.01-0.1(39%) 2.5 == 15-20 (9%) 257 == 1-25(48%) 1
© g == 0.1-0.2 (14%) == 20 -25(24%) == 25-50 (7%)
€8 d 0.2-0.5 (14%) 25 - 30 (28%) 50 - 100 (4%)
5L LR - 0.5-1(8%) | 2 — = 30 - 35 (26%) 2t -=100-200 (3%) |
E’% \‘ - 1-2(5%) \ == 35-40 (6%) == >200(1%)
£ \ \ == >40 (2%)
53 \ N\
$g 15\ 1 TN 15 1
2 Lu’v \\ \ Climate impacts
S £ AN AN greater than coal
£8 1 S 1 Ay 1
S o So N Climate impacts
L) \ S \ S less than coal
v
3 - - - 3 - - 3 A
n
1
& 25h 1 2.5 1 25T 1
2 \
- g. \
£ \ \
S5 \ \
5 :>~ 217 N 1 27 1 2 1
o M \
oE AN \
<
E 3 KN AN
58 15[ A 1 1.5 \ 1 15 1
2 o o \
s ~ N imate i
> = S~ \\ Climate impacts
3 % S~~o So greater than gas
oz 1R el = 1 S o 1
S o 1 ~ . .
S £ \ \ ~- Climate impacts
0 ‘0 . A S=aa b less than gas
-8 ~o (N ~—— W
- Seeo
& o5 S ] ‘

Years after Switch

Figure 7. Ratio of climate impacts (using radiative forcing as a proxy) over time from replacing global median emissions from fossil fuels (top: coal;
bottom: natural gas) with new hydropower plants based on reservoir surface area to electricity generation ratios, maximum temperature of the
reservoir, and annual erosion rate in the reservoir. Emissions from all technologies are per unit energy generation and are continuous throughout
the 200 year period. The surface area to electricity generation ratios are for annual energy production in the year 2009.

scenarios. To determine whether or not the emissions
properties matter for the new plants, we considered emissions
properties at 10th, 25th, 75th, and 90th percentiles of the
emissions from the facilities in the database. Because the
distribution of emissions in the database are skewed toward
higher emissions, the changes in emissions at each of these
percentiles are not linear. We see this in the impacts to
radiative forcing, where 75th and 90th percentile emissions
have major impacts to the overall radiative forcing, but 10th
and 25th percentiles only moderately lower the overall
radiative forcing.

If all new hydropower plants had emissions properties at the
75th percentile in the database, radiative forcing from total
electricity generation (including coal, natural gas, nuclear,
hydropower, wind, and solar) would increase by 5%, 6%, and
12% for the current policies, new policies, and sustainable
development scenarios, respectively. If all new hydropower
plants had emissions properties of the 90th percentile in the
database, radiative forcing from total electricity generation
would increase by 34%, 40%, and 67% for the current policies,
new policies, and sustainable development scenarios, respec-
tively. It is therefore critical to ensure that new hydropower

plant facilities do not emit greenhouse gases at these higher
levels.

3.4. Hydropower Development Guidance. Given our
findings that emissions properties matter for future hydro-
power plants, it is important to develop guidance for new
development. Considering that one cannot measure postflood-
ing and plant emissions before creation of the reservoir, a
proxy is needed. Here, we analyze three proxies for greenhouse
gas emissions: the ratio of reservoir surface area to electricity
generation, maximum temperature of the reservoir, and erosion
rate in the reservoir.

The ratio of reservoir surface area to electricity generation
has been found to be the best indicator of greenhouse gas
emissions to date.'' In the Scherer and Pfister (2016)
database, this ratio (based on electricity generation in the
year 2009) has a correlation coefficient of 0.9 with carbon
dioxide emissions and 0.5 with methane emissions. The smaller
the ratio, the less the greenhouse gas emissions. Maximum
temperature is a proxy of the climate zone and therefore can
also be indicative of methane emissions; the warmer the
temperature, the less likely of mixing in the water column and
thereby anoxic conditions that favor methane production.”
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Erosion rate is indicative of organic matter transported to the
river and has been linked to CO, fluxes."”

Using these proxies, we binned emissions in the database
(both CO, and methane emissions for ratio of surface area to
electricity generation, methane for maximum temperature with
CO, median emissions, and CO, for erosion rate with methane
median emissions) and analyzed resulting climate impacts of
new facilities with these sets of properties compared to that
from fossil fuels (Figure 7).

For surface area to electricity generation ratios, 6% of plants
had ratios above 2 km*> GWh™}, and climate impacts for new
plants with these properties are worse than fossil fuels over all
time scales (not shown in Figure 7). A ratio between 1 and 2
km? GWh™' (represents 5% of database) has climate impacts
greater than coal generated electricity for the first SO years
(climate impacts of a new hydropower plant are initially
double that from a coal plant) and greater than those from a
natural gas plant over all time scales. A ratio between 0.5 and 1
km?> GWh™' (represents 8% of the database) has climate
impacts less than coal and natural gas generated electricity after
the first few years for a new facility. However, 81% of the
database has ratios that are less than 0.5 GWh™!, which is
promising for future development. In fact, 39% of facilities
have ratios between 0.01 and 0.1 GWh™’, which yield climate
impacts that are around 10% of that from coal and natural gas
generated electricity.

New hydropower reservoirs with a maximum temperature
estimated to be above 40 °C (2% of the database, half of which
are in India) have greater climate impacts than coal over 50
years and greater climate impacts than natural gas over 100
years. These plants are mostly located in Asia and Africa.
Maximum temperatures between 35 and 40 °C (6% of the
database) are initially on par with fossil fuel impacts but, in the
long term, have climate impacts less than 30% that of fossil
fuels. Hydropower facilities with maximum reservoir temper-
atures below 35 °C (92% of the database) have initial climate
impacts less than 50% that of fossil fuels and around 10% in
the long term.

Variations in erosion rate did not yield large differences
among climate impacts. Higher erosion rates (greater than 200
tha™" yr™") had climate impacts only marginally larger than the
lowest erosion rates (less than 1 t ha™' yr'), and all categories
had climate impacts less than fossil fuels over all time scales.

Overall, in order to minimize climate impacts of new
hydropower facilities, reservoir surface area to electricity
generation ratios above 2 km?> GWh™! should be avoided,
and ratios below 1 km?> GWh™' are desirable. Given that the
electrical output from a reservoir is positively correlated with
dam hei$ht, targeting mountainous regions will reduce climate
impacts.'” Further, hydropower development in regions where
the reservoir might reach above 40 °C at its peak should be
limited or at least carefully planned to minimize emissions via
other governing factors (such as smaller surface areas). We
note that the majority of the maximum temperatures estimated
in the Scherer and Pfister (2016) database are based on model
algorithms and are not empirical measurements. However, the
insight remains that potential reservoirs with high temperatures
may have larger greenhouse gas emissions that are on par, at
least initially, with fossil fuels.

4. DISCUSSION

While decisions about shifting technologies are based on more
than just the climate impact parameter, involving all sorts of

economic, environmental and social impacts, this analysis
provides a framework through which to consider the climate
impacts of hydropower as compared to other energy
technologies; the differences that emerge are not consistent
with the well-established narrative.

Climate impacts of hydropower vary considerably over time,
especially for newly developed plants. There are major
differences between the impacts of individual hydropower
facilities and also over time. The specific characteristics of
future hydropower plants matter greatly if efforts to address
climate change in both the near- and long-term are to be
effective. Storage is also a factor in creating a reliable electrical
system, and as such, this is a useful potential attribute of
hydropower. However, it too needs to be low impact to be
useful in meeting global deep decarbonization goals.

Given the limited data on the annual cycle of direct
hydropower emissions globally and its potential importance in
impacting climate change, there is a need for collecting more
comprehensive data on greenhouse gas emissions from
hydropower reservoirs to reduce uncertainty and fully
understand the climate implications of hydropower. The
underlying message that hydropower is not universally
beneficial to the climate needs to be more widely understood
if the global commitment to reduce global warming rates are to
be met.
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