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Abstract
Hydropower reservoirs, as vital inland waters bodies of anthropogenic origin, exhibit distinct
characteristics from natural waters, thereby garnering research interest in the quantification and
mapping of greenhouse gas (GHG) emissions. In this review, we systematically examine studies
focusing on GHG emissions from hydropower reservoirs. We identify two key primary physical
mechanisms resulting from river damming, namely water impoundment and water regulation,
which can significantly influence GHG emissions in hydropower reservoirs. Reservoirs vary in size,
with smaller reservoirs exhibiting higher CH4 emissions per unit area. For instance, small
reservoirs have an average flux rate of 327.54 mg C–CH4/m2/day, while medium-sized reservoirs
emit 267.12 mg C–CH4/m2/day, and large ones emit 37.34 mg C–CH4/m2/day. This difference is
potentially attributable to shorter water residence times in small reservoirs and increased
susceptibility to littoral disturbance. In addition to reservoir scale, variations in GHG emissions
between reservoirs are also influenced by the type of hydropower. Run-of-river and closed-loop
pumped storage hydropower (PSH) systems are anticipated to exhibit lower GHG emissions (PSH:
4.2–46.5 mg C–CH4/m2/day) in comparison to conventional impoundment hydropower, owing to
their operational characteristics, facilitating mixing and oxygenation within the reservoir water
column and reducing sedimentation. Nonetheless, further field measurements are warranted.
Through the integration of literature insights, we propose solutions aimed at managing emissions,
considering both physical mechanisms and hydropower planning. Ultimately, these findings will
advance our understanding of GHG emissions from hydropower reservoirs and facilitate
sustainable carbon reduction management practices.

1. Introduction

Hydropower is generally regarded as a climate-
friendly energy source and its installed capacity
expanded at a rate of 2.1% per year from 2015 to
2019 (IPCC2015,Muller 2019, IHA2023). It is expec-
ted that the world’s existing hydropower capacity
will grow by 60% by 2050, to reach 2150 Gigawatts
(GW), supporting efforts to reduce carbon usage
(IRENA 2020). To achieve this growth, an estim-
ated 3700 hydropower schemes generating more than
1 Megawatts (MW) are proposed or being construc-
ted in developing countries, where only 22% of

the hydropower potential has been exploited (Zarfl
et al 2014). In the Net Zero Scenario, hydropower
will remain the primary renewable energy source
(IEA 2023). Additionally, combining pumped stor-
age hydropower (PSH) with other renewable energy
sources such as wind and solar power can enhance
grid resilience against unpredictable climate changes.
As a result, more reservoirs for renewable energy stor-
age are expected (IHA 2024).

However, although hydropower is often con-
sidered a climate-friendly energy source, its reser-
voirs continue to impact carbon emissions due to the
decomposition of organic matter in the water, which
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releases greenhouse gases (GHGs) (Barros et al 2011,
IHA 2012, Deemer et al 2016, Prairie et al 2021).
These projects will not only be used for hydroelec-
tricity, where approximately 25% of reservoirs are
mainly for hydropower, based on the GRanD data-
base (Lehner et al 2011), but also serve other pur-
poses, including irrigation (25%), recreation (4%),
navigation (7%), and water supply (12%), are still
being planned and implemented. Accurate assess-
ments of the emissions resulting from increased
water impoundment are crucial for creating realistic
and effective climate change mitigation strategies.
Without this focus, we risk underestimating the true
environmental impact of hydropower.

Hydropower-associated GHG emissions are
related to the construction and operation of a reser-
voir, which can require intense carbon processing
(Li et al 2017a, Beaulieu et al 2020). During the
operational phase, GHG emissions arise from the
breakdown of organic material entering the reservoir
through flooding, runoff, and river inputs, or they
originate within the reservoir due to the growth of
aquatic plants and algae (Deemer et al 2016). If the
rivers are not dammed, these organicmaterials would
be transported downstream. As carbon moves down-
stream, the relatively fast flow and well-oxygenated
water allow it to react and be converted to CO2, which
is then released into the air. The remaining carbon
will eventually reach the ocean. Conversely, when a
water body is dammed, flow rates are reduced, allow-
ing sediments containing carbon to settle at the bot-
tom of the reservoir (i.e. carbon burial) and some
of this will be degraded anaerobically by a variety
of bacteria. In the final degradation stage, an anaer-
obic bacterium calledmethanogens uses suitable sub-
strates, such as acetic acid and hydrogen, to produce
CH4 (Segers 1998, Duc et al 2010, West et al 2012)
(figure 1). The produced GHG may dissolve in water
or escape into the atmosphere.

CH4 is emitted from reservoirs via one of the
four pathways indicated in figure 1. First, CH4 can
be transported directly by molecular diffusion. The
diffusive flux is the exchange of CH4 between air and
water, determined by the concentration of CH4 in
the atmosphere and water column (Wu et al 2019).
Second, CH4 can be released through ebullition, in
which CH4 becomes trapped in bubbles. If the water
is shallow and the hydrostatic pressure is too low to
keep the bubbles away from the surface, they will pass
through the water column and burst, releasing CH4
into the atmosphere (Bastviken et al 2004a). The third
pathway is degassing, which occurs during hydro-
power operations when CH4 is released through tur-
bines or flood control spillways. Fourth, CH4 can be
advected through macrophytes. The emission of CO2
is primarily through diffusion (figure 1) (King 1992,
Jager et al 2022).

Environmental controls on GHG emission from
inland waters include chlorophyll-a (Chl-a), temper-
ature, latitude, oxygen level, water depth, soil redox,
impoundment age, wind speed and stream flow
(Bastviken et al 2004a, McGinnis et al 2006, Sobek
et al 2009, 2012, West et al 2012, 2016, DelSontro
et al 2016, Descloux et al 2017, Paranaíba et al 2018,
Deemer and Harrison 2019, Huang and Li 2023).
Current research has mostly focused on how these
environmental factors affect GHG emissions, but
there is a lack of consideration of the impacts of
hydropower reservoir water regulation, which adjusts
water levels for flood control, downstream water use,
energy and food needs. Although hydropower reser-
voirs are a type of inland water body, they have dis-
tinct characteristics/mechanisms due to their anthro-
pogenic nature and use, which can affect GHG emis-
sions. Hydropower reservoirs vary in size (e.g. stor-
age capacity, installed capacity) and operational type
(e.g. run-of-river, reservoir-storage, and PSH). These
differences can lead to significant variations in GHG
emissions between hydropower reservoirs (Hunt et al
2018, Silverthorn et al 2018, Encinas Fernández et al
2020, Blakers et al 2021).

Given the potential significance of hydropower
reservoirs to global GHG emissions, the expected
increase in the number of hydropower reservoirs
globally over the next two decades, and substantial
knowledge gaps in our understanding of the con-
trols on GHG emissions, this review aims to sum-
marize the primary GHG production and emissions
mechanisms. This will facilitate a better understand-
ing of how GHG emissions originate from hydro-
power reservoirs and what potential solutions exist
for mitigation, which has not yet been thoroughly
reviewed.While some studies have explored emission,
variations based on reservoir area size (Holgerson
and Raymond 2016, Grinham et al 2018, Peacock
et al 2021), the impact of varied storage capacity
on emissions has not been adequately addressed in
the literature. By highlighting these areas, we hope
to draw attention to the importance of considering
such factors in hydropower reservoir management to
reduce carbon emissions.

Furthermore, there has been limited recognition
in the literature of emissions differences between
different types of hydropower projects. Particularly,
there is a lack of GHG measurement data for run-of-
river and PSH projects. This paper aims to fill this
gap by initiating discussions based on existing liter-
ature and theoretical considerations. We hope this
will encourage further research into GHG measure-
ments from these types of hydropower projects, lead-
ing to more comprehensive discussions on emissions
fromdifferent hydropower reservoir types and better-
informed hydropower management strategies. Lastly,
this paper proposes a range of solutions formitigating
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Figure 1. The main carbon emission pathways in a natural free-flowing river (top) and dammed river (bottom).

carbon emissions from hydropower reservoirs in its
final sections, providing a level of comprehensive dis-
cussion not found in existing literature.

2. Method

Three research databases (Web of Science, Scopus,
and Google Scholar) were systematically searched
using an evidence-based approach. We queried these
databases to identify relevant peer-reviewed articles
in English published online from 2000 when St.Louis
et al (2000) first highlighted the potential of reservoirs
to emit high GHG, until 30 June 2023, employing
a two-stage search method. The first search method
focused on studies that addressed both ‘hydropower
reservoirs’ (or related terms including reservoirs,
hydroelectricity, dams, artificial water bodies, and
lakes) and GHG emissions (or variants) within the
title field. The initial search yielded 239 articles,
mainly related to environmental science.

From this comprehensive list, we conducted a
manual review of titles, abstracts, and article content
to identify and exclude articles that fell outside the
scope of our investigation, including only studies that
focused on GHG emissions from hydropower reser-
voir water bodies. This process resulted in a final set
of 43 studies. Since themajority of the articles focused
primarily on conventional storage hydropower, to
broaden the scope of the investigation we used the
keywords ‘GHG emissions’ and ‘PSH’ or ‘run-of-
river’ in the second search method to include the
other two types of hydropower reservoirs. We applied
the same systematic reduction strategy, leading to the
identification of 7 relevant papers. Therefore, a total
of 50 papers were identified for this review.

3. How altered characteristics of
hydropower reservoirs influence GHG
emissions

River damming modifies the hydraulic and sed-
imentological characteristics of rivers, leading to
altered GHG emissions from hydropower reservoirs
relative to the original river. This section summar-
izes two of themainwaterbody characteristics that are
altered in hydropower reservoirs and illustrates how
they may affect GHG emissions (figure 2).

3.1. Water impoundment
Water impoundment by dams disrupts the down-
stream transport of sediment, leading to sediment
and nutrient loads being retained within reservoirs.
Human-induced changes to land use have brought
about significant soil erosion, which is washed into
river systems, elevating sediment and nutrient loads
in rivers, globally (Mulholland et al 2008, Kreiling
et al 2020). The water residence time (WRT), which
is the time that a parcel of water is retained in the
water body, is also increased due to river damming.
It is estimated that dammed basins globally have an
average WRT that is 58 d longer than undammed
basins (Voeroesmarty et al 1997). Ultimately, it is the
combination of elevated sediment and nutrient loads
in rivers, their retention in reservoirs, and increased
WRTs that create the conditions that enhance the
biogeochemical and physical transformations leading
to carbon burial (i.e. storage) and gaseous release into
the atmosphere (Sobek et al 2009, 2012, Maavara et al
2020).

The balance between carbon burial and carbon
emissions determines whether a reservoir is a net
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Figure 2. Characteristics altered by hydropower reservoir impoundment and how they can lead to GHG emissions from reservoirs.

carbon sink or a source. Anthropogenic changes
in the landscape that typically increase soil erosion
and nutrient inputs, can lead to algal blooms and
increased net primary production (NPP) (Heathcote
and Downing 2012). When the algal life cycle is com-
pleted, the decaying algae are converted into dissolved
organic matter that typically enters the bottom water
and is buried in sediments, which increases carbon
burial in reservoirs (Zhou et al 2018). Mendonça
et al (2017) found that anthropogenic sedimenta-
tion, eutrophication, and increased river damming
are all attributable to a significant increase in carbon
burial, which is estimated to be 0.05 Pg C yr−1 glob-
ally, accounting for nearly 33% of the total estimated
global carbon burial rate.

Anthropogenic increases in aquatic productivity
can also lead to increased GHG emissions by increas-
ing NPP, leading to more carbon fixation through
photosynthesis and increasing the autochthonous
organic carbon (OC) in sediments (Sobek et al 2009,
Maavara et al 2017). Increases in autochthonous
OC can increase CH4 emissions, with measurements
indicating that CH4 emissions from global reser-
voirs increase with system autotrophy (Deemer et al
2016). In oxygen-depleted environments, numerous
bacterial communities’ favor autochthonous OC over

allochthonous OC, as the latter is typically older
and has undergone extensive degradation and trans-
formation processes during deposition. This res-
ults in the accumulation of complex molecules that
are more resistant to methane-producing bacteria
(Mollenhauer and Eglinton 2007, Sobek et al 2009).
In aerobic conditions, the mineralization of alloch-
thonous OC will be faster compared to anoxic envir-
onments (Bastviken et al 2004b) as only aerobic bac-
teria can break down structurally complex alloch-
thonous OC (Sobek et al 2009). This recalcitrant OC
slows down mineralization and prolongs methano-
genic reactions (West et al 2012). On the contrary,
autochthonous OC is more labile and can readily
ferment leading to increased CH4 production (West
et al 2012). Thus, the increase in autochthonous
OC brought about by eutrophication also enhances
methanogenesis in bottom waters (Sobek et al 2009,
Deemer and Harrison 2019). The CH4 produced in
the bottom waters dissolves in sediment porewater.
Due to the low porosity of sediments, there is lim-
ited diffusion of CH4, causing it to accumulate and
become supersaturated in the sediment porewater.
This excess CH4 leads to the formation of gas bubbles,
which are eventually released into the surrounding
environment (Sobek et al 2012).
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Hydropower reservoirs typically have a high aver-
age depth. Specifically, 27.1% of dams have an aver-
age depth between 0.1 m and 10 m, 28.52% between
10 m and 20 m, 16.72% between 20 m and 30 m, and
28.74% have an average depth above 30 m (accord-
ing to the GranD database, Lehner et al 2011). As
a result, they frequently exhibit thermal stratifica-
tion driven by density gradients induced by solar sur-
face heating, which hinders water mixing (Winton
et al 2019, Cheng et al 2020). Where this stratifica-
tion occurs, it separates reservoir waters into two dis-
tinct layers: a colder, oxygen-deprived bottom layer
known as hypolimnion, and a warmer upper layer
referred to as the epilimnion. The differing water
densities of the hypolimnion and epilimnion impede
the upward mixing of water from the bottom layer,
thereby hindering nutrient exchange between the two
layers (Elçi 2008). Under such circumstances, CH4
produced in the hypolimnion can accumulate in the
deeper portions of the water column. Also, thermal
stratification leads to reduced oxygen levels in the
colder bottom layer. This occurs because of limited
water mixing to replenish oxygenated water from the
surface and due to heterotrophic consumption. These
conditions create an environment conducive to hyp-
oxia, thereby promoting methanogenesis and facilit-
ating the production and accumulation of CH4 in the
hypolimnion (Winton et al 2019).

3.2. Water regulation
Another mechanism through which hydropower
reservoirs can influence GHG emissions is the water
regulation process. Hydropower reservoirs store and
release water to meet the hourly, daily, weekly, and
seasonal demands for renewable energy, as well as
to accommodate variations in hydrological regimes.
One consequence of the water intake process is the
degassing of CH4 from the hypolimnion.When strat-
ified, if the hydropower water intake depth is below
the oxycline in the hypolimnion, accumulated CH4
can escape into the atmosphere during the hydro-
power pumping process. Fearnside and Pueyo (2012)
calculated that CH4 emissions through this pathway
can account for more than 50% of the total emis-
sions in Amazonian reservoirs. Note that the water
intake depth of high-head storage hydroelectric dams
often ranges from 10 to 20 m below the water sur-
face, typically aligning with or exceeding the thermo-
cline depth (Winton et al 2019). Delwiche et al (2022)
developed a new mechanistic model to predict CH4
emissions from diffusion, ebullition and degassing.
If all reservoirs had deep intakes with thermal strat-
ification, maximum degassing emissions could reach
11± 4 Tg C yr−1, with total emission from diffusion
and ebullition pathways of 2.8 ± 0.2 Tg C yr−1. In
the future, elevating the water intake depth to avoid
emissions from hypolimnion may help to constrain
CH4 emissions from hydropower.

Another related effect of water regulation from
reservoirs on GHG emissions is the change in water
level. Human-induced management of hydrological
systems typically increases the amplitude of water
level changes compared to unaltered hydrological sys-
tems. Cooley et al (2021) used satellite-measured
water level data to calculate changes in water levels
between October 2018 and July 2020 in 227 386
waterbodies globally, representing 3.9% of the total
surface water reserves of the Earth. They found
that the average seasonal water level variability was
approximately 0.86 m in reservoirs, compared to
about 0.22 m in natural rivers and lakes. In areas such
as Colorado, Shatt Al Arab and Amazon basins, the
water storage variability was 20 times higher than in
natural water bodies (Cooley et al 2021). In the USA,
95% of reservoirs have endured at least one annual
drawdown of 0.5 m and 70% have experienced mul-
tiple drawdowns of this magnitude (Harrison et al
2017).

The magnitude of water level changes may
enhance GHG emissions by promoting more meth-
anogenesis from the littoral zone (Tranvik et al 2009,
Deemer et al 2016, Harrison et al 2017, Cooley et al
2021). Yang et al (2011) found that the average meth-
ane flux in the littoral zone of the Miyun Reservoir
in China was 6.5 times higher than that in the meth-
ane flux in the open zone. Yang et al (2014) also
showed that, in the littoral zone, the average CH4
emission from seasonally inundated areas was 1120
times higher than that of the permanently unsub-
merged areas. While this may be an extreme case, it
suggests that during the drawdown the littoral zone
becomes exposed allowing terrestrial vegetation to
grow. Subsequently, the area is re-inundated when
water levels rise, submerging vegetation and leading
to GHG emissions as the newly submerged vegeta-
tion decomposes (Yang et al 2014, Deemer et al 2016).
Under fluctuating water levels, not only is vegeta-
tion periodically submerged, but also the changing
redox potential of the soil can lead to GHG emis-
sions.When thewater level is high, the soil transforms
into an anoxic environment, which is more condu-
cive to methanogenesis, producing CH4 (Yang et al
2014, Deemer and Harrison 2019). Conversely, when
the water level decreases, the soil becomes an aerobic
environment, leading to lower CH4 fluxes.

The ebullition emission pathway is also controlled
by water level variation. Significant changes in hydro-
static pressure during drawdown can lead to a burst
of ebullition events (Maeck et al 2014, Deemer and
Harrison 2019), as lower water depths allow more
bubbles to transfer CH4 to the atmosphere. However,
ebullition does not always correlate negatively with
water depth. McGinnis et al (2006) tested an ebulli-
tion model at two sites; a shallow site (at a depth
of 90 m) and a deeper site (230 m). The relation-
ship between water depth and CH4 emissions was
not straightforward and only at shallow water depths
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Table 1.Measured average CO2, CH4 flux rate, and carbon intensity of conventional, run-of-river, and PSH hydroelectric reservoirs.

Hydropower Reservoir Type CO2 (mg C m
−2 d−1) CH4 (mg C m

−2 d−1) Carbon Intensity (gCO2e/kWh)

Conventional 223 (−356–2636)a 40 (24–128)a 32.34 (1.2–547)b,f

Large 428.32a 37.34a 8.91 (2.06–32.63)b,f

Medium 458.01a 267.12a 119.53 (5.47–547)b,f

Small 241.86a 327.54a 22.43 (1.2–74.9)b,f

PSH 4.2–46.5c 5.6d,f, 155e,f, 609e,f.
Run-of-River 1.2–55b,f

a Deemer et al (2020), Barros et al (2011).
b Gemechu and Kumar (2022), Li and He (2022).
c Encinas Fernández et al (2020).
d Denholm and Kulcinski (2004).
e Flury and Frischknecht (2012).
f Life Cycle Assessment values, with the carbon intensity column divided by ranges of large>100 MW, 10<medium⩽ 100, and
small⩽ 10 MW.

(i.e. less than 100 m) could significant amounts of
CH4 be transferred to the atmosphere, while at 230 m
most of the CH4 in the bubbles dissolved before
it reached the water surface (McGinnis et al 2006).
Additionally, the longer water column allows for a
higher fraction of CH4 to be oxidised. It also reduces
the flux through vegetation, which can lead to CH4
avoiding oxidation and thus being released into the
atmosphere (Barros et al 2011). These findings sug-
gest that a prudent reservoir management approach
should include optimizing the trade-offs between
water depth and surface area to reduce GHG emis-
sions while achieving water supply and electricity
production.

4. How hydropower size and type
influence GHG emissions

The size and type of hydropower scheme can affect
GHG emissions. First, the impact of the hydropower
scale is discussed, necessarily considering the geo-
graphical region in which hydropower schemes are
located. Second, hydropower type is discussed, with
particular consideration given to two less-discussed
types of hydropower; run-of-river and pump-storage
hydropower. How the mode of operation can impact
GHG emissions is detailed.

4.1. Hydropower scale
GHG emissions from reservoirs occur via four path-
ways, which are partially controlled by the type and
size of hydropower. The size of a hydropower facil-
ity can be quantified in terms of storage capacity.
Storage capacity denotes the volume of water that
can be impounded when the water level reaches
the top of the dam (SCDHEC 2023). To categor-
ize hydropower by scale, we compiled the CO2
and CH4 flux data from 267 reservoirs, as repor-
ted in the literature and synthesized by Deemer et al
(2020) (figure 3). Additionally, to accurately assess
the impact of reservoir size, it is necessary to con-
sider hydropower facilities in different climatic zones,

as varying temperatures and weather conditions sig-
nificantly affect GHG emissions (Barros et al 2011).
Therefore, average emissions were calculated for four
climate zones: boreal, temperate, Amazonian tropical
and non-Amazonian tropical. The tropical zone was
divided into Amazonian and non-Amazonian regions
because the rich biodiversity and dense rainforests
of the Amazon can accumulate significant amounts
of organic matter in inundation areas, resulting in
higher emissions compared to other tropical zones
(Almeida et al 2019).

CH4 emissionswere higher perm2 in small hydro-
power (table 1) than in large hydropower schemes in
the majority of climatic zones (figure 3). However,
for average CO2 fluxes, this pattern is not universal,
with a more consistent pattern emerging with scale
in the non-Amazonian tropical and boreal regions.
Therefore, there is a tendency for small hydropower
reservoirs to have higher GHG emissions per unit
area than larger ones.While larger reservoirs typically
have higher total GHG emissions than smaller equi-
valents due to their larger area, cumulatively across
the many millions of small reservoirs that exist glob-
ally, small reservoirs contribute significantly to GHG
emissions from hydropower schemes (Downing et al
2006, Ollivier et al 2019, Webb et al 2019). This raises
questions about the relative GHG emission impacts
of many small schemes versus a few big schemes, dis-
cussed further below.

Few studies have considered the cumulative con-
tributions of GHG emissions from small hydropower
reservoirs (Grinham et al 2018, Ollivier et al 2019,
Webb et al 2019). Several factors have been discussed
as responsible for the large areal GHG emissions
from small schemes (Wang et al 2017, Webb et al
2019, Beaulieu et al 2020). The first is the extens-
ive use of small reservoirs for agricultural purposes.
Agricultural land is often subject to intensive modi-
fication, including inputs of fertilizers, crop rotations,
and mechanical disturbance of the soil, all of which
can lead to increased sedimentation andnutrient run-
off into reservoirs (Webb et al 2019). In addition,
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small areas of inundation and the low buffering capa-
city of shallow, littoral zones make them vulnerable
to external disturbances from the nearby environ-
ment (e.g. watershed land use types, wastewater dis-
charge and agricultural practices) (Wang et al 2017).
Hence, the large proportion of littoral zones may be
partially responsible for higher GHG emissions from
small reservoirs.

In larger reservoirs, the main source of biode-
gradation initially after construction is material ori-
ginating from the original inundation. However, once
the inundated area is fully decomposed, the influx of
terrestrial and anthropogenic material becomes more
important (Wang et al 2017). There is a negative
correlation between water body size and sediment
OC accumulation rates (Phyoe and Wang 2019).
Grinham et al (2018) monitored 22 small ponds
(surface area of 102–105 m2) and found that smaller
waterbodies had higher emissions than larger water-
bodies, which was linked to greater variability in sur-
face area in the smaller water bodies. Smaller reser-
voirs typically have a larger proportion of littoral hab-
itats (areas less than 3 m deep) relative to their water
volume when compared to large reservoirs, which
can provide a significant source of degrading organic
matter (Beaulieu et al 2020). Beaulieu et al (2020)
used a machine learning algorithm to investigate the
relationship between the three emission mechanisms
of CH4 and reservoir morphology and found a posit-
ive relation between littoral extent and CH4 emission
rates. This might be related to the relatively shal-
low water bodies offering little opportunity for the
CH4 released from littoral sediments to be oxidized
and converted to CO2 in the shallow water column,
resulting in increased CH4 emissions (Beaulieu
et al 2020).

Another key factor influencing GHG emissions is
the WRT. Webb et al (2019) revealed that CH4 con-
centrations were at their lowest when WRT exceeded
one year. Shorter WRTs have been linked to elevated
internal CO2 generation due to accelerated rates of
allochthonousDissolvedOCdecomposition (Vachon
et al 2017). LongerWRTs typically occur in larger and
deeper reservoirs, which take more time to exchange
water within the reservoir itself. These larger reser-
voirs have a greater capacity for assimilating nutri-
ents, leading to lower nutrient concentrations within
the system and, therefore, a longer time before the
detrimental effects of elevated nutrients are realised
(Webb et al 2019). Deeper and larger reservoirs with
longer WRTs normally have purer water (less tur-
bid with higher clarity), which improves the pas-
sage of light through the water column and increases
primary production, thereby facilitating CH4 oxida-
tion (Bastviken et al 2008, Webb et al 2019).

4.2. PSH
PSH plants use the force of gravity to generate electri-
city by releasing water previously pumped from lower

water sources. Thus, it has two reservoirs at differ-
ent altitudes located close to each other (figure 4).
PSH has two main types, open-loop and closed-loop,
where open-loop has an upper or lower reservoir con-
nected to the river system and closed-loop is located
away from the natural waterbodies (IHA 2024). The
water in the upper reservoir is pumped up anthro-
pogenically from the lower reservoir when gener-
ated renewable energy exceeds the demand (e.g. a
windy or sunny day), and released from the upper
reservoir to the lower one when the supply is lower
than the demand (Blakers et al 2021). The types
of pumping and generation cycles can be annual,
seasonal, weekly or daily, and the larger the reser-
voir capacity, the more flexible its operating cycle.
For example, an annual PSH has the largest upper
reservoir storage capacity, which can store water
for many years and release it during drought years
or for daily use. However, a daily-running PSH
cannot be run as a PSH for weekly, seasonal, or
annual operating cycles due to its limited capacity
(Hunt et al 2018).

Few studies have measured the GHG emissions of
PSH during its operational phase. During the opera-
tion of PSH, the pumping and water release for power
generation increases the aeration of the waterbod-
ies, enhancing circulation and the mixing of water.
Such processes will typically increase oxygen con-
centrations, as well as limit algal growth, promote
the degradation of pollutants, and enhance the self-
purification ability of the reservoir (Yang and Jackson
2011). As such, the operational programme of a PSH
may be able to improve the nutrient status of the
reservoir and lower the chance of eutrophication. This
may indicate the potential for smaller GHG emissions
from PSH reservoirs relative to similar-sized reser-
voirs used for more traditional hydropower opera-
tions. In support of this hypothesis, the most recent
Global Synthesis of GHG Emissions report states
that the average CH4 emissions from reservoirs are
approximately 98 mg CH4 m−2 d−1 (Deemer et al
2020). In contrast, Encinas Fernández et al (2020)
measured CH4 extraction fluxes from a PSH located
in Germany of around 5.6 and 62 CH4 mg m−2 d−1

when the reservoir was executed as a daily or seasonal
PSH.

Lower levels of sedimentation are another poten-
tial driver of lower carbon emission from closed-loop
PSH than storage hydropower. The closed-loop PSH
is likely to have a lower sediment load than reservoir
hydropower as it is usually located in small watersheds
or tributary rivers where the sediment load is signi-
ficantly lower (Hunt et al 2018, 2021). Water from
the upper reservoir is typically pumped via tunnels or
pipes, reducing the exposed surface area where sedi-
ment can be deposited and, therefore, sedimentation
does not as readily accumulate in upper reservoirs.
Lower levels of sedimentation in the closed-loop PSH
could lead to lower CH4 production and storage, and
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Figure 4. Diagram showing typical infrastructure associated with pumped storage hydropower and run-of-river hydropower.

lower GHG emissions in the closed-loop PSH might
therefore be expected.

4.3. Run-of-river hydropower
Run-of-river hydropower generates electricity by har-
nessing the force of water with turbines, which cap-
ture the potential energy and kinetic energy from
passing water without the need for a reservoir or
pump action (figure 4). The amount of electricity
that can be generated by the turbine depends on
the discharge of water and the height of the water-
fall (head) (Anderson et al 2015). Greater discharges
and higher water heads can generate more hydro-
electric power. Typically, the water head is created
by a weir located at a relatively high point within
a catchment to divert a proportion of the flow
through a pipe leading to a downslope powerhouse
(Gibeau et al 2016). Because run-of-river schemes
typically have small or nearly zero water storage,
they are associated with lower sedimentation and
eutrophication.

Moreover, GHG emissions during operation are
expected to be small (Silverthorn et al 2018, Blakers
et al 2021), as the water in the run-of-river is con-
stantly flowing. Sawakuchi et al (2021) evaluated the
CH4 dynamics of the Santo Antônio hydropower
reservoir, a run-of-river reservoir in the Amazon
River basin. Adequate mixing and oxygenation in
the reservoir water column resulted in low methane
emissions, possibly due to higher rates of methane
oxidation during the falling water season (Sawakuchi
et al (2021). In addition, such schemes reduce the
chance of eutrophication and reduce the likelihood
of sediment deposition relative to upstream storage
hydropower dams. This makes run-of-river schemes
unfavorable places for methanogenesis, hence they
have lower GHG emissions during operation (Dones
et al 2007).

5. Opportunities to lower GHG emissions
from hydropower reservoirs

A major limitation in understanding GHG emissions
from hydropower reservoirs and therefore our abil-
ity to manage GHG emissions effectively, is a lack
of monitoring and measurements in reservoirs. A
range of approaches for measurement approaches
have been used to estimate these emissions (Barros
et al 2011, IHA 2012,Deemer et al 2016,Harrison et al
2017, Prairie et al 2018). The most direct approach
involves measuring emissions at multiple sampling
sites across a reservoir over an extended period (Wik
et al 2013, 2016). While this method can provide
relatively accurate estimations, it requires substantial
financial and labour support and may still miss spa-
tial variability in GHG release across large reservoirs.
Some studies employ a simplified approach to gauge
carbon flux by measuring CO2 and CH4 concentra-
tions in water and then deriving diffusive emissions
(Wang et al 2017, Paranaíba et al 2018, Yang 2019).
However, these methods are unable to fully capture
emissions through ebullition and degassing pathways.
The InternationalHydropowerAssociation (IHA) has
developed a G-res model, an empirical modeling
approach that does not require on-site measurements
(Prairie et al 2021). Practitioners enter values for a
range of parameters to obtain estimations of diffus-
ive, ebullitive, and degassing emissions (Prairie et al
2017).While thismodel can provide close estimates of
reservoir emissions, the lack of available monitoring
data impedes opportunities to test the model beyond
a few key datasets.

Although techniques for measuring GHG emis-
sions from reservoirs are evolving, there remains a
lack of synthesis regarding solutions for reducing
these emissions. In this section, we propose solutions
to minimize emissions from two perspectives. One
is by managing the physical mechanisms that lead
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Figure 5. The proposed solutions are placed in a matrix, where the x-axis is the scale of hydropower management, indicating
whether the management scale can be implemented at a larger (e.g. basin) or smaller (e.g. individual) scale. y-axis is the carbon
reduction effect, i.e. how significantly the solution reduces carbon emissions from the reservoir.

to carbon production and emission and the other
is by considering hydropower planning and design
(figure 5). Every solution is not a one-size-fits-all and
each has its advantages, challenges, and limitations.
The appropriate one should be selected by consider-
ing the characteristics of the reservoirs and the solu-
tions (table 2).

5.1. Solutions based on the management of
physical mechanisms
5.1.1. Water level management
To reduce GHG emissions from hydroelectric reser-
voirs, managing water levels is a crucial initial con-
sideration. One management approach is to decrease
the area of drawdown. Shi et al (2021) conducted in
situ measurements in the water level fluctuation zone
around the Three Gorges Reservoir in China to see if
continuous flood (CF), periodic flood (PF) and no-
flood (NF) scenarios would have different impacts
on GHG emissions. Compared to the NF scenario,
CH4 emissions were 13.3 and 5.7 times higher for
CF and PF, respectively. The lower CH4 emissions in
PF may be related to frequent exposure to oxygen,
which converts CH4 to CO2, while continuous water
inundation in CF inhibited CH4 oxidation and the
anaerobic environment stimulated CH4 emissions.

However, this study did not consider emissions from
CH4 ebullition and degassing, but it is possible that
GHG emissions from inundated areas could be lim-
ited by controlling the drawdown area during water
regulations (Grimardias et al 2017, Harrison et al
2017, Keller et al 2021).

Shorter operational cycles of water level man-
agement might also reduce CH4 emissions. Encinas
Fernández et al (2020)measured CH4 ebullition from
PSH using daily and seasonal operating modes in
Autumn when water height and temperature were
consistent and did not lead to large changes in
CH4 production. The daily operation mode resul-
ted in lower CH4 emissions than the seasonal oper-
ation mode. In the seasonal operating mode, PSH
will experience long periods of stagnation and, in
the absence of pumping and generation, CH4 will
accumulate in the sediment. This accumulation will
increase the proportion of CH4 in bubbles and lead
to greater emissions when the hydrostatic pressure
drops. For example, Harrison et al (2017) reported a
positive relationship between ebullition flux and CH4
concentration in bubbles. In contrast, shorter oper-
ating cycles allow for the periodic removal of CH4
from the sediment, avoiding significant accumulation
of CH4 in pore water. In this case, shorter operating

10



Environ. Res. Lett. 19 (2024) 073002 Z Wang et al

Ta
bl
e
2.
T
h
e
m
ai
n
ad
va
n
ta
ge
s,
ch
al
le
n
ge
s
an
d
lim
it
at
io
n
s
of
si
x
so
lu
ti
on
s.

So
lu
ti
on
s

A
dv
an
ta
ge
s

C
h
al
le
n
ge
s
an
d
lim
it
at
io
n
s

C
it
at
io
n

P
hy
si
ca
lm
ec
h
an
is
m
s

W
at
er
le
ve
lm
an
ag
em
en
t

•
C
H
4
em
is
si
on
s
co
u
ld
be
re
du
ce
d

th
ro
u
gh
sh
or
te
r
op
er
at
io
n
al
cy
cl
es
.

•
In
cr
ea
si
n
g
w
at
er
in
ta
ke
de
pt
h
m
ay

ac
h
ie
ve
ce
rt
ai
n
ca
rb
on
re
du
ct
io
n
s.

•
T
h
er
e
is
a
tr
ad
e-
of
fi
n
w
at
er
le
ve
l

m
an
ag
em
en
t
be
tw
ee
n
ca
rb
on

re
du
ct
io
n
ob
je
ct
iv
es
an
d
en
er
gy

ge
n
er
at
io
n
,f
lo
od
co
n
tr
ol
,a
n
d

do
w
n
st
re
am

w
at
er
u
sa
ge
ob
je
ct
iv
es
.

E
n
ci
n
as
Fe
rn
án
de
z
et
al
(2
02
0)
,W
u

et
al
(2
02
2)
,B
am
ba
ce

et
al
(2
00
7)

R
eg
u
la
r
se
di
m
en
t
fl
u
sh
in
g

•
Se
di
m
en
t
ca
n
be
re
m
ov
ed

m
ec
h
an
ic
al
ly
by
re
gu
la
r
hy
dr
au
lic

fl
u
sh
in
g.

•
A
dr
as
ti
c
dr
op
in
w
at
er
le
ve
ls
ca
n

le
ad
to
ad
di
ti
on
al
C
H
4
em
is
si
on
s.

•
Po
te
n
ti
al
im
pa
ct
s
of
se
di
m
en
t

fl
u
sh
in
g
ap
pr
oa
ch
es
on
do
w
n
st
re
am

ec
os
ys
te
m
s
sh
ou
ld
be
co
n
si
de
re
d.

M
cG
in
n
is
et
al
(2
00
6)
,D
ee
m
er
an
d

H
ar
ri
so
n
(2
01
9)
.L
es
sm
an
n
et
al

(2
02
3)

Im
pr
ov
e
w
at
er
qu
al
it
y

•
C
an
be
im
pl
em
en
te
d
on
a

pr
oj
ec
t-
by
-p
ro
je
ct
ba
si
s.

•
In
vo
lv
e
re
la
ti
ve
ly
si
m
pl
e
st
ra
te
gi
es
,

su
ch
as
in
st
al
lin
g
fe
n
ce
s
ar
ou
n
d

re
se
rv
oi
rs
or
in
cr
ea
si
n
g
O
2

co
n
ce
n
tr
at
io
n
in
th
e
w
at
er
co
lu
m
n
.

•
In
h
ib
it
ca
rb
on
em
is
si
on
s
fr
om

th
e

pr
od
u
ct
io
n
st
ag
e.

D
ep
en
ds
on
co
op
er
at
io
n
w
it
h

m
an
ag
em
en
t
bo
di
es
at
th
e
pr
oj
ec
t

le
ve
l.

Li
et
al
(2
01
7b
),
D
ee
m
er
an
d
H
ar
ri
so
n

(2
01
9)
,M
al
er
ba

et
al
(2
02
2)

H
yd
ro
po
w
er
pl
an
n
in
g
an
d
de
si
gn

M
et
h
an
e
re
co
ve
ry
sy
st
em

•
C
ap
tu
re
d
C
H
4
ca
n
th
en
be
u
ti
liz
ed

fo
r
fu
rt
h
er
en
er
gy
ge
n
er
at
io
n
.

•
O
n
ly
ec
on
om
ic
al
ly
fe
as
ib
le
in

re
se
rv
oi
rs
w
it
h
C
H
4
co
n
ce
n
tr
at
io
n
s

ex
ce
ed
ed
6
g
m

−
3
.

•
re
qu
ir
e
si
gn
if
ic
an
t
ca
pi
ta
l

in
ve
st
m
en
t.

B
am
ba
ce

et
al
(2
00
7)
,R
am
os

et
al

(2
00
9)
,M
cA
n
u
lt
y
et
al
(2
01
7)
,W
oo
d

et
al
(2
02
3)

N
ew
ty
p
es
of
hy
dr
op
ow
er
R
es
er
vo
ir
s

R
ed
u
ci
n
g
en
vi
ro
n
m
en
ta
li
m
pa
ct
w
h
ile

m
ee
ti
n
g
en
er
gy
an
d
w
at
er
n
ee
ds

Tr
ad
e-
of
fs
fo
r
tr
ad
it
io
n
al
re
se
rv
oi
rs

w
it
h
m
u
lt
ip
u
rp
os
e
u
sa
ge
.

K
u
m
ar

et
al
(2
01
1)
,H
u
n
t
et
al
(2
01
8)
,

H
u
n
t
et
al
(2
02
1)

B
as
in
st
ra
te
gy
pl
an
n
in
g

C
an
op
ti
m
iz
e
th
e
ca
rb
on
in
te
n
si
ty
of

hy
dr
op
ow
er
ex
te
n
si
ve
ly
.

In
vo
lv
in
g
co
lla
bo
ra
ti
on
am
on
g

va
ri
ou
s
st
ak
eh
ol
de
rs
.

A
lm
ei
da

et
al
(2
01
9)
,O
p
en
H
yd
ro

(2
02
2)

11



Environ. Res. Lett. 19 (2024) 073002 Z Wang et al

cycles could be a possible strategy to control GHG
emissions from reservoirs (Encinas Fernández et al
2020).

Another way to reduce GHG emissions through
water level management is to optimize the water
intake depth to reduce CH4 degassing. To avoid more
CH4 degassing, the intake depth should be higher
than the thermocline depth, below which CH4 can
accumulate. Bambace et al (2007) proposed a slid-
ing water extraction system to adjust the water intake
depth to generate power. The system consists of a light
metal structure as a barrier, and anchors and buoys as
moderators to change the water level through the tur-
bines and pipes. Real-time monitoring of CH4 con-
centration and water level can inform the appropri-
ate height at which water can be extracted to avoid
CH4 degassing and water shortages. Nevertheless, it
is unlikely that every dam will be equipped with real-
time CH4 concentration monitoring and a sliding
water intake system, but increasing the water intake
depth may also alleviate GHG emissions. Wu et al
(2022) examined the different water intake depths of
the Wujiangdu Reservoir in China and found that
when the intake depth increased by 30 m, down-
streamGHG emissions decreased by 1.9%. Therefore,
optimization of the water depth at the dam intake
may include certain carbon reduction objectives in
addition to consideration of the minimum draw-
down level to ensure downstream water usage and
the full reservoir level for storage and flood control.
Additionally, it needs to satisfy the water level neces-
sary to meet potential energy demands for power
generation.

5.1.2. Regular sediment flushing
Sedimentation is a key factor that can lead to higher
CH4 emissions as it provides the substrate neces-
sary to produce and store CH4. To reduce sedi-
mentation, sediment can be removed mechanically
or by hydraulic flushing. Hydraulic flushing utilizes
the erosive force of water to carry sediment down-
stream through a dam outlet. The frequency of flush-
ing depends on the sediment load of the reservoir
and varies from twice a year to once every five years
(Chang et al 2003, Grimardias et al 2017, Lessmann
et al 2023). However, this sediment management
strategymay be an alternative CH4 emission pathway.
As CH4 stored in sediment pores can be degassed to
the atmosphere, the additional likelihood of degass-
ing due to disturbance could lead to additional CH4
emission. For example, it is estimated that CH4 emis-
sions from a single flushing event can account for
7%–14% of the annual CH4 emissions from the
Schwarzenbach reservoir in Germany (Lessmann et al
2023).

Furthermore, flushing is often accompanied by a
drastic drop in water levels due to the large amount
of water being flushed downstream, which can lead
to additional CH4 emissions (McGinnis et al 2006,

Deemer and Harrison 2019). However, regular flush-
ing is expected to cause smaller increases inCH4 emis-
sion than mechanical removal because the depth of
sediment disturbed is typically greater when mech-
anically removed. For example, Lessmann et al (2023)
indicate that the thicker themobilized sediment layer,
the greater the amount of CH4 emissions that will
be released per unit of sediment. Therefore, flush-
ing should be carried out regularly and the amount
of CH4 emitted during flushing activities should also
be considered when estimating the annual CH4 emis-
sions from the reservoir. The potential impacts of sed-
iment flushing approaches on downstream ecosys-
tems should, however, be carefully considered.

5.1.3. Improve the water quality
Deterioration of water quality is a controlling factor
contributing to increased GHG emissions from
hydropower reservoirs. Therefore, improving reser-
voir water quality and controlling eutrophication
would reduce GHG emissions; however, achiev-
ing such improvements is challenging. One way to
improve the water quality of reservoirs is to carry
out pre-impoundment clearance, i.e. to remove all
buildings, structures, solid wastewater and vegetation
during the site preparation stage of reservoir con-
struction (Li et al 2017b). For example, in China,
national codes and regulations require stakeholders
in hydropower to carry out pre-impoundment clear-
ing before dam construction, which is usually done
in the preparation phase (Li et al 2017b). This clear-
ance will remove all vegetation and, if these areas
involve resettlement, buildings, structures and solid
waste are also removed. This significantly reduces
the potential organic matter available for decompos-
ition, in turn decreasing the production and release
of GHGs. Li et al (2017b) estimated the carbon emis-
sion reductions from five large hydropower projects
in China as a result of pre-impoundment clearance,
also considering the carbon footprint from the clear-
ance activities themselves. The results show that pre-
impoundment clearance can reduce carbon emis-
sions equivalent to 14.43%–246.80% of the carbon
footprint of the clearance activities themselves, with
hydropower projects involving higher population
densities and lower energy densities having a larger
carbon footprint from their clean-up activities. After
a comprehensive assessment of the individual pro-
jects, pre-impoundment clearance can be an effective
carbon reduction measure for reservoirs.

In addition to measures to control the eutroph-
ication state of the reservoir before impoundment,
measures can be taken to reduce eutrophication after
reservoir creation. Small agricultural reservoirs are
often exposed to high concentrations of nitrogen
and phosphorus from fertilizers and livestockmanure
and, as such, are at high risk of methanogenesis and
associated GHG emissions (Malerba et al 2022). For
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example, the installation of fences around small reser-
voirs can limit livestock disturbance of vegetation and
soils, reducing direct OC inputs into the water and
increasing vegetation cover that indirectly reduces
OC by filtering dissolved nutrients in overland run-
off (Westgate et al 2022). Malerba et al (2022) used
controlled experiments to show that fenced reservoirs
had 32% lower dissolved nitrogen and 39% lower
phosphorus concentrations than unfenced reservoirs.
Moreover, CH4 diffusion was 56% lower in fenced
reservoirs in comparison to unfenced ones (Malerba
et al 2022). Therefore, fencing as a physical measure
can reduce GHG emissions, which is a relatively cost-
effective and simple strategy that can positively con-
tribute to managing GHG emissions.

Increasing O2 concentrations can also reduce
GHG emissions. CH4 production occurs primarily in
the anaerobic zone, which is common in eutrophic
waters. Therefore, to reduce CH4 emissions, aera-
tion of the water column and increased water mix-
ing throughout the thermocline can increase O2 con-
centration in the anaerobic zone, thereby inhibiting
CH4 production. In the epilimnion zone with aer-
obic environments, microbial decomposition tends
to seek out O2 to break down OC, but when O2 is
depleted, microbial decomposition tends to favor the
presence of electron acceptors starting from NO3−,
MnO2, Fe(OH)3, and CO2 to oxidize the OC, which
results in the accumulation of reduced Mn, Fe, and
CH4 (Hafeman et al 2007, Deemer and Harrison
2019). In addition, increasing the O2 in the water
column also increases the oxidation of CH4, which
will also reduce subsequent emissions (Deemer and
Harrison 2019).

5.2. Solutions associated with hydropower
planning and design
5.2.1. Methane recovery systems
CH4 is not only a GHG but can also be a source of
renewable energy. It can be converted into energy-
dense liquid fuels or electricity with reduced CO2
emissions per unit of energy (McAnulty et al 2017,
Quaranta and Muntean 2023). Installing CH4 collec-
tion systems in reservoirs where high concentrations
of CH4 accumulate can potentially reduceGHGemis-
sions from reservoirs. The captured CH4 can then be
utilized for further energy generation (Bluemethane
2024). CH4 capture systems work by transporting
deep water containing high concentrations of CH4 to
the surface and then extracting the dissolvedCH4 into
a sealed container by bubbling or spraying (Ramos
et al 2009). The extraction system can be mobile so
that when a site is depleted of CH4 it can be moved to
another area where the water is saturated with CH4
(Kling et al 2005, Bambace et al 2007). Later, the CH4
will be transported to a larger consumption center in
which it can be safely stored and, when the electri-
city demand is high, it will be burned and its heat

converted into electricity (Bambace et al 2007, Ramos
et al 2009).

While the use of CH4 capture systems holds
promise for providing additional renewable energy
from reservoirs, it is only economically feasible for
large, CH4-rich reservoirs. Bambace et al (2007)
estimated the potential CH4 equivalent electric
energy of five reservoirs in the Amazon forest and
evaluated the corresponding extraction costs to
assess the economic impact of CH4 capture sys-
tems. The efficiency of CH4 extraction (i.e. extrac-
ted CH4 minus consumed CH4 during extraction)
showed a positive correlation with CH4 concentra-
tion (Bambace et al 2007, Ramos et al 2009). When
the CH4 concentration exceeded 6 g m−3, the effi-
ciency reached 40%; however, when the concentra-
tion fell below 3 gm−3, the net energy output became
negative, rendering the operation unfeasible (Ramos
et al 2009). Additionally, CH4 capture and conversion
technology require large capital outlays, which are
not practical for small-scale hydropower reservoirs
(Wood et al 2023). In such cases, although small-
scale hydropower reservoirs might have substantial
CH4 production, without sufficient financial support
to develop such systems, the CH4 recovery might not
be an economically viable solution.

5.2.2. New types of hydropower reservoirs
Traditional hydropower storage systems can effect-
ively provide energy and water storage capabilities.
However, their structural design promotes the accu-
mulation of sediment and nutrients which, as dis-
cussed above, can lead to significant GHG emis-
sions. A potential solution is to consider alternat-
ive forms of hydropower reservoirs, such as PSH or
run-of-river hydropower, which have a lower envir-
onmental impact (Hunt et al 2018, 2021, Silverthorn
et al 2018, Blakers et al 2021). However, run-of-river
and PSH do not provide a steady supply of energy
compared to storage hydropower. Run-of-river relies
on river discharge, while PSH depends on the availab-
ility of renewable energy being harnessed. Still, seek-
ing alternatives from novel hydropower reservoirs is
a promising approach to reducing GHG emissions
from traditional hydropower reservoirs. For example,
the seasonal Muquém PSH system in Brazil has been
compared to conventional storage hydropower meth-
ods (Hunt et al 2018). The Muquém PSH is a hybrid
system that combines run-of-river and PSH techno-
logies. Its lower reservoir is a run-of-river hydropower
that drawswater directly from the São Francisco River
into its upper reservoir, eliminating the need for a
large lower reservoir, and minimizing impacts on the
São Francisco River. Its upper reservoir is a seasonal
PSH reservoir that can store water for extended peri-
ods, even months or years. The Muquém PSH system
can release storedwater during dry spells tomeet both
energy and water demands (Hunt et al 2018, 2021).
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This hybrid system of run-of-river and PSH tech-
nologies is inherently designed to avoid extensive
water retention for power generation, they typic-
ally do not trap large amounts of sediment behind
the dam (Hunt et al 2018). When comparing the
Muquém PSH to conventional storage hydropower,
it is evident that, in terms of carbon reduction, the
Muquém PSH presents itself as a promising alternat-
ive. Nevertheless, a more comprehensive assessment
still should be undertaken to understand whether
this hybrid run-of-river and PSH system significantly
reduces carbon emissions compared to storage hydro-
power andwhich type of reservoir ismore economical
from an economic efficiency perspective (Hunt et al
2018).

This consideration is crucial because conven-
tional hydropower reservoirs serve not only for power
generation but also for various other purposes such
as water supply, flood control, navigation, recreation,
and irrigation (Kumar et al 2011). Regarding flood
control and water supply, the upper reservoir of
a hybrid run-of-river and PSH system might have
the potential to replace conventional reservoirs if its
volume is large enough to store sufficient water for
downstream use. However, for purposes such as nav-
igation, recreation and irrigation, it might not be
able to provide these services in a convenient means.
Consideration should be given to a holistic approach
that goes further than carbon reduction targets, tak-
ing into account both the climate costs of emis-
sions from reservoirs used for other purposes and
the benefits derived from multi-purpose reservoirs
(Open Hydro 2022). Therefore, the new hybrid run-
of-river and PSH hydropower reservoir is placed in
the lower-left matrix (figure 5), with a smaller scale
of hydropowermanagement that can be considered at
the project level, but whose carbon-reduction effect is
still questionable.

5.2.3. Basin-scale planning
Dams are typically planned on a project-by-project
basis, without due consideration of their cumulative
impacts on the basin (Schmitt et al 2018). In partic-
ular, different scales of hydropower generation can
have different environmental impacts on a watershed,
so damplanning should take amore holistic approach
to basin-scale considerations, e.g. whether a series of
small hydropower plants or a single large hydropower
plant in a watershed will provide the greatest bene-
fit to the watershed at the lowest cost (Maavara et al
2020).

A basin-scale planning approach was attempted
by Almeida et al (2019), who conducted a study in
the Amazon basin to optimize the selection of future
dam locations to minimize the carbon intensity of
proposed hydropower generation. Under the optimal

scenario, electricity generation could reach 80% of
the proposed target and keep the carbon intensity
below that suggested for sustainable electricity gen-
eration by the International Energy Agency (IEA).
If the dams were not selected optimally, the carbon
intensity of the Amazon dam’s portfolio could be
10% higher than the optimal scenario over a 100 year
time horizon. However, it is important to note that
this study primarily focused on reducing the carbon
intensity of the Amazon basin and did not consider
the other services that dams can provide. Each scheme
should tailor its planning to meet the unique require-
ments of the basin within which it is situated.

Furthermore, basin-scale planning should not
be limited solely to conventional infrastructure like
dams; it should also encompass nature-based solu-
tions (NBS) in managing GHG emissions from reser-
voirs (Open Hydro 2022). NBS can complement
hydropower reservoirs in providing societal needs
such as water, energy, and food by contributing
to the sustainable management of runoff and sed-
iment regimes in catchments (Stickler et al 2013,
Moran et al 2018, Chung et al 2021). NBS refers
to actions inspired by, supported by, or mimick-
ing nature (European Commission 2015). Examples
include protected wetlands and forests, and initiat-
ives such as the Sponge City program in China (Chan
et al 2018, 2022, Chung et al 2021). Emerging studies
indicate that the incorporation of NBS in a basin can
enhance the functioning of hydropower reservoirs by
reducing sediment loads in catchments that can lead
to sedimentation in reservoirs, the uptake of nutrients
upstream in the catchment before they reach reser-
voirs and the regulation of surface runoff.

Stickler et al (2013) modeled hydropower genera-
tion in theXingu basin, located in the easternAmazon
basin, under deforestation. The largest hydropower
plant, the Belo Monte Dam, could have its maximum
installed capacity reduced to a quarter due to defor-
estation. This is because half of the precipitation of
the Amazon basin comes from its internal water cycle
(Salati and Vose 1984) and, therefore, deforestation
is estimated to significantly reduce regional precip-
itation and soil moisture levels (Stickler et al 2013).
In addition, lower rainfall and stored water in water-
shed soils may lead to lower hydropower production
(Stickler et al 2013, Moran et al 2018).

Given these considerations, basin-scale dam
planning, customized to the unique requirements
of each basin, emerges as imperative in mitigat-
ing environmental impacts, notably GHG emis-
sions. Additionally, urgent attentionmust be directed
towards advancing research on the optimal hydro-
power reservoir design strategies to enhance water,
energy, and food provisioning in the basin, while
minimizing GHG emissions from reservoirs.
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6. Conclusion

The present paper provides an overview of the
principal physical mechanisms modified by dam-
ming, which influence GHG emissions from hydro-
power reservoirs, encompassing water impoundment
and water regulation. Across most climatic zones,
CH4 emissions per unit area are typically higher
from small hydropower reservoirs with an average
of 327.54 mg CH4–C/m2/d, compared to 12 mg
C–CH4/m2/day for medium-sized reservoirs and
37.34 mg C–CH4/m2/day for large reservoirs. Small
reservoirs are characterized by smaller storage com-
pared to medium and large reservoirs. Nevertheless,
the extensive coverage of larger reservoirs and the
scarcity of data concerning the location and spa-
tial extent of smaller schemes pose challenges in
comparing total GHG emissions across hydropower
installations of varying sizes. Run-of-river and closed-
loop PSH systems generally exhibit superior water
quality and reduced sedimentation rates compared
to conventional reservoir hydropower, thereby being
linked to lower GHG emissions. Nonetheless, further
reservoir emission data is imperative to bolster these
conclusions.

In order to enhance the sustainable management
of hydropower GHG emissions, this study presents
solutions from two key perspectives: (1) mitigat-
ing the physical mechanisms driving carbon emis-
sion through adjustments in hydropower operation
to enhance water quality (e.g. pre-impoundment
clearance, installing fences around reservoirs, increas-
ing O2 concentration), optimize water levels (e.g.
increase water intake depth, shorter water operational
cycle), and improve sedimentation management (e.g.
regular sediment flushing); and (2) strategizing the
design and planning of new hydropower schemes
to mitigate carbon emission. Specifically, the focus
lies on exploring innovative techniques (e.g. methane
recovery system) and types of hydropower reservoirs,
such as combined PSH and run-of-river schemes,
to potentially replace conventional storage reser-
voir hydropower. Furthermore, this entails improved
basin-scale hydropower planning, considering the
cumulative impacts of hydropower plants and other
stressors on watersheds, and integrating with NBS
solutions to alleviate and mitigate certain pressures
associated with hydropower.
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Elçi Ş 2008 Effects of thermal stratification and mixing on
reservoir water quality Limnology 9 135–42

Encinas Fernández J, Hofmann H and Peeters F 2020 Diurnal
pumped-storage operation minimizes methane ebullition
fluxes from hydropower reservoirsWater Resour. Res.
56 e2020WR027221

European Commission 2015 Towards an EU research and
innovation policy agenda for nature-based solutions &
re-naturing cities—Final report of the Horizon 2020 expert
group on ‘Nature-based solutions and re-naturing
cities’—(full version) (Publications Office)

Fearnside P M and Pueyo S 2012 Greenhouse-gas emissions from
tropical dams Nat. Clim. Change 2 382–4

Flury K and Frischknecht R 2012 Life cycle inventories of
hydroelectric power generation (available at: www.esu-
services.ch/fileadmin/download/publicLCI/flury-2012-
hydroelectric-power-generation.pdf) (Accessed 14 May
2024)

Gemechu E and Kumar A 2022 A review of how life cycle
assessment has been used to assess the environmental
impacts of hydropower energy Renew. Sustain. Energy Rev.
167 112684

Gibeau P, Connors B M and Palen W J 2016 Run-of-river
hydropower and salmonids: potential effects and perspective
on future research Can. J. Fish. Aquat. Sci. 74 1135–49

Grimardias D, Guillard J and Cattanéo F 2017 Drawdown flushing
of a hydroelectric reservoir on the Rhône River: impacts on
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