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Abstract
Global assessments evaluating greenhouse gas emissions and climate benefits of hydropower rely
on life cycle assessments (LCAs). However, small hydropower plants (i.e. installations with less than
10 MW; SHPs), are largely underrepresented in such schemes, despite their widespread
proliferation and well-known ecological concerns. Here we quantified, partitioned, and compared
the net carbon (C) footprint of four temperate SHPs with different operation designs over a
100 year time horizon. In contrast with previous hydropower LCAs studies, we followed an
integrative net C footprint approach accounting for all potential sources and sinks of C within the
life cycle of the studied SHPs, including both biogenic and non-biogenic sources, as well as for the
pre- and post-impoundment stages involved in the flooding of the reservoir. We found that the
areal and system-level C emissions were mostly driven by the residence time of the impounded
water, which in turn was linked to the SHP operation type. The power installed in the SHPs did not
have a relevant role on the net C fluxes. Accordingly, SHPs with smaller water storage capacity were
almost neutral in terms of the C footprint. In contrast, SHPs with water storage facilities prolonged
the water residence time in the reservoir and either acted as a source or sink of C. The long water
residence time in these SHPs promoted either emission of biogenic gases from the surface or C
storage in the sediments. Our work shows that integrative net C footprint assessments accounting
for different operation designs are necessary to improve our understanding of the environmental
effects of SHPs.

1. Introduction

In the current context of Climate Change, any indus-
trial activity faces the challenge of aligning its eco-
nomic and technical competitiveness with the envir-
onmental sustainability of its activities (Kumar et al
2011).Hydropower, despite being often presented as a
green energy in terms of carbon footprint (CF), is not
an exception. As any energy supply system, the con-
struction and operation of hydropower plants (HPs)
involves the production and emission of greenhouse

gases (GHGs) that may contribute to climate change
(Weisser 2007, Kumar et al 2011, Raadal et al 2011).
Existing evidence suggests that biogenic carbon (C)
emissions (i.e. carbon dioxide (CO2) and methane
(CH4) originated through biogeochemical processes
and released to the atmosphere) from HP reser-
voirs are far higher and more geographically wide-
spread than previously assumed (Deemer et al 2016,
Rosentreter et al 2021). Yet, reported C emissions
and associated CFs estimates remain uncertain, vary-
ing more than four-fold in recent analyses (Hertwich
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2013, Scherer and Pfister 2016, Bertassoli et al 2021).
The main reasons for this variability are: (i) the
large uncertainty associated with the use of multiple
approaches to assess hydropower CFs (Kumar et al
2011, Raadal et al 2011); (ii) the lack of more suit-
able (and standardized) definitions for size categor-
ies and limited consideration of potential descriptors
of environmental impacts (e.g. dam height, reser-
voir area, water residence time, and operating pro-
cedures) (Couto and Olden 2018); and (iii) the large
underrepresentation of small HPs (SHPs) within cli-
mate impact assessments. Altogether, these limita-
tions hinder a comprehensive assessment of the actual
and future climate impact (or CF) of hydropower
across climates, pre-impoundment land cover types,
and HP sizes and technologies.

In recent years, global assessments evaluating
GHG emissions and climate benefits of hydropower
have increasingly relied on life cycle assessments
(LCAs; Varun et al 2009). LCAs are an environmental
evaluation of all the stages involved in creating a
product over a certain period (typically its life cycle),
and is usually expressed as C emissions (in g CO2

equivalents, CO2e) per energy generated (kWh). For
hydropower, the LCA consists of three main stages.
The first one is the pre-impoundment stage, which
accounts for all C that would have been emitted or
stored if the river system had remained in its natural
state. This includes the C fluxes associated to the ori-
ginal terrestrial ecosystem and the fluvial ecosystem
(stream or river C exchange). The second one is the
post impoundment stage, which includes: (i) the C
fluxes associated to the construction, operation and
maintenance activities (hereafter, non-biogenic post-
impoundment C fluxes), (ii) the C emissions gener-
ated by the decomposition of biomass in flooded land
(Deemer et al 2016), (iii) theC emissions associated to
turbine passage of water (Guérin et al 2006), and (iv)
the flux of C stored in reservoir sediments (Mendonca
et al 2016) (hereafter post-impoundment biogenic
C fluxes). Because the global warming potential of
CH4 is 30-fold higher compared to that of CO2 over
a 100 year time horizon, its emission to the atmo-
sphere are of major concern from a climate perspect-
ive (Friedlingstein et al 2019, Soued et al 2022). CH4

emissions exhibit an extreme intra-reservoir spatial
patchiness (Maeck et al 2013, Beaulieu et al 2016) and
unpredictable timing (McGinnis et al 2006), which
make an accurate quantification of ecosystem CH4

fluxes difficult. Moreover, the so-called drawdown
areas of reservoirs, where sediment is exposed to the
atmosphere due towater-level fluctuations, have been
pointed out as a widespread significant source of CO2

(Marcé et al 2019, Almeida et al 2019a, Keller et al
2021) and a potential source of CH4 (Yang et al 2014,
Serça et al 2016, Paranaíba et al 2022). The third and
last stage is the decommissioning, which includes the
C fluxes associated to the dismantling of the infra-
structure (Pacca 2007).

To facilitate the comparison of hydropower CFs
with broader electricity generation technologies
(Edenhofer et al 2011), most LCAs of hydropower
GHG emissions have been exclusively based on ‘non-
biogenic’ C fluxes derived from the construction,
operation and maintenance stages (Varun et al 2012,
Turconi et al 2013). However, current evidence sug-
gests that non-biogenic fluxes often play a minor role
compared to those associated with the decomposition
of flooded vegetation and soil organic matter (Barros
et al 2011, Soued et al 2022). This is especially relevant
in HPs with large storage facilities and long residence
time, and has brought to unexpectedly large variabil-
ity in most recent hydropower CFs estimates (Scherer
and Pfister 2016). In addition, current LCA models
are based on ‘gross’ estimates that typically do not
account for pre-impoundment C fluxes and organic
C sedimentation and burial. In those cases, the LCA
outcome is incomplete because it neglects critical
aspects, such as how large C emissions would have
been in the absence of the reservoir, or howmuch they
may have been displaced elsewhere and what is the
temporal evolution of the post-impoundment emis-
sions (Prairie et al 2018). Therefore, the application of
LCAs integrating all the potential fluxes (i.e. pre- and
post- impoundment and biogenic and non-biogenic)
is a first key step to reduce the uncertainty of hydro-
power CFs (Bertassoli et al 2021, Prairie et al 2021).

The size of a given HP is commonly defined
based on its potential power generation capacity (or
installed power capacity, in W), which is the max-
imum capacity of hydropower production assuming
optimal hydrologic conditions and turbine efficiency
(Couto and Olden 2018). About 70% of countries
with formal definitions classify SHPs as installations
with less than 10 MW (Kelly-Richards et al 2017,
Couto and Olden 2018), which is increasingly recog-
nized as the international standard (WSHPDR 2019).
On the other hand, large HPs (LHPs) are classified
as HPs with an installed power capacity larger than
10 MW. Despite covering <5% of the global reser-
voir surface area (Downing et al 2006, Lehner et al
2011) and contributing to only 11% of the global
electricity generation, SHPs represent 91% of the
total number of HPs currently operating or under
construction (Couto and Olden 2018; figure 1(a)).
Furthermore, political and economic incentives for
renewable energy development, in part grounded
on the perception that ‘smaller’ equates to lower
socioecological impact (Couto andOlden 2018), have
contributed to a global ‘boom’ of SHPs construc-
tion (Zarfl et al 2015, Belletti et al 2020, Zarfl and
Lehner 2020). Although SHPs are spreading around
the world at a faster pace than LHPs (on average,
11 SHPs for every LHP), distinct geographic patterns
of SHP construction are apparent, reflecting differ-
ences in socioeconomic conditions, varying regula-
tions, and contrasting hydrologic potential (Couto
and Olden 2018).
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Figure 1. (a) Histogram showing the frequency distribution of global hydropower plants (HPs) by generation capacity
(n= 90 231; data from Couto and Olden 2018). SHPs represents 82 891 (91%) of global HPs. Inset shows the relationship
between the number of LHPs and SHPs in 203 countries worldwide, color coded by continent (blue= Europe, n= 42;
orange= Asia, n= 49, red= America, n= 33; green= Africa, n= 54; grey= Oceania, n= 24). (b) Histogram showing the
frequency distribution of HPs by generation capacity, only when carbon footprint (CF) data through LCAs of biogenic carbon gas
emissions is available (n= 1467; data from Scherer and Pfister 2016). Only 64 (8.6%) of available CF data corresponds to SHPs.
Inset shows that for the same data set, HPs generation capacity is unrelated to reservoir storage capability (measured as reservoir
water surface area). The red dashed line represents the most recognized criterion to differentiate SHP from large HP (10 MW,
Couto et al 2018, Lange et al 2018).

The proliferation of SHPs is of increasing concern
because of the physical and ecological consequences
of river network impoundment and fragmentation
at different scales (Kibler and Tullos 2013, Anderson

et al 2015, Lange et al 2018). Although the ecological
impacts of SHP are highly variable, the cumulat-
ive effects of cascading plants (i.e. multiple and
consecutive HPs within a river section or the river
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network) are likely to be greater than the sum of the
impacts from each individual plant (Lange et al 2018).
Small impoundments have recently been found to
also alter the biogeochemical processes that control
the production and emission of C in river networks
by increasing the residence time of water and organic
matter (Maeck et al 2013, Gómez-Gener et al 2018,
Maavara et al 2020). Consequently, the CF of SHPs
is in most cases disproportionally higher than that
of LHPs (Räsänen et al 2018, Almeida et al 2019b).
Unfortunately, the proliferation of SHP infrastruc-
tures is not aligned with a similar effort on quan-
tifying their CFs. Only 8.6% out of the assessments
of hydropower CFs (n = 1567) have been carried
out in SHPs (figure 1(b)). Moreover, facilities des-
ignated as SHPs have substantially different hydro-
dynamics (e.g. water residence time, storage capacity,
or surface area; figure 1(b)) as they host a diversity of
operationmodes (e.g. storage and non-storage, diver-
sion and non-diversion). Storage SHPs typically have
large hydraulic head and storage volume, long water
residence times, and control over the rate at which
water is released from the impoundment. Conversely,
non-storage (or run-of-river) SHPs, the most com-
mon and often overlooked type of SHP, have small
storage volume and short residence time (Poff and
Hart 2002). Reservoir hydrology might potentially be
a good predictor of the CF in SHPs, as water resid-
ence time is a key variable affecting the biophysical
regime of rivers (Poff and Hart 2002, Catalán et al
2016, Palmer and Ruhi 2019). However, this poten-
tial linkage has not been yet resolved, thus limit-
ing our ability to fully understand the environmental
benefits of small hydropower (compared with other
type of energies) and, in turn, be in a stronger posi-
tion to guide the future of hydropower in a changing
climate.

The aim of this paper is to quantify and partition
the net CF of SHPs, with special emphasis on the dif-
ferences among operation types and on the role of
gross vs net quantifications. To do this, we carried out
an integrated LCA on four SHPSs over a time span
of 100 years. The LCAs accounted for all potential
sources and sinks of C in the studied SHPs (both from
biogenic and non-biogenic origin) as well as for the
pre- and post-impoundment stages involved in the
flooding of a reservoir.

2. Methods

2.1. Study sites
We estimated the CF of four SHPs corresponding
to two operation types: two non-storage (i.e. run-
of-river) and two storage, all located in the North
of the Iberian Peninsula (table 1; figure S1). We
selected these study sites from a detailed invent-
ory of hydroelectric power plants of the Basque,
Spain Country (EVE 1995; IKAUR-EKOLUR 2006;
PHDHCO 2013). All sites were located within a rel-
atively small geographical area in order to minimize
heterogeneity in climatic, land use, and geochemical
conditions.

2.2. Integrated LCA
To quantify the CF (in g CO2e kWh−1) of the four
SHPs, we applied a LCA over a time horizon of
100 years (figure 2, table S1). The LCA includes (i)
the net C flux associated with the SHPs over the ref-
erence life-cycle period (in g CO2e 100 yr−1), and (ii)
the total energy produced by the SHPs over the same
time horizon (in kWh 100 yr−1):

CF100=
Net C flux100

Total energy production100
(1)

We obtained the Total energy production100 from
the annual energy production (in kWh yr−1) over
100 years. We derived the annual energy production
from the installed power capacity data at each plant
(in MW, see table 1) and the daily hours of tur-
bine activity (h d−1). Based on real daily produc-
tion statistics provided by the hydropower compan-
ies, we set a constant value of 10 h d−1 of turbine
activity over the entire study period. This value is
consistent with daily production values from other
SHPs (Zhang et al 2007, Varun et al 2012, Pang
et al 2015). We obtained the Net C flux100 by sub-
tracting the C flux associated with the dam con-
struction and subsequent flooding over 100 years
(Post - impoundment C flux100; in g CO2e 100 yr−1)
from the potential C flux in the same study area
if not flooded (Pre - impoundment C flux100; in g
CO2e 100 yr−1) over the same time horizon:

Net C flux100 = Post - impoundment C flux100

−Pre - impoundment C flux100. (2)

Table 1. Design operational and morphometrical characteristics of the four SHPs.

Operational characteristics Morphometrical characteristics

SHP Operation type
Installed power
capacity (MW)

Annual power
production
(GWh yr−1)

Power density
(MW km−2)

Extraction
depth (m)

Total storage
capacity
(hm3)

Total
surface

area (km2)
Dam

height (m)

1 Non-storage SHP 0.3 1.10 57.7 0 (surface) 0.007 0.005 2.0

2 Non-storage SHP 0.3 1.10 49.18 0 (surface) 0.012 0.006 2.3

3 Storage SHP 1.3 4.54 0.6 25 43.7 2.0 79.5

4 Storage SHP 2.5 9.37 16.45 15 1.9 0.2 36.0
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Figure 2. (a) Diagram with flux components considered in the integrated life-cycle analysis (LCA) to assess the ‘net’ carbon
footprint (CF) of hydropower plants. Dashed and solid line box contour represent fluxes and pathways classically considered to
respectively assess the ‘gross’ and ‘net’ carbon footprint of hydropower plants (sorted by level of complexity or integration of the
model). (b) Scheme of the pre- and post-impoundment carbon flux components and surface areas considered in the LCA model.
Dashed line represents the post-impoundment reservoir surface. Note that fluxes that represent a source from the system to the
atmosphere are shown with an arrow pointing up, while fluxes representing sinks are shown with an arrow pointing down. Note
that the carbon flux between the reservoir surface and the atmosphere accounts for both the flux from the surface water (FWater)
and the flux from the surface of the emerged sediment (FDrawdown). See table S1 for detailed descriptions and calculations of the
LCA flux components. The total energy or power production (TEP) refers to the total estimated electrical production by each
SHP over its life-cycle period (i.e. 100 years).

The post-impoundment C flux100 includes (i) the
net C balance associated with the flooding of rivers

and forests (Post - impoundment biogenic C flux100,

in g CO2e 100 yr−1), and (ii) the net C flux asso-

ciated with the construction and operation of the

SHPs (Post - impoundment non - biogenic C flux100,
in g CO2e 100 yr−1). We assessed these fluxes over a

time horizon of 100 years:

Post - impoundment biogenic C flux100

=FSurface+FTurbine−FBurial (3)

Post - impoundment non - biogenic C flux100

=FConstruction+FOperation (4)

Post - impoundment C flux100

= (FSurface+FTurbine−FBurial)+ (FConstruction+FOperation)
(5)
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where Fsurface is the flux from the reservoir surface
area, Fturbine is the turbine water passage, FBurial is the
long-termC accumulation in sediments, Fconstruction is
the flux associated with the construction of the plant,
and Foperation is the flux associated with its regular
operation and maintenance.

The pre-impoundment C flux100 in equation (2)
includes the net balance of potential C fluxes in
the same reservoir area assuming it was not flooded
because of the dam construction, estimated over the
same time horizon of 100 years (figure 2):

Pre - impoundment C flux100=FRiver+FTerrestrial (6)

where FRiver and FTerrestrial are, respectively, the fluxes
from the river and terrestrial ecosystems surfaces
before the impoundment of the river.

2.3. LCA flux components
2.3.1. Post-impoundment biogenic fluxes
We determined the post-impoundment biogenic
C fluxes (except FBurial, see below) by sampling
under two contrasted hydrological conditions: winter
(January 2016 campaign) and summer (June 2016
campaign).We obtained annual C fluxes by averaging
values from these two sampling campaigns.

We estimated the C fluxes from the reservoir sur-
face area, including both the water surface and the
drawdown areas by multiplying the daily areal emis-
sion rates of each flux (in gCO2e m−2 d−1) by the
area occupied by each flux component (see extended
methodology in table S1). Large systems show high
spatial variability in C gas emission rates (Beaulieu
et al 2016). Therefore, in the two larger systems stud-
ied (SHP 3 and SHP 4), we established different
sampling zones (i.e. tail, center, and dam) based on
depth profiles. We obtained the area of each zone
by combining field depth profiles and aerial imagery
(table S3). For each SHP and date, we estimated
the C flux associated with the turbine water passage
(FTurbine) from the volume of water turbinated by the
concentration gradient between the reference water
(upstream river reach) and the reservoir water near
the turbine inflow (∆Ci, table S1). Finally, the C flux
associated with the long-term sedimentation of C in
the reservoir bottom (FBurial) was obtained from the
sedimentation rates for each system and themeasured
organic carbon content in the sediment (see extended
methodology in table S1).

2.3.2. Post-impoundment non-biogenic fluxes
We derived (not measured) the post-impoundment
C fluxes associated with the construction and oper-
ation of the power plants from the functions repor-
ted in Varun et al (2012), which allow to scale these
emissions to the type of plant, the hydraulic head, and
the installed power (see table S2).We extrapolated the
fluxes obtained for each SHP to 100 years, which is the

time horizon set for all the fluxes and studied SHPs
(see extended methodology in table S1).

2.3.3. Pre-impoundment fluxes
We determined the biogenic gaseous C fluxes (CO2

and CH4) associated with the exchange between the
atmosphere and the surface of existing ecosystems
(rivers and forests) before the river impoundment
by multiplying the current C fluxes of the upstream
riverine and terrestrial ecosystems and their relative
areas (see extended methodology in table S1).

3. Results

3.1. Areal C fluxes
The mean areal post-impoundment biogenic C flux
of the four studied SHPs was 34.2 g CO2e m−2 d−1

(range = −12.9–134.4 g CO2e m−2 d−1; figure 3(a)).
The magnitude and the relative contribution of the
different flux components to the total areal C fluxes
(turbine vs. surface vs. burial) was largely determined
by the impounded water surface area and the oper-
ation type of each SHP (i.e. non-storage vs. storage
SHPs, table 1). The two SHPs operating without stor-
age reservoirs (SHP 1 and SHP 2; table 1) showed
relatively low but positive areal C fluxes (i.e. acted
as a source of C to the atmosphere), with a major
contribution from the turbine component (74% and
93% of the areal C fluxes, respectively). The two SHPs
operating with storage reservoirs (SHP 3 and SHP
4; table 1) showed higher but opposed potential for
either storage of C in the sediment (down to −31.8 g
CO2e m−2 d−1 in SHP 3) or evasion of C gases
from the SHP surface (up to 130.3 g CO2e m−2 d−1

in SHP 4).
The areal C efflux from the surface of the two

SHPs with storage facilities (water and drawdown
zones) was dominated by CH4 (average between SHP
3 and SHP 4 = 71.4 g CO2e m−2 d−1; figure 3(b)). In
contrast, the CO2 emission flux was ofminor import-
ance in the larger systems (mean for SHP 3 and SHP
4 = 5.5 g CO2e m−2 d−1; figure 3(b)). Among the
potential pathways for CH4 evasion, the diffusive CH4

efflux contributed 74% of the total C evaded from the
surface of SHP 3, while CH4 ebullition made up 67%
of the total C evaded fromSHP4 (figure 3(b)). Finally,
the C emitted from emerged sediments was only sig-
nificant in SHP 3, accounting for up to 11% of the
total 18.8 g CO2e m−2 d−1 emission flux by the SHP
(figure 3(b)). In contrast, the evasion rates from the
water surface of SHP 4 (130.0 g CO2e m−2 d−1) were
considerably higher than those from the drawdown
area (4.98 g CO2e m−2 d−1; figure 3(b)).

Contrarily to the post-, the mean areal
pre-impoundment C fluxes from biogenic ori-
gin (i.e. areal river and terrestrial flux; g
CO2e m−2 d−1), were relatively low (always below
7.34 g CO2e m−2 d−1) and showed low variabil-
ity across SHPs and operation types (figure 3(c)).
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Figure 3. (a) Mean daily post-impoundment biogenic carbon areal fluxes of the four SHPs (b) mean daily post-impoundment
biogenic carbon areal fluxes of the four SHPs broken up by surface components: water (FWater) and drawdown (FDrawdown); and
carbon gas emission pathway: CO2 (only diffusion) and CH4 (either diffusion or ebullition). (c) Mean daily pre-impoundment
biogenic carbon areal fluxes of the four SHPs. Positive carbon fluxes represent carbon gas release from the reservoir to the
atmosphere (i.e. the flux component acts as a source of CO2 or CH4), whereas negative fluxes indicate carbon gas uptake in the
reservoir (i.e. the flux component acts as a sink of CO2 or CH4). Note that the SHPs are sorted by installed power capacity (see
table 1).

Consequently, the areal C flux balance between them
(considering the opposite direction of the two pre-
impoundment flux components) remained close to
zero in all the studied SHPs regardless of the size of
the system and its operation type (from −1.30 to
3.62 g CO2e m−2 d−1; figure 3(c)).

3.2. System-level C fluxes
The differences in C fluxes between the two types of
SHPs for both post- and the pre-impoundment con-
ditions were notorious when the surface area of each
system was considered, i.e. when addressing system-
level C fluxes (in Gg CO2e yr−1; figure S3 and table
S4). Both the net post- and pre-impoundment system
C fluxes at the annual scale were, in absolute terms,
three orders of magnitude lower in the non-storage
SHPs compared with the storage SHPs. Similarly,
the relative contribution of different C flux compon-
ents to the net SHP system balance differed between
the two operation types. In the two non-storage
SHPs, the non-biogenic C fluxes (FConstruction and
FMaintenance) and the C flux associated with the tur-
bine water passage (FTurbine) were the most signific-
ant C sources contributing, on average, 82.7% of the
total annual C emitted (table S4). In contrast, in the
two storage SHPs the non-biogenic fluxes were of
minor importance in comparison with the biogenic
C fluxes. The flux from the surface of the impound-
ment (for SHP 4) and burial flux (for SHP 3) dom-
inated the post-impoundment SHP share (96.3% in
SHP 4, and 89.6% in SHP 3). Finally, the rest of the
C flux components were less influential and similarly
important for the total annual C emission budget
(table S4). Results of the error propagation for the sys-
tem fluxes for each SHP in table S5.

3.3. Net CF
The net CF was highly variable across the 4 studied
SHPs, ranging from a sink of −3495.7 ± 767.8

to a source of 735.3 ± 472.2 g CO2e kWh−1

(figure 4). However, consistent with the individual
system C fluxes, the net CF was largely determined
by the operation type of each SHP (storage vs. non-
storage). Specifically, the net CF was higher (in abso-
lute terms) in the two SHPs with storage facilities,
while it was close to the equilibrium (net CF bal-
ance = 0 g CO2e kWh−1) in the two non-storage
SHPs.

The partition of the different CF components
also varied significantly among the four individual
SHPs but also between operation types (figure 4).
In the two SHPs with storage unit, the biogenic
components associated to the flooding of the river
system contributed to most of the resulting CF
in absolute terms. Specifically, the burial compon-
ent for SHP 3 (−5144.6 ± 757.6 g CO2e kWh−1)
and the surface emission component for SHP 4
(709.9 ± 470.5 g CO2e kWh−1) dominated their
respective CFs. Conversely, in the two non-storage
plants, the non-biogenic flux components associated
with the construction and operation of the SHPs, as
well as the turbine-derived flux contributed together
to most of the resulting CF. In this case, the partition-
ing of these three components was similar between
SHPs. The construction, operation and turbine CF
component were within the same order of magnitude
in the four 4 SHPS regardless of their size and opera-
tion type. Results of the error propagation for the net
CF for each SHP in table S5.

3.4. Storage capacity and CF of small hydropower
The water residence time of two non-storage SHPs
was much lower (few hours) than that of the two
storage plants (>55 d in both cases, table S3). The
magnitude of the gross non-biogenic CF for the
studied SHPs was low (8.0–17.1 g CO2e kWh−1) and
did not change significantly with increases in the
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Figure 4. Net carbon footprint (CF) of the four SHPs over a 100 years life cycle, and partitioned by flux component (scheme and
description of flux components considered in the CF assessment in figure S2 and table S1). Note that the y-axis scale range of the
two non-storage SHPs (SHP 1 and SHP 2) is lower than the scale of the main panel.

Figure 5. (a) Gross and net carbon footprint (CF) of HPs across a reservoir water residence time gradient. Squares represent HPs
assessed in this study. Circles represent bibliographic data from Hertwich et al (2013) (n= 73). Grey and black color represents
gross CF estimates (i.e. only accounting for post-impoundment conditions) considering respectively biogenic and non-biogenic
carbon flux components (figure S2 and table S1 for definitions). White color represents the net CF (i.e. accounting for both post-
and pre-impoundment conditions) for the studied SHPs components (figure S2). White squares with a cross represent the net CF
for the studied sites computed with the web-based GHG reservoir (G-res) tool developed by the UNESCO/IHA to unify global
hydropower CFs assessments. (b) Aggregation of individual HPs CF by installed power capacity (LHPs are HPs with installed
power>10 MW; SHPs are HPs with power capacity lower than 10 MW) and operation type (non-storage and storage). Red
circles represent medians for the different levels.

water residence time or with changes in operation
types (black squares in figure 5(a)). In contrast, the
gross biogenic CF for the studied SHPs was clearly
related to the water residence time, a pattern that

remained consistent over the larger range of sizes
reported in the literature (grey squares in figure 5(a)).
Based on this distribution, the magnitude of gross
CF observations tended to be lower and stable until a
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threshold of ca. 25 d (figure 5(a)). From this value on,
the dispersion of the CF dataset increased abruptly,
and the observations covered indistinctly all the CF
range. As an example, some of the HPs reached values
close to the equilibrium (net CF = 0 g CO2e kWh−1)
or even negative, in those situations when the burial
and pre-impoundment C fluxes were incorporated
into the CF (see figure 4).

To explore whether, reservoir hydrodynamics
associated with operation type was the most determ-
ining factor on driving the CF, we categorized the
dataset of literature values by operation type (non-
storage and storage) and by installed power capa-
city, differentiating SHPs (<10 MW) from large HPs
(LHP, >10 MW). The highest and more variable
CFs (figure 5(b)) were associated to the plants with
storage facilities, irrespective of the installed capacity
(LHPs vs. SHPs) The median gross CF for large
and small storage HPs was respectively 206.2 and
924.8 g CO2e kWh−1 (interquartile range = 1477.1
and 8164.6, respectively). In contrast, the median CF
for large and small non-storage HPs was respect-
ively 13.5 and 18.9 g CO2e kWh−1 (interquartile
range = 14.95 and 2.9 respectively).

4. Discussion

We applied a LCA to quantify, partition, and com-
pare the net CF of four temperate SHPs with differ-
ent operation designs over a 100 year time horizon.
In contrast with previous hydropower LCAs studies,
here we accounted for all potential sources and sinks
of C within the life cycle of the studied SHPs, includ-
ing both biogenic and non-biogenic sources, as well as
for the pre- and post-impoundment stages involved
in the flooding of a reservoir. Irrespective of the power
installed in the SHPs, the areal and system-level C
emissions were mostly driven by the residence time
of the impoundment water, which is, in turn, linked
to the SHP operation type. Accordingly, non-storage
SHPs were almost neutral in terms of the CF, while
SHPswith storage facilities prolonged thewater resid-
ence time in the reservoir and either acted as a source
or sink of C. Storage facilities promoted either emis-
sion of biogenic gases, mostly methane, from the sur-
face or C storage in the sediments. Our work shows
that integrative net CF examination accounting for
different operation designs is necessary to better com-
prehend the environmental impacts of SHPs.

4.1. The relevance of storage capacity for the CF of
SHPs
Dam size (e.g. height, width) influences many river
ecosystem processes, among them the likelihood of
temperature stratification or the dam’s effectiveness
as a barrier to fish migration and sediment trans-
port (Poff and Hart 2002). Dam size also interacts
with dam operations and river hydrology to influence
key hydraulic variables (e.g. water residence time, the

area and the volume of the reservoir, or its ability to
buffer peak flows), which in turn affect many differ-
ent facets of the biophysical regime (Poff and Hart
2002, Maavara et al 2020). Here we show that the
magnitude of the CFs in SHPs is also controlled by
the capacity of the SHP to store water (addressed
as water residence time), which is closely connec-
ted to the likelihood of biogenic processes associated
with the impoundment of the river and the flood-
ing of the terrestrial systems to be more or less act-
ive (Battin et al 2008). Although defined as small
hydropower according to current classification cri-
teria (Couto and Olden 2018), our SHPs with stor-
age reservoirs (SHP 3 and SHP 4) promoted pro-
cesses typically associated to lentic water bodies with
long water residence times, such as decomposition
and sedimentation of the organic matter (Catalán
et al 2016, Mendonça et al 2017). In contrast, the
hydrologic behavior of SHP 1 and SHP 2 was more
similar to that of running waters reaches with shal-
low depths and water residence times of few hours.
These conditions do not promote the development of
anaerobic respiratory processes, resulting in almost
undetectable areal rates of CH4, the flux that has
the highest contribution to the CFs of the two SHPs
with larger water storage capacity (Gómez-Gener et al
2018).

Our study also identifies biogenic C emissions
from the water surface of the two storage SHPs as
one of the major C fluxes contributing to their CFs.
The contribution of CH4 emissions to the CF was
comparable to, or greater than that of CO2, even
when not converted to CO2e units. This observa-
tion is expected in systems with significant accumu-
lation of organic matter due to water impoundment
(Maeck et al 2013). Actually, the areal CH4 emission
rates measured in the storage SHPs are comparable to
those reported from tropical reservoirs (St Louis et al
2000, Barros et al 2011, Deemer et al 2016), suggest-
ing that mid-latitude temperate reservoirs can also
emit large amounts of CH4. The main pathway of
surface CH4 emissions for the two storage systems
was ebullition. High rates of ebullitive CH4 emis-
sions were commonly paired with high rates of diffu-
sion, possibly due to dissolution of the CH4 bubbles
throughout their transit from the sediment to the
water surface (DelSontro et al 2010). Actually the areal
ebullition rates reported for SHP 4 were around the
highest ever measured from reservoir surfaces (up to
3180 mmol CH4 m−2 d−1; (Deemer et al 2016). In
contrast, CH4 emissions from the surface of the two
non-storage SHPswas very low and dominated by dif-
fusion, an observation that exemplifies the rather riv-
erine behavior of these two SHPS (Deemer et al 2016).

Another CF component that is clearly associ-
ated to the storage capacity of the SHPs is the C
burial flux, which in the case of SHP 3 was crit-
ical to define the SHP as a net CO2e sink. In this
particular SHP, the measured areal sedimentation
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rate (31.7 g CO2e m−2 d−1; figure 3) was extremely
high and clearly falls in the upper range for reser-
voirs (Mendonça et al 2017) and even for small
hyperproductive lakes draining agricultural catch-
ments (Downing et al 2008). Flooded reservoir sed-
iments can constitute relevant organic C sinks, in
whichmineralization of large inputs of allochthonous
and autochthonous organic matter is often limited by
low exposure to oxygen in the sediments (Sobek et al
2009).

Other relevant parameters associated to dam size
and water storage capacity are total surface area
and C emissions from the reservoir drawdown areas.
Drawdown areas are the margins of reservoirs that
experience water level fluctuations due to seasonal
hydrological cycles (e.g. droughts) or dam operation
(Kosten et al 2018, Marcé et al 2019). Therefore, C
fluxes associated to these areas are only relevant at the
storage SHPs, where water level oscillations allow the
exposure of emerged sediment belts. In this study, we
measured high CO2 emission rates from the draw-
down areas of the two storage SHPs. In one of the
systems (SHP 3), these emissions accounted for up to
10% of the total emissions Sediment exposure to air
promotes the aerobic respiration of organic matter,
releasing a fraction of the buried organic carbon as
CO2 to the atmosphere. Conversely, emissions of CH4

were negligible in these areas, probably due to high
oxygenation of the sediments and associated con-
straint for anaerobic processes to occur (Koschorreck
and Darwich 2003). Although traditionally ignored,
our results indicate that accounting for C emissions
(specially CO2) from drawdown areas is needed not
only to leverage the role of reservoirs in the global car-
bon cycle (Keller et al 2021) but also to better con-
strain hydropower CFs.

4.2. Gross versus net life-cycle assessments to
unravel the CF of SHP
Available quantifications of CFs for hydroelectric
energy production are highly variable (Hertwich
2013; figure 5), including values from 0.3 (Raadal
et al 2011), to values close to 53 295 gCO2e kWh−1

in tropical reservoirs (de Faria et al 2015, Almeida
et al 2019a). For small hydroelectric energy produc-
tion, results are a bit more constrained but still highly
variable, ranging from 8 to 17 071 gCO2e kWh−1

(Hertwich 2013). Although the size-range and
the methodologies used for theses estimations are
diverse, to the best of our knowledge, no previous
study has reported a negative CF, such as the one
observed in SHP 3. CFs based on gross fluxes estima-
tions have been obtained across climatic conditions,
pre-impoundment land cover types and hydropower
technologies (Kumar et al 2011, Hertwich 2013,
Scherer and Pfister 2016). However, only a limited
number of studies considers the net emissions from
hydropower (i.e. incorporating all present biogenic
and non-biogenic emissions and pre-existing natural

emissions). The extreme case represented by SHP 3
(with an absolute difference between gross and net
CF of 4403 gCO2e kWh−1, figure 5) highlights the
importance of estimating the CF of storage hydro-
electric plants through a net balance that integrates all
present and past C fluxes (Prairie et al 2018, Levasseur
et al 2021).

Aiming at unifying global hydropower CFs assess-
ments to set more solid foundations for future
decisions related to HP production and its climate
impact, the International Hydropower Association
(IHA) and UNESCO have developed the web-based
GHG reservoir (G-res) tool (Prairie et al 2017,
Harrison et al 2021). Here we used the G-res tool to
compute the CF for our four study SHPs and com-
pared the results with our own estimates (figure 5(a)).
While modeled results based on the G-res tool are
valid to predict the CFs of SHPs with shorter water
residence times (SHP 1 and 2), results from this
comparison showed a poor fit between approaches
for our SHPs with water storage capability (SHP
3 and 4). The G-res assessment framework uses a
methodology based on empirical measurements from
more than 200 reservoirs worldwide. However, stud-
ies on SHPs are underrepresented with respect to
large HPs. We suggest including a broader range of
HP sizes and typologies in the empirical relationships
driving G-res tool calculations in future updates of
the tool.

4.3. Implications for GHGmitigation
The large-scale proliferation of SHPs (Zarfl et al
2015, Belletti et al 2020, Zarfl and Lehner 2020)
has come along with efforts to improve the oper-
ation and power generation capacities, to adapt to
new social and environmental requirements, and
to develop more robust and cost-effective techno-
logical solutions (Kumar et al IPCC). Recent stud-
ies have also focused on the ecological impacts of
damming to develop tools aiming at balancing the
benefits of hydropower production with maintain-
ing ecosystem services and biodiversity conserva-
tion (Couto and Olden 2018, Lange et al 2018).
However, there are still important knowledge gaps.
For instance, there is no consensus on the use of
small hydropower as an energy source compatible
with climate changemitigation strategies (Kumar et al
2011). When assessed in relation to the power gener-
ation capacity (installed capacity) per unit of reser-
voir flooded area, the so-called power density, the
environmental footprint becomes a key criterion for
sustainable energy planning (www.iea.org/). In relat-
ive terms, projectswith lowGHGemission (e.g. oligo-
trophic reservoirs) can still have high CFs if they pro-
duce low amounts of electricity per unit flooded area
(i.e. low power density). Projects with power densities
above 4 MW km−2 are actually considered climate-
friendly and thus eligible for funding by the Clean
Development Mechanism f (https://cdm.unfccc.int).
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Figure 6. Relationship between the power density and the carbon footprint (CF) of HPs from our study (red squares) and from a
bibliographic compilation (grey circles, Hertwich 2013, n= 73; model line, Almeida et al 2019b, n= 464). For comparative
purposes, results correspond to the ‘gross biogenic’ CF (see figure S2(a)). Observations that fall both below and to the right of the
green dashed lines are plants with CF to power density ratios that satisfy sustainable electricity production goals over a period of
100 years (CFs<80 g CO2e KWh−1, International Energy Agency; power density 4 MW km−2, Clean Development Mechanism,
CDM). The ranges of carbon intensities of coal, natural gas, solar and wind power plants reported by the IPCC are shown in the
purple, grey, yellow and green bands, respectively (Kumar et al 2011), and used here as a reference.

To frame the domain in which sustainable energy
goals are satisfied (i.e. <80 g CO2eq KWh−1 and
power densities >4 MW km−2), we plotted the rela-
tionship between power density and C footprint from
a compilation of HPs (figure 6). Only around half of
the HPs fall within the domain of sustainable elec-
tricity production, an observation that is consist-
ent with results from Hertwitch (2013) and Almeida
et al (2019b). In our study, two of the four SHPs
(SHP 1 and SHP 2) satisfy sustainable energy goals
(figure 6) and result in CFs that are comparable to
those from renewable power sources such as solar
(photovoltaic) or wind. In contrast, SHP 3 and SHP
4 fall in the highest range of CFs, comparable to
those from coal and natural gas thermal plants. Given
the current boom in SHPs construction worldwide,
proper planning is crucial. Our analysis suggests that
prioritizing projects with high power densities, more
specifically non-storage SHPs that have been shown
to have the lowest generation and emission of GHGs,
can attenuate CFs of future hydropower dam port-
folios. However we want to stress that the sustain-
ability assessment discussed here was strictly based
on CFs considerations. Clearly, decisions to build
or remove HPs must involve a more diverse set of
factors including social, environmental and cultural
aspects (e.g. river ecology, deforestation, loss of biod-
iversity, human migrations). But to properly bal-
ance the social benefits of hydropower against the
social and environmental costs of damming up rivers

we need to develop more robust and reproducible
methodologies that overcome the challenges associ-
ated with hydropower CFs assessments. One of the
main challenges is the uncertainty associated with
the flux estimations for different biogenic and non-
biogenic components. For example, the emissions of
GHGs from reservoirs can be highly variable in space,
and this depends on factors such as temperature,
water depth, or catchment land cover. In addition,
reservoir are complex ecosystems that operate over
long time periods. Consequently, the environmental
impacts associated with hydropower are highly vari-
able over time due to factors such as changing cli-
mate conditions, water flow rates, and sedimentation
rates. Despite these challenges, the LCA framework
can still be a useful tool for assessing the environ-
mental impacts of hydropower, when the temporal
variability of these impacts is properly accounted for.
For example, capturing the dynamics of the system
over time might involve using new sensing or satellite
technologies to derive time-series of GHGs or remote
sensing based water level or water quality parameter
(e.g. sedimentation rates).
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