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Along with other low-carbon combustion-free energy sources, hydropower is considered a valuable tool for
mitigating the current climate and ecological crisis and achieve environmental sustainability. However, it is still
unclear to what extent hydropower is or not environmentally sustainable. The literature reveals i) that no truly
holistic assessments have been carried out and ii) that there are contradictory results and conclusions. The
present study addresses this gap by conducting a holistic assessment, using eight biophysical indicators of

different approaches, and taking two different hydropower plant schemes as study cases. The results of the
assessment show that the run-of-river hydropower plant study case is by far more environmentally sustainable
than the dam hydropower plant scheme. As hydropower schemes and sizes vary, it is highlighted the importance
of including as many indicators as possible to ensure broader and complete assessments and the avoidance of bias
in the conclusions and ease comparison with other low-carbon combustion-free energy sources and their tech-
nologies. Moreover, the present study addresses how and within which parameters the environmental sustain-
ability of hydropower is usually determined. The complementary set of indicators provided here, which have
different scope and complexity, could be adopted for improving future decision-making in energy policies and

specifically for hydropower.

1. Introduction
1.1. Hydropower and environmental sustainability

The world needs to increase the production of low-carbon combus-
tion-free (LCCF) energy' to phase out fossil fuels, fight climate change,
keep global warming below 2 °C, protect ecosystems, and achieve
environmental sustainability. This is framed within the current sus-
tainable development goals adopted by the United Nations agenda and
supported by the Intergovernmental Panel on Climate Change (IPCC,
2018; United Nations, 2019). The use of LCCF energy sources has grown
steadily from the beginning of the 21st century onwards (Ritchie, 2017).
Currently, they account for 11% of the total final energy consumption, of
which hydropower accounts for 33% (REN21, 2020). In this context,
environmental sustainability (ENSU) of LCCF energy systems needs to be
assessed, particularly hydropower, which closely interacts with terres-
trial and aquatic ecosystems and demands-resources of different natures.

A wide range of studies have addressed the environmental and ecolog-
ical impact of hydropower from different approaches and using different
methodologies and methods (e.g. Barros et al., 2011; Briones-Hidrovo
et al., 2019; Pang et al., 2015a, 2015b; Dias Coelho et al., 2017). This
has undoubtedly contributed to a better understanding of the perfor-
mance of this LCCF energy system in environmental terms.

However, few studies have aimed to precisely determine the ENSU of
hydropower (Chen et al., 2020; Kumar and Katoch, 2016; Varun et al.,
2010). A single approach was followed in some cases, being environ-
mental accounting through emergy assessment applied (Ali et al., 2020;
Chen et al., 2020; Tassinari et al., 2016). According to the literature
reviewed, however, most other studies focused on the global sustain-
ability assessment (social, economic, and environmental dimensions) of
electricity generation technologies, including hydropower. In these
cases, life-cycle assessment was found to be the most common approach
applied to assess the environmental side, where CML 2001 and ReCiPe
2016 methods were applied (Akber et al., 2017; Gaete-Morales et al.,

* Corresponding author at: Research Centre for Energy Resources and Consumption (CIRCE), University of Zaragoza, Campus Rio Ebro, Mariano Esquillor Gomez,

15, 50018 Zaragoza, Spain.
E-mail address: andreicbh86@gmail.com (A. Briones-Hidrovo).

1 In substitution of “renewable energy” term, following the proposal made by Harjanne and Korhonen, (2019). It excludes biomass unless otherwise specified.

https://doi.org/10.1016/j.ecolind.2021.107748

Received 1 October 2020; Received in revised form 19 April 2021; Accepted 21 April 2021

Available online 1 May 2021

1470-160X/© 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:andreicbh86@gmail.com
www.sciencedirect.com/science/journal/1470160X
https://www.elsevier.com/locate/ecolind
https://doi.org/10.1016/j.ecolind.2021.107748
https://doi.org/10.1016/j.ecolind.2021.107748
https://doi.org/10.1016/j.ecolind.2021.107748
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ecolind.2021.107748&domain=pdf
http://creativecommons.org/licenses/by/4.0/

A. Briones-Hidrovo et al.

2018; Kabayo et al., 2019; Santoyo-Castelazo and Azapagic, 2014). In
other cases, single environmental and ecological assessments, multi-
criteria decision analysis (MCDA), and single indicators (COy emis-
sions, land use, water consumption, etc.) were applied but to a lesser
extend (Bidoglio et al., 2018; Briones-Hidrovo et al., 2019; Dias Coelho
et al., 2017; Evans et al., 2009; Maxim, 2014; Mortey et al., 2017).

From an environmental perspective, the conclusions found in the
literature widely differ due to the size and schemes of the hydropower
plant; boundaries, scale, geographic location, approach, methodology
and method followed; assumptions and exclusions, etc. For instance,
Kabayo et al. (2019), who applied the life cycle approach, determined
that small hydro (run-of-river, average 8.6 MW) was the most environ-
mentally sustainable in Portugal, followed by large hydro. Other life
cycle approach studies reached the same overall conclusions (Atilgan
and Azapagic, 2016; Gaete-Morales et al., 2018). However, Kumar and
Katoch (2016) found that the environmental impact (degradation of
land, impact on aquatic life, land consumption, deforestation, etc.) of
small hydro (run-of-river schemes, <25 MW, India) is not small relative
to that of large hydro (dam, >100 MW). There were similarly contra-
dictory conclusions when emergy assessment was applied. For instance,
Ali et al. (2020) and Chen et al. (2020) obtained an environmental
sustainability index (ESI) below 1 for two large hydropower dam models
located in China. Conversely, Tassinari et al. (2016) obtained an ESI
range of 26 to 60 for two different large hydropower plant models (dam
and run-of-river) located in Brazil.

If the ENSU is enlarged compared to any other LCCF energy system,
Maxim (2014) applied MCDA. He ranked large hydropower as the most
(environmentally) sustainable power technology. This ranking was in
agreement with Atilgan and Azapagic (2016) and Evans et al. (2009),
even though they followed different approaches. However, Varun et al.
(2010) and Onat and Bayar (2010) ranked hydro energy only second and
third, respectively. This background reveals the contradictory and un-
certain nature of results and conclusions of the ENSU of hydropower.
Additionally, it is well-known the broad impacts of (dam) hydropower
on biodiversity (Wu et al., 2019). In this sense, it is shown that the
development of dam-based hydropower will disproportionately impact
areas of high freshwater megafauna richness (e.g., South America),
which could bring potential conflicts between climate mitigation and
biodiversity conservation (Zarfl et al., 2019). Current practices for
biodiversity impact mitigation are not enough, and including ecosystem
services in “no net loss” strategies are needed (Jones and Bull, 2020).

1.2. Energy, sustainability and development

No discussion about sustainability can occur without considering the
current climate and ecological setting and other key concepts. Sustain-
ability is defined as the goal of seeking human-ecosystem equilibrium,
and it rests on three pillars: environmental, social, and economic (Jer-
onen, 2013; UNESCO, 2019). There is a conceptual difference between
weak and strong sustainability. As represented by classical economics,
weak sustainability expresses that natural capital can be substituted by
produced capital. In turn, strong sustainability, framed within the field
of ecological economics, argues that natural capital is non-substitutable
(Neumayer, 2003; Romero and Linares, 2014).

On the other hand, sustainable development refers to temporal pro-
cesses and pathways that lead toward sustainability (UNESCO, 2019;
Shaker, 2015). Sustainable development was globally defined as that
which “meets the needs of the present without compromising the ability of
future generations to meet their own needs” (WCED, 1987). Currently, the
United Nations pursues a set of 17 sustainable development goals
(United Nations, 2019).

The use of the term “development” is widespread. Still, the concept
remains vague and relies on beliefs and assumptions about social
progress (Rist, 2007), being firmly attached to the notion of economic
growth (Escobar, 2015; Rist, 2008). Rist (2007) defines development as
“the general transformation and destruction of the natural environment and
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of social relations to increase the production of commodities (goods and
services) geared, through market exchange, to effective demand.” The level
of development achieved by a given society has mainly been measured
through economic growth. That is the increase in the gross domestic
product of a country (Robra and Heikkurinen, 2019). Bearing these
definitions in mind, the extensive associated literature exposes the
following findings and conclusions:

e No country meets the basic needs of its citizens at a globally sus-
tainable level of resources use (O’Neill et al., 2018).

e Economic growth combined with LCCF energies deployment con-

tributes to biodiversity loss via greater resource consumption and

higher emissions (Otero et al., 2020; Rehbein et al., 2020; Sonter

et al., 2020).

There is a lack of robust evidence that absolute decoupling between

economic growth and resources consumption can be achieved

globally (Hickel and Kallis, 2019; Vadén et al., 2020).

Sustainable development goals are inconsistent and act as a smoke-

screen for future environmental destruction (Hickel, 2019; Zeng

et al., 2020).

o Green economic growth, which relies on the generalisation of LCCF

energies and bioenergy, is unfeasible since it would decrease the

(standard) Energy Returned on Energy Invested (EROI) below the

thresholds required to sustain the current level of industrialisation

(Capellan-Pérez et al., 2019).

Renewable (energy) does not mean sustainable (Harjanne and

Korhonen, 2019).

e Green growth would not keep the global temperature below 2 °C,

making it incompatible with world climate policies (Nieto et al.,

2020).

It is unlikely that LCCF energies altogether with bioenergy can meet

the current power demand (Moriarty and Honnery, 2016).

Finally, the availability of crucial metallic minerals is likely to be

undermined due to the global energy transition (Valero et al., 2018b,

2018a).

1.3. Goal of the study

Despite these efforts, the ENSU of hydropower and its different
models is still unclear from a holistic? perspective. In this context, from
the literature reviewed, it was inferred that studies concerning the ENSU
of hydropower are still rare; existing studies follow a single approach (e.
g., Atilgan and Azapagic, 2016; Nautiyal and Goel, 2020; Santoyo-
Castelazo and Azapagic, 2014); single environmental indicators are
commonly used (Mekonnen and Hoekstra, 2012; Varun et al., 2010); the
ENSU of hydropower is often determined on the basis of comparative
electricity generation system analysis (Gaete-Morales et al., 2018;
Kabayo et al., 2019), hydropower schemes are not directly compared
with one another from a variety of approaches within environmental
perspective (e.g., Maxim, 2014; Pang et al., 2015a); conclusions are
found to be often contradictory; the ENSU operates within a weak sus-
tainability framework; and lastly, existing studies do not use more
complex biophysical indicators or present a holistic assessment (Nau-
tiyal and Goel, 2020).

Therefore, this study aims to fill these gaps by undertaking a holistic
assessment of the ENSU of hydropower. Eight biophysical indicators of
different approaches and levels of complexity in their calculations were
selected. For that purpose, two hydropower schemes as case studies
located in Ecuador were analysed. In this way, an overall analysis of the
contributions and constraints of each indicator is provided. The value of
said indicators for a broader and complete ENSU assessment was dis-
cussed after that. The extent to which hydropower is or is not sustainable

2 From the term holism which is the tendency to look at an object as a whole;
it addresses complexity and it opposes to reductionism (Verschuren, 2001).
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is evaluated, with the final aim to provide some guidelines for better
decision-making in hydropower policies. The structure of the paper is as
follows: Section 2 provides the addressed indicators, characteristics, and
main calculations. In section 3, hydropower case studies are presented.
Section 4 provides the results, their discussion, and further implications
of the future development of hydropower based on this ENSU. Finally,
conclusions are given in Section 5.

2. Methodology

The holistic ENSU assessment of hydropower is based on eight bio-
physical indicators, which are described below. These include six widely
applied indicators (carbon footprint, energy returned on energy inves-
ted, exergy replacement cost, water footprint, water—carbon nexus, and
environmental sustainability index) and two additional indicators
(ecosystem services efficiency and biocapacity impact) recently pro-
posed by Briones-Hidrovo et al. (2020, 2019). By considering a holistic
approach within an environmental perspective, these indicators were
selected according to the type (e.g., resources, energy, emissions, sus-
tainability), approach (e.g., donor-side, user-side, life cycle, ecological
economics), time scale (e.g., life cycle), quantity and quality represen-
tation of results (e.g., exergy, the volume of water), and data availability
(Table 1). Detailed information about the calculation of each indicator
can be found in the Supplementary Material.

2.1. Carbon footprint

Carbon footprint (CF) is defined as the sum of greenhouse gases
(GHG) emissions and removals in a product system, expressed as the
carbon dioxide equivalent (CO2.¢q) and based on a life-cycle assessment
using the single impact category of climate change (International Or-
ganization for Standardization, 2018). As far as hydropower projects are
concerned, there are several GHG sources, depending on the model. For
instance, GHG emissions in dam hydropower plants are related to pre-
impoundment, both at the reservoir and downstream (Barros et al.,
2011; Jiang et al., 2018; Kemenes et al., 2016), as well as its construc-
tion. Following ISO 14067 guidelines, the carbon footprint of hydro-
power (CFy) was determined as follows (Briones-Hidrovo et al., 2017):

Table 1
Summary of addressed indicators and their main characteristics.
Indicator Abb Time Approach” What it
scale measures
Carbon CFy Life cycle User-side, Life GHG emissions
Footprint cycle
Ecosystem ESEy Yearly Donor-side, Values and
Services Ecological benefits to
Efficiency economics people
Exergy ERCy  Thanatia”  Donor-side, Exergy cost of
Replacement Thermodynamic Minerals
Cost
Energy Return EROIy n/a User-side, Cost- Quantity and
on Energy benefit quality of fuels
Invested
Water Footprint WFy Life cycle User-side, Life Quantity of
cycle water resource
Water-Carbon WCNy  Life cycle User-side, Nexus Link between
Nexus water resource
and carbon
emissions
Environmental ESIy Yearly Donor-side, Sustainability of
Sustainability Thermodynamic the system
Index
Biocapacity Biy Yearly Donor-side, Ecosystem
Impact Thermodynamic® capacity loss

A Based on Romero and Linares (2014).

B It refers to the baseline Crepuscular Earth model of the theoretical dispersed
Earth proposed by Valero et al. (2011a) and Valero et al. (2011b).

€ Following emergy principle.
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CFy=C+E+R+X 1)

C, R, and X are the GHG emissions generated by the construction, the
reservoir, the turbines, spillways, and downstream, respectively; E
stands for losses in the terrestrial ecosystem and, hence, the loss of
carbon sequestration and storage capacity.

2.2. Ecosystem services efficiency

The Ecosystem Services Assessment (ESA) entails either the bio-
physical or the monetary valuation of the ecosystem services (ES) pro-
vided by identified ecosystems from an ecological, economic
perspective. Harnessing one or several ES (e.g. water) implies the
degradation or even the loss of other ES, thereby directly and indirectly
undermining the benefits and welfare of human beings (Millennium
Ecosystem Assessment, 2005). In this sense, the hydropower ecosystem
services efficiency (ESEy, dimensionless), defined as the ratio between
the total economic value of ES before and after the construction of hy-
dropower, is regarded as the best way to assess the impact of hydro-
power upon the ES framework (Briones-Hidrovo et al., 2019). Then,

ES,
ES,

ESEy = 2)

where ES is the total value of all ecosystem services supplied before (b)
and after (a) the construction of the hydropower project, in $/year.

2.3. Exergy replacement cost

The development and implementation of LCCF energy technologies
are highly dependent on both fuel and non-fuel mineral resources. These
resources can be assessed from a thermodynamic perspective. The
exergy of a mineral deposit is defined as the minimum energy required
to restore the mineral deposit from a degraded state to natural condi-
tions. The exergy of a mineral is based on two main components: the
chemical composition and the concentration (Valero et al., 2014). In this
context, the exergy replacement cost (ERC) can be used as an indicator
to determine the sustainability of non-renewable resource depletion
caused by the construction of a hydropower plant (Valero et al., 2013;
Whiting et al., 2017):

_ SERCy X my + Y ERCy X my

ERCy = 36 3)

ERCy is the total exergy replacement cost of hydropower in TWhex.
ERC and m are the exergy replacement cost (GJ/t) and the quantity (t) of
fuel F and non-fuel N minerals used throughout the life cycle.

2.4. Energy returned on energy invested

The energy returned on energy invested (EROI) standard dimen-
sionless indicator can be regarded as a means of measuring the quality of
various fuels. It is defined as the ratio between the energy delivered by a
particular fuel and the energy invested in the capture and delivery of this
energy (Hall et al., 1979, 2014):

Ep
EROIy = . (©)]

R

where EROIy is the energy returned on energy invested of hydropower,
Ep is the energy delivered by the system, and Ep is the energy required to
deliver Ep, and both are expressed in the same energy units.

2.5. Water footprint
The water footprint (WF) measures the appropriation of freshwater

resources by humans. This appropriation is related to water volumes
consumed (evaporated, incorporated into a product) or polluted
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(Mekonnen and Hoekstra, 2011). Water consumption also includes the
water that evaporates, is consumed either by humans or livestock, does
not return to the river basin, and is diverted from surface-water sources
(Bakken et al., 2017; Pfister et al., 2011). Different methods and ap-
proaches are currently used to determine the WF of a product or service
(Quinteiro, 2018). Bearing in mind the complexity of hydropower gen-
eration when it comes to water resources, the water footprint of hy-
dropower (WFy, hm3/GWh) is determined following the methodology
proposed by Dias Coelho et al. (2017) in which net evaporation, water
diversion, and withdrawal are closely connected:

(Eo — E\)+Wa,,

WFy = P

(5)
where E; is the evaporation from the reservoir (hm3/year), Ey is the
evapotranspiration before dam construction (hm>/year). Wgw is the
water volume either diverted or withdrawn that does not return to the
watershed (hm®/year). P is the average hydropower generation (GWh/
year).

2.6. Water—carbon nexus

Hydropower is usually implemented to diminish GHG emissions.
However, this implies the use and consumption of water resources.
Hence, CF and WF complement each other. Following Zhang et al.
(2018), the water—carbon nexus of hydropower (WCNp, ms/kg CO2.¢q)
expresses the quantity of water that needs to be consumed to reduce a
unit of CO, emissions:

We

WCNu = (eF Ry x P ©

where Wc is the total annual water consumed (m3/year), CF; and CF,
are the GHG emissions of the locally replaced fossil-fuel power plant and
hydropower project, respectively (kg CO..q/MWh); P is the average
hydropower generation (MWh/year).

2.7. Emergy assessment

The term “emergy” follows Odum’s theory of energy quality. Emergy
is defined as the availability of energy (exergy) of one kind (usually
solar) used in transformations both directly and indirectly to provide a
given flow or storage of energy or matter. The unit of emergy is the solar
emergy Joules, seJ (Brown and Ulgiati, 2004a). In emergy analysis, the
overall environmental load and the sustainability of a given system is
determined using an eco-thermodynamic approach (Pang et al., 2015a).
In this regard, the Environmental Sustainability Index of hydropower
(ESIy), based on the Emergy Yield Ratio (EYRy) and the Environmental
Load Ratio (ELRy), is calculated following Pang et al. (2015):

u
EYRy  Fiim
T NAFytLy-gs
ELRy R+Fr

ESIy = ()]

where U is the total emergy use, N is the free local non-renewable re-
sources, R is the free local renewable resources, F is the total resources
purchased from the economy (inputs), Fy is the non-renewable fraction
of the purchased inputs, Fg is the renewable fraction of the purchased
inputs, and Lgg is the ecosystem service losses which are regarded as
non-renewable (Ly.gs).

2.8. Biocapacity impact

Biocapacity refers to the amount of biologically productive land and
water areas available. In other words, ecosystems can produce biological
materials and absorb waste material generated by humans under the
current management schemes and extraction technologies and within
the boundaries of a given country (Lin et al., 2019). In this sense, when a
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hydropower project is developed, biologically productive land and
water are usually lost. Consequently, ecosystem services are also lost.
The hydropower biocapacity impact (Big, %) variable aims to link bio-
capacity and ecosystem services and, accordingly, to evaluate the
impact of a hydropower project on the biocapacity of a given country.
Based on the previously defined ecosystem services and emergy assess-
ment, the Biy is calculated as follows:

BiH =

Em, ®

Emy, is the emergy related to ES losses and the extraction of local non-
renewable resources involved in the construction of hydropower pro-
jects. Em, is the total renewable emergy inputs in a country, including
local non-renewable resource extraction such as forestry, fishery, and
topsoil. These inputs are taken into consideration because they consti-
tute the flows that contribute to the natural operation of ecosystems,
allowing both the production of goods and services and the absorption of
waste materials (Coscieme et al., 2014).

3. Case studies
3.1. Hydropower and the energetic matrix of Ecuador

Based on its Constitution (2008) and following the Buen Vivir Na-
tional Plan (Senplades, 2009), Ecuador has aimed to change its energetic
matrix to reach energy sovereignty and environmental sustainability,
being the power generation sector the central axis. In this context, it was
planned to substitute fossil fuel-based power generation for LCCF energy
sources, specifically hydropower (MEER, 2012). The country has a
techno-economic hydropower potential of 21.5 GW, 90% in the
Amazonian Slope. Thus, most developed and projected hydropower
plants are located in hilly areas (see Fig. 1). From 1990 until 2007,
Ecuador had barely developed less than 10% of its hydropower potential
(Castro, 2011; Meer, 2012). To date, the country has a hydropower
installed capacity of 5.06 GW, generating 88% of national electricity
demand® (Arconel, 2018a).

The accelerated deployment of hydropower was due to the hydro-
power potential and the environmental sustainability improvement of
the power sector and sought socio-economic changes and development.
In this sense, an entire hydropower-based power generation was aimed
at introducing induction cooking, electric water heaters, electric vehi-
cles to reach 100% electrification coverage. New electricity demand in
the industrial sector (mining, cement, and steel) replacing fossil fuels
and supporting new transportation systems such as tram and subway
would turn the country into a net electricity exporter (MEER, 2012).
This way, the country would reduce the imports of petroleum products
and stop importing electricity from Colombia and Peru. Nevertheless,
Carvajal et al. (2017) indicated that hydropower generation in Ecuador
is highly uncertain and sensitive to climate change which could put at
risk the power generation system and trigger side effects such as the run
of oil-based power plants and increase national greenhouse gases
emissions. Moreover, the authors highlighted that dam-based hydro-
power plants are less sensitive than run-of-river hydropower plants, and
they presented a specific climate-risk control advantage. Therefore, the
study Carvajal et al. (2017) put into question to what extent hydropower
should be developed.

3.2. Hydropower plants
Two different hydropower plant schemes were analysed: Baba hy-

dropower plant (BHP), with an installed capacity of 42 MW and is
located on the central coast of Ecuador (Pacific slope) (Fig. 1). With a

3 https://www.regulacionelectrica.gob.ec/balance-nacional/
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Fig. 1. Locations of Baba and Mazar-Dudas hydropower plants.
Source: Arconel, 2018b

reservoir covering 1100 ha, BHP is part of a multipurpose project and
generates 161 GWh/year (Fig. 1). Its particular design means that this
multipurpose project transfers both the turbinated and spilled water
(2773 hm®/year) to a second hydropower plant called Marcel Laniado
Wind 213 MW. Consequently, an extra 439 GWh/year is generated
indirectly. Therefore, a total average of 600 GWh/year is transferred to
the grid. The second case is the Mazar-Dudas hydropower plant (MDHP),
a run-of-river scheme located on the Amazonian slope. It is a set of three
hydropower exploitations with an aggregate installed capacity of 21
MW and generation of 125 GWh/year on average (Fig. 1) (Briones-
Hidrovo et al., 2017).

4. Results and discussion

The results obtained for all indicators in each of our case studies are
summarized in Table 2. Based on the eight indicators adopted, MDHP
outperformed BHP in all factors except for the EROI indicator. This
exception is the result of water transfer and the interplay of a second
hydropower plant, which also benefits the CF of BHP. However, WF
worsened, being more significant than the indicated range. The most
remarkable differences were found in the CF, WCN, and Bi indicators.
Some results were found to be similar to those reported in the literature.

In contrast, some were found to be either within or outside the
presented range (Table 2). For instance, the CF of MDHP is slightly
below the range. The EROI of both BHP and MDHP are three and six
times higher, respectively, than the average found in the literature, and

Table 2
Results of the indicators addressed for hydropower case studies.

Indicator  Unit BHP  MDHP Literature reference values
CFy kg CO». 150 3.26 4-5000 (Briones-Hidrovo et al.,
e/ MWh 2017; de Faria et al.,
2015; dos Santos et al.,
2006)
ESEg - 0.57 0.83 - -
ERCy TWhgy 9.29  3.39 - -
EROIy - 332 145 84 (Hall et al., 2014)
WFy hm®/ 4.64 0.43 0-3 (Dias Coelho et al., 2017;
GWh Mekonnen et al., 2015)
WCNy m’/kg 7.36  0.55 0.70 (Zhang et al., 2018)
COZ-eq
ESI; - 0.31 97 0.37-4.77 (Chen et al., 2020; Pang
et al., 2015a; Zhang et al.,
2014)
Biy % 0.18  0.003 - -

the ESI of MDHP considerably exceeds the range. As ESE and Bi were
proposed indicators, there were not values of references to compare. The
same applies to the ERC since it has not been previously calculated in the
literature. Hence, it precludes having any possible reference and com-
parison. It should be noted that specific indicators were calculated so
that their results differed from the reference values due to the infor-
mation. Hence, reference values serve only as guidance. For instance,
both CF results of BHP and MDHP included all sources of GHG emissions
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(e.g., ecosystem loss, reservoir, etc.), thereby distinguishing this way
from common hydropower CF or life cycle studies. Another example is
ERC that not only metallic minerals but also mineral fuels were
included. In the emergy assessment, ecosystem services losses were
considered what hence turned out in a lower ESI for BHP.

In comparison, MDHP obtained a greater ESI, far from the range. WF
included evapotranspiration and its balance; that is to say, the evapo-
transpiration before and after reservoir construction in the case of BHP,
differing likewise from common hydropower WF studies. What is more,
water transfer was considered as consumption following the WF
concept. This is why the WF of BHP resulted in being out of the range
despite increasing the net electricity generation injected into the grid. In
the case of MDHP, its WF included the decrease of water availability
within the watershed. Remarkably, the WCN was adapted and based on
the nexus of CF and WF, differing this way from the original proposal of
Zhang et al. (2018), who instead considered the water storage capacity
of the reservoir. Details of calculations can be found in Supplementary
Material.

Each addressed indicator aims to express certain information in a
specific manner and it measures a well-defined aspect of the global
sustainability landscape (Romero and Linares, 2014). However, in-
dicators fail to yield a broader and deeper perspective due to their
limitations (e.g., exergy, Maes and Van Passel (2014); CF, Laurent et al.
(2012); WF, energy, Laurent and Owsianiak (2017)) that instead make
indicators to complement each other. Moreover, the relevance of each
indicator depends not only on the system under analysis but also on the
geographic location and local ecosystems. For instance, WF could be
highly important in the case of hydropower. However, this indicator is
limited to indicate the quantity of water consumed; a contained and
shared information, for instance, by ESE indicator. As Ecuador has
plenty of water resources, the WF indicator is not quantitatively relevant
enough for environmental sustainability assessment. Therefore, the
quality of water, to what extent it is degraded, and the effects on eco-
systems processes cannot be known.

Consequently, quality aspects of water and impacts on ecosystems
are instead contained and expressed by ESE and Bi indicators. These
indicators altogether with CF, WF, WCN, and ESI are framed and limited
to ecosystems and renewable resources, exposing quantitative infor-
mation except for ESI and Bi. By contrast, EROI and ERC are both
qualitative and donor-side indicators, which are limited to energy,
exergy, and non-renewable resources.

Common environmental sustainability assessments of hydropower
include one or two biophysical indicators at most, being carbon emis-
sions (kg CO2../MWh) the most widely used (Nautiyal and Goel, 2020).
In this sense, several studies did not conclude whether to what extent
hydropower schemes should be or not developed (Atilgan and Azapagic,
2016; Kabayo et al., 2019; Varun et al., 2010). Furthermore, the actual
biophysical impact was unknown. The pattern of having close results
between different hydropower schemes and sizes is commonly found in
the literature. In such cases, environmental data were poorly considered
(Akber et al., 2017; Maxim, 2014; Santoyo-Castelazo and Azapagic,
2014).

Consequently, one could not certainly tell whether hydropower and
overall LCCF energy systems are environmentally sustainable. Even
when studies determined the environmental unsustainability of hydro-
power from one single approach (Chen et al., 2020; Pang et al., 2015a),
it is worth having the whole picture of the environmental issues of the
LCCF energy system under analysis to contrast with the national con-
ditions (ecosystems, renewable and non-renewable resource, energy
matrix, etc.). On the other hand, it should be noted that the type of in-
dicator and approach considered is highly relevant and how it is
calculated, and what data is included.

The literature indeed shows conclusions of various hydropower case
studies that oppose and questions each other. For instance, Laborde et al.
(2020) contradict Gaete-Morales et al. (2018) by pointing out that plans
to exploit substantial hydropower potential in Chile directly oppose the
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requirement to protect unique native freshwater fish fauna. Further-
more, Chile is a water-stressed country (Mekonnen and Hoekstra, 2016),
which could be conflicting with water resources and biodiversity.
Likewise, Kumar and Katoch (2016), who addressed the ENSU of run-of-
river hydropower plants in India, argue that the impact of small hy-
dropower plants is proportionally more significant than that of large
hydropower plants. That goes in hand with the conclusions reached by
Bidoglio et al. (2018). Conversely, Nautiyal et al. (2011) and Varun et al.
(2010) put hydropower as an environmentally sustainable power gen-
eration option. In this same vein, the results of Tassinari et al. (2016) fall
in contradiction with what has been stated by other authors concerning
hydropower development in Brazil (Fearnside, 2014; Kahn et al., 2014).
Lastly, on the emergy approach side, the results obtained by Chen et al.
(2020) and Zhang et al. (2016) suggest that hydropower is environ-
mentally unsustainable in China since the ESI is below 1. However, those
results conflict with the studies and results of Zhang et al. (2014) and Cui
et al. (2011), who obtained ESI above 1.

As discussed above, even though the existing methodologies and
approaches for determining the environmental and ecological impacts of
hydropower, it is still difficult to be assertive concerning its sustain-
ability in environmental terms. The confusing picture arises from
insufficient information, which leads to uneven and unreliable sustain-
ability weighting processes. In this manner, the inclusion of more in-
dicators could provide a better picture of each LCCF energy system, and
hence, the ENSU of different LCCF energy systems could be determined
more reliably while also considering the availability of local resources
and ecological conditions. As pointed out by Nautiyal and Goel (2020),
there is little merit in predicting the (environmental) sustainability of
hydropower projects without considering nearly all forms of associated
biophysical impact.

4.1. Reframing the environmental sustainability of hydropower

In addition to the given sustainability and development background,
it should also be borne in mind that the economy is an open subsystem
integrated into the global system —Planet Earth—, and that the societal
and economic dimensions cannot be divorced from the ecological
dimension (Daly and Farley, 2004; Martinez-Alier, 2015). In this
context, the analysis of the environmental sustainability of hydropower
can be carried out from two perspectives: i) the reference energy system
and ii) the biophysical boundaries.

4.1.1. From the perspective of energy system

Suppose the reference energy system is a fossil-fuel power plant (a
joint base scenario). In that case, two main justifications for hydropower
deployment and development can be applied: i) the reduction in con-
sumption of fossil fuels, and hence the reduction of GHG emissions,
which is linked to energy-climate policies; and ii) the use of a renewable
resource such as water, which is an endless and clean energy source. In
this way, both BHP and MDHP are undoubtedly more environmentally
sustainable than fossil fuels in quantitative terms (e.g., GHG emissions),
as demonstrated by several studies (Gaete-Morales et al., 2018; Kabayo
et al., 2019). Thus, it is the usual reasoning behind public energy pol-
icies: for instance, in Ecuador during the period 2007-2017 (MEER,
2012; SENPLADES, 2009) or in countries such as China, Turkey, or
Austria, which are either highly dependent on fossil fuel to produce
electricity or still need to import fossil fuels (Erdogdu, 2011; Li et al.,
2018, 2015; Wagner et al., 2015).

However, suppose the reference energy system is another hydro-
power project (second option). In that case, BHP is much less environ-
mentally sustainable than MDHP, as has been demonstrated in
qualitative-quantitative terms. The third option is to consider other
LCCF energy systems for reference, for instance, an onshore wind power
plant. According to the literature, they have an average CF of 12 kg CO».
eq/MWh (Dolan and Heath, 2012), an average EROI of 18:1 (Hall et al.,
2014), an average WF of 21.6 m3/GWh (Mekonnen et al., 2015) and an
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ESI of 25.4 (Brown and Ulgiati, 2004b). In this case, only MDHP would
still be more efficient and environmentally sustainable; it has greater
EROI and ESI and a lower CF, although its WF is higher than in BP.
Besides, hydropower is highly reliable and flexible and does not suffer
intermittency (Evans et al., 2009). Unfortunately, the evidence is that
both the second and third options are rarely adopted. It is taken for
granted that LCCF energies such as hydropower plants (HP) are envi-
ronmentally sustainable and helpful tools to fight against climate
change. And it is assumed independently from the HP type, despite
existing evidence to the contrary (Briones-Hidrovo et al., 2020; Gibson
et al., 2017; Kahn et al., 2014).

4.1.2. From the perspective of biophysical boundaries

A fourth option is to analyse the ENSU of hydropower from the
perspective of biophysical boundaries. In this regard, the central ques-
tion is how many hydropower plants can be built within the national
biophysical boundaries. Since 2007, public energy policies in Ecuador
have aimed to exploit hydroelectric potential as a vital component of the
energy matrix shift. Following this, countless hydropower projects have
been planned to meet current and future national electricity demand
more sustainably (ARCONEL, 2015; MEER, 2012).

According to Moriarty and Honnery (2016), LCCF energy and bio-
energy potential should be limited if ecosystem services are to be
maintained, which agrees with the conclusions reached by Briones-
Hidrovo et al. (2019). Furthermore, they argue that the energy costs of
maintaining ecosystem services also rise with LCCF energy and bio-
energy output, particularly for bio and hydro energy. Gasparatos et al.
(2017) presented solid evidence that LCCF energy and bioenergy
expansion causes habitat changes and loss, leading to changes in the
ecosystem and biodiversity loss. Concerning this, the deployment and
acceleration of dam construction will increase even more the already
large number of fragmented rivers worldwide. Currently, only 23% of
rivers (of over 1000 km in length) flow into the sea uninterrupted (Grill
et al., 2019; Zarfl et al., 2015).

Moreover, LCCF energies add to fossil fuel power capacity instead of
replacing them (York and Bell, 2019). In this sense, and considering the
background presented, it could be argued that the ultimate drivers
behind the implementation of LCCF energy sources such as hydropower
are economic growth and development, thereby making LCCF energies
environmentally unsustainable. York and Bell (2019) have also revealed
that a full energy transition will not be achieved by merely promoting
LCCF energy and bioenergy according to historical energy patterns.
They claimed it should not be assumed that an increase in LCCF energy
production is equal to moving away from fossil fuels.

Secondly, based on the evidence, it can be argued that environmental
sustainability should be a matter of limits (Fitzpatrick and Mullally,
2019; O’Neill et al., 2018) and, therefore, be regarded as the starting
point of any ENSU assessment. Because of the false dichotomy between
LCCF energies and fossil fuels,” the overall development of any LCCF
energy project is not called into question, and biophysical boundaries
are overlooked. Accordingly, not only should the most environmentally
sustainable models be promoted (for instance, MDHP), but the
maximum amount of LCCF energy resource to be exploited without
crossing local biophysical boundaries should be clearly defined.

4 Energy and climate public policies focus on promoting renewable energies
and decarbonising the economy in order to mitigate climate change, under the
green growth paradigm. This is a central target for the current sustainable
development goals (United Nations, 2019). In this context, climate change is
perceived solely in terms of emissions and the source of energy (fossil fuels).
The confrontation between fossil fuels and renewable energies precludes rec-
ognising the existence of biophysical boundaries and the need for a post-growth
approach in order to limit global warming to 1.5°C and prevent the loss of
ecosystems and biodiversity (Gielen et al., 2019; IPBES, 2019; Nieto et al.,
2020).
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Both hydropower case studies are a good illustration of the given
arguments. The more MDHP-type facilities built, the more significant
the impact on resources, ecosystems, and biodiversity. For instance, one
MDHP has a Bi equal to 0.003% of the actual national biocapacity, but
100 MDHP would lead to a biocapacity impact of 0.3%. Likewise, ten
BHP-type facilities would lead to a biocapacity impact of 1.8%. There-
fore, limits should be considered if resources, ecosystems, and biodi-
versity are to be preserved, especially in Ecuador, which is characterized
by its great biological diversity. It should be noted that hydropower
potential, as in the case of MDHP, is limited by geographic and hydro-
logical conditions. Finally, it is worth noting that a weighting process is
not introduced since this would unduly simplify and limit the informa-
tion conveyed by each indicator.

4.2. Implications for future hydropower development

Since the world is facing a climate-ecological crisis, the deployment
and development of hydropower should be taken with more caution due
to the environmental impacts and sustainability at the national level. In
this sense, addressing such indicators presented in this study will allow
decision-makers to be well informed of the environmental performance
of each hydropower project in a broader sense. That would change how
this LCCF energy source is conceived and the environmental implica-
tions of becoming the country as a net energy exporter. Application of
the whole set of indicators is highly encouraged in the new HP projects
in Ecuador, taking into account its energy planning based on several HP
projects and specific locations similar to the two case studies here
presented.

By establishing such a set of biophysical indicators as part of the
environmental assessment and taking the biophysical boundaries as the
base point, the national hydropower potential will be affected, reducing
it to set environmental sustainability parameters. This way, the
ecological flow, the schemes of hydropower plants, and power genera-
tion planning would be reframed altogether with power demand.
Moreover, it would allow in-depth analysis and better comparison
among LCCF energy system options. It means that alternatively, other
sources of LCCF energy sources should be considered (Moya et al., 2018)
and compared with hydro energy to be assertive with the best envi-
ronmentally option to be developed.

The holistic environmental approach adopted in this study should be
later included in a global sustainability assessment where the need for
new LCCF energy systems for power generation is questioned and dis-
cussed. Furthermore, hydro energy policies should be reframed to pro-
tect and restore ecosystems and biodiversity while achieving
environmental sustainability.

5. Conclusions

The current study addresses the environmental sustainability of hy-
dropower using eight biophysical indicators. For such purpose, two
different hydropower plants schemes are taken as study cases. From the
results, several conclusions are drawn. Firstly, it is demonstrated that
MDHP (run-of-river scheme) is by far more environmentally sustainable
than its counterpart, BHP (dam scheme). This then suggests that all
hydropower plants are not environmentally sustainable in an equal
manner, and therefore, the implementation of dam-based hydropower
plants should be taken with caution. This suggestion agrees with the
conclusions reached by previous studies that highlight the high impact
of dam-based hydropower plants on biodiversity, especially in tropical
areas. Secondly, it is found that using fewer indicators leads to uneven
and unreliable environmental sustainability weighting processes.
Hence, the more indicators are taken into account, the better the un-
derstanding of the environmental performance of hydropower will be.
Thirdly, the proposed assessment in this work allows having more robust
criteria for decision-making processes and energy policies at the na-
tional level. Fourthly, depending on the energy system of reference, the
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environmental sustainability of hydropower could be taken either as
positive or negative. Accordingly, both different hydropower sizes and
schemes as other LCCF energy systems should be considered for com-
parison purposes. Finally, the proposed assessment is not restricted to
the indicators here addressed, and hence, other indicators should be
included when possible. Likewise, extending and applying the proposed
assessment to other LCCF energy systems is suggested, contributing this
way with a fair and equitable comparison. Lastly, biophysical bound-
aries should be included in future environmental sustainability assess-
ments if ecosystems and biodiversity are to be preserved. This should be
extended to all LCCF energy systems.
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