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Introduction 
Globally, hydropower stands out as a leading 
renewable energy technology globally, offering 
substantial potential for clean electricity 
generation (Geller & Meneses, 2016; Mao et 
al., 2017; Singh & Singal, 2018; Xue & Sun, 
2018; Adamu et al., 2018; Kuniyal et al., 2019). 
Due to its ability to harness the kinetic energy 

of flowing or falling water such as rivers and 
dams, hydropower is widely recognised for 
its sustainability (Geller & Meneses, 2016). 
Hydropower sustainability is paramount across 
various industries, particularly in achieving 
environmental and economic goals.
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Abstract: Hydropower is a critical renewable energy technology with the potential to 
contribute significantly to the global clean energy transition. However, despite its many 
advantages, hydropower development faces complex sustainability challenges, including 
environmental degradation, social displacement, and fluctuating economic returns. These 
challenges highlight the need for a comprehensive assessment of hydropower projects 
across multiple dimensions of sustainability. This study aims to evaluate the sustainability 
of hydropower by conducting a Systematic Literature Review (SLR) of 65 peer-reviewed 
articles published between 2012 and 2022. It follows Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) standards to analyse key environmental, 
social, economic, technical, and policy barriers to sustainable development. The review 
systematically examines findings from these studies, identifying recurrent themes and 
critical barriers. The results reveal that while hydropower can enhance energy security 
and reduce carbon emissions, its implementation often leads to ecological disruption, 
community displacement, and varying economic benefits. The study underscores the 
necessity for robust policy frameworks, advanced technologies, and greater stakeholder 
engagement to mitigate these negative impacts and promote the sustainable development 
of hydropower.
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Meanwhile, hydropower offers promising 
sustainability prospects. However, its 
development is riddled with challenges that 
demand attention. Environmental concerns arise 
from the construction of large-scale projects, 
including dams and reservoirs, leading to 
ecosystem alterations, habitat destruction, and 
disruptions in natural river flows (de Pádua 
Andrade et al., 2012; Erlewein, 2013; Scherer 
& Pfister, 2016; Tedjio et al., 2016; Vougioukli 
et al., 2017; Dorber et al., 2019; Ma et al., 2019; 
César et al., 2020; Cesoniene, et al., 2021; 
Hamidifar et al., 2022; van Treeck et al., 2022; 
Dechasa et al., 2022). Social displacement 
further complicates matters as local 
communities, particularly Indigenous groups, 
face displacement and loss of livelihoods due 
to project implementations (Kumar & Katoch, 
2015; Voegeli et al., 2019; Mishra et al., 2020; 
Azubuike et al., 2022). 

Moreover, upstream and downstream water 
management issues compounded by climate 
change-induced water resource variability, 
pose significant operational and ecological 
challenges (X. Liu & He, 2012; Rambo et al., 
2017; Voegeli et al., 2018; Khakzad, 2019; 
Xu et al., 2020; Mitrovic et al., 2021; Nowak 
et al., 2022; Dechasa et al., 2022). The ageing 
infrastructure and maintenance requirements and 
the imperative of Indigenous and stakeholder 
engagement add complexity to hydropower 
sustainability (Erlewein, 2013; Su et al., 2015; 
Sulkhanishvili, 2015).

Several review studies have delved into 
the sustainability of renewable energy sources, 
particularly focusing on hydropower energy. 
Gayen et al. (2024) extended the discussion 
to encompass the environmental impacts of 
renewable energy for sustainable development 
by examining wind, solar, hydropower, and 
biomass energy. They also explore innovative 
technologies inspired by these sources while 
analysing global obstacles in advancing 
renewable energy. Adhikari et al. (2024) zoom 
in on Nepal, reviewing renewable energy 
technologies and challenges and focusing on 
hydropower in electricity generation. They 

underscore policy issues, technical gaps, and 
human resource scarcity as primary hurdles. On 
the other hand, Shu et al. (2018) shifted their 
focus to climate change impacts on hydropower 
development, proposing mitigation strategies 
and emphasising site-specific research for better 
analysis. Suárez-Gómez et al. (2021) explore 
territorial factors in hydropower sustainability 
through a Systematic Literature Review (SLR), 
highlighting governance regimes, stakeholder 
collaboration, and adaptive mechanisms. 
Finally, Zhang et al. (2021) proposed a new 
method for assessing hydropower sustainability 
based on various indicators utilising advanced 
modelling techniques. However, limitations such 
as a lack of in-depth studies on project aspects 
and subjectivity in assessment methods persist 
across these reviews, indicating the need for 
further research and methodological refinement 
in the field of renewable energy sustainability, 
particularly in the context of hydropower.

Hydropower is a pivotal renewable energy 
technology with extensive global applicability 
for generating clean electricity. We present novel 
results demonstrating how hydropower can 
significantly contribute to sustainable energy 
development. The selection of our study sample 
and methodology is meticulously justified, 
emphasising their adequacy in addressing the 
Research Questions (RQs) posed. We discuss 
the comprehensive data utilised in our analysis, 
outlining the environmental, social, economic, 
and technological dimensions covered. This 
study makes a substantial contribution to the 
literature by identifying gaps and offering new 
insights into the sustainability of hydropower 
projects. Moreover, we openly discuss the 
limitations of our research, providing a balanced 
view and suggesting directions for future studies.

Materials and Methods
An SLR is a structured method for gathering, 
evaluating, and summarising existing research 
on a specific topic. It employs a transparent 
process to minimise bias and ensure rigorous 
analysis. Note that it starts with formulating 
a clear RQ to define the scope, followed by 
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developing inclusion/exclusion criteria to 
determine relevant studies. A comprehensive 
search across databases and journals used 
specific keywords to identify relevant studies. 
Screening and selection were performed based 
on predefined criteria, initially through titles and 
abstracts and then through full-text assessment. 
Relevant information was extracted, including 
study details, methodology, and key findings. 
The review followed Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses 
(PRISMA) guidelines. The tools used in this 
review are PRISMA and Microsoft Excel.

Research Question
Few studies have examined hydropower 
sustainability despite the growing number of 
hydropower facilities worldwide. As a result, 
the peer-reviewed literature on hydropower 
sustainability is reviewed in this comprehensive 
literature review. The RQs that this SLR attempts 
to answer are listed below:

RQ1:	What are the environmental impacts and 
sustainability challenges associated with 
hydropower projects, as evidenced by the 
literature, and how can these impacts be 
effectively assessed and mitigated?

RQ2:	What are the social impacts and challenges 
associated with hydropower development 
and how can these impacts be effectively 
addressed to promote social sustainability 
and community well-being?

RQ3:	What are the economic impacts and 
sustainability considerations associated 
with hydropower development and how 
can policy frameworks and investment 
strategies be optimised to maximise 
benefits while addressing social and 
environmental costs?

RQ4:	What are the key technical, operational, 
policy, and risk management considerations 
in developing and managing hydropower 
resources effectively and sustainably?

RQ5:	What barriers prevent sustainable 
hydropower assessments from being fully 
implemented according to the standards?

Criteria for Inclusion
A comprehensive literature review was 
performed from January 1, 2012 through 
December 31, 2022 to find all papers on 
hydropower project appraisals published in 
English. This SLR was created and reported 
following the PRISMA guidelines (Page et 
al., 2021). Comprehensive inclusion criteria 
were developed to identify relevant studies 
and remove those not related to the study of 
hydropower sustainability features. These 
papers must be peer-reviewed and concentrate 
on hydropower sustainability’s social, 
economic, environmental, and technical 
elements. The publications reviewed are 
journals only, excluding proceedings, books, 
book chapters, and reviews. All assessments 
are related to hydropower, including micro 
hydro, Small Hydropower (SHP), and large 
hydropower. All assessments of potential sites, 
impacts, and risks associated with assessing the 
sustainability aspects of hydropower systems 
are discussed.

Literature Search Process
The keywords in the literature search were 
intended to locate papers about hydropower 
and its assessment. A synonym for Hydropower 
was hydroelectric and the next keyword was 
“evaluation”. Boolean operators were utilised 
to find related articles (Atkinson & Cipriani, 
2018). The word “AND” includes all identified 
keywords and “OR” is used to increase 
or expand our search for the same context. 
The following keywords were used for the 
search: Hydropower OR Hydroelectric AND 
Assessment.

A thorough search of four computerised 
bibliographic databases was conducted for 
relevant papers, as seen in Table 1. Scopus, Web 
of Science (WoS), JSTOR, and Google Scholar 
were among the databases used. Consequently, 
key journals with publications relating to energy, 
sustainability, ecology, environment, water, 
economy, and society were identified. Several 
major publishers’ significant journals were 
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searched, including Elsevier, MDPI, Springer, 
Frontier, Hindawi, and Taylor & Francis.

The main keywords were searched for 
in the title only with the expectation that the 
article would generally be about Hydropower 
OR Hydroelectric AND Assessment. Only 
the articles were published in English, with 
a publication period from 2012 to 2022. After 
collecting several articles from each database, 
duplicate studies were removed. The rule used 
is that if there are twins, then the data retained in 
sequential priority are Scopus, Google Scholar, 
WoS, and JSTOR. Microsoft Excel from 
Windows was used for document processing. 

After duplicate removal, 278 articles 
remained. Figure 1 illustrates several 
publication keywords such as Hydropower OR 
Hydroelectric AND Assessment.

Coding and Analysis
All the retrieved papers were examined 
and screened for relevance. Sustainability 

should be a fundamental filter in hydropower 
assessment because it ensures that projects 
contribute to long-term environmental, social, 
and economic well-being. Hydropower 
assessments can identify potential negative 
impacts such as habitat destruction, community 
displacement, and economic disparities by 
prioritising sustainability. Hence, incorporating 
sustainability as a filter helps to mitigate 
these risks, guiding decision-making toward 
environmentally responsible practices, 
equitable development, and efficient resource 
management. Integrating sustainability into 
hydropower assessment processes ensures that 
projects align with broader sustainability goals 
and contribute positively to ecosystems and 
communities’ overall health and resilience. 

Keywords related to sustainability, the 
environment, the economy, and society were 
included to boost relevancy. First, abstracts were 
read and validated against the criteria mentioned 
above. The abstracts were divided into three 
categories: (1) If it was clear that the article did 

Table 1: Database and keywords

No. Database Access Keywords
1 Scopus March 1, 2023 TITLE-ABS-KEY (Hydropower OR Hydroelectric AND Assessment)
2 WoS March 1, 2023 TOPIC (Hydropower OR Hydroelectric AND Assessment)

3 Google 
Scholar March 1, 2023 (Hydropower OR Hydroelectric AND Assessment)

4 JSTOR March 1, 2023 (Hydropower OR Hydroelectric AND Assessment)

Figure 1: Number of publication keywords: Hydropower OR Hydroelectric AND Assessment
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not meet the criteria, it was excluded from the 
SLR; (2) If it was unclear whether the article met 
the above criteria but the abstract still contained 
additional keywords, it was determined whether 
the article should be included in the final review; 
and (3) If the article appeared to meet the criteria, 
the whole text was studied to confirm that the 
concentrations in the article were not unclear. 11 
researchers independently read and reviewed the 
publications to determine which were relevant. 
The final papers relevant to this SLR were 
chosen collaboratively by the study team. Figure 
2 illustrates a summary of the papers determined 
through the PRISMA guidelines.

Of the 278 articles screened, 177 articles 
contained aspects of sustainability (Figure 
3) with the following details: Six articles 
specifically discussed sustainability; 10 
articles contained environmental, social, and 
economic discussions; three articles contained 
environmental and economic discussions; three 
articles contained environmental and social 
discussions; 19 articles contained environmental 
and technical discussions; 22 articles contained 
only discussed environment; five articles 

discussed only socioeconomic aspects; eight 
articles contained technical and economic 
discussions; one article discussed only economic 
aspects; seven articles discussed only socials 
aspects; and 15 articles discussed only technical 
aspects.

Figure 3 illustrates the number of 
publications related to hydropower assessment 
and sustainability aspects from 2012 to 2022, 
with the blue bars representing publications on 
“Hydropower Assessment”. The red line indicates 
those specifically addressing “Sustainability 
Aspects”, including environmental, economic, 
social, and technical considerations. Over the 
decade, there has been a noticeable increase in 
both categories of publications. The number 
of hydropower assessment publications shows 
a steady rise from four in 2012 to a peak of 
40 in 2022, reflecting a growing interest in 
hydropower as a significant renewable energy 
source. This upward trend suggests that 
researchers and stakeholders increasingly focus 
on understanding various facets of hydropower 
development such as feasibility, design, 
implementation, and impact assessments. 

Figure 2: Summary of the papers found
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The publications focusing on sustainability 
also demonstrate a consistent upward trend, 
highlighting the increasing importance of 
sustainability in hydropower research. 

Starting at four in 2012, the number of 
sustainability-focused publications gradually 
increased to 16 by 2018 and rose rapidly to 
29 by 2022. This trend indicates a growing 
awareness of the need to balance hydropower 
development with sustainable practices that 
minimise environmental and social impacts 
while ensuring economic and technical viability. 
Although there is a steady increase in both 
hydropower assessment and sustainability-
focused publications, a gap remains throughout 
the period, suggesting that not all hydropower 
assessments explicitly focus on sustainability 
issues. 

However, the gap has narrowed recently, 
particularly in 2021 and 2022, indicating a shift 
towards more comprehensive studies integrating 
sustainability concerns into hydropower 
assessments. Notably, significant increases in 
sustainability aspect publications around 2018 
and 2022 may correlate with heightened global 
awareness and policy shifts towards Sustainable 
Development Goals (SDGs) and climate action. 
This likely drove more research attention 
toward environmental, social, economic, and 
technical sustainability aspects of hydropower 
projects. The increasing trend in sustainability-
related publications suggests that future 

research in hydropower will focus heavily on 
integrating sustainability aspects into project 
planning, assessment, and implementation. It 
also highlights the need for multidisciplinary 
approaches considering the diverse impacts 
of hydropower development. Overall, this 
figure underscores the growing emphasis on 
sustainability within hydropower research. 
This shifts towards more holistic, integrated 
energy planning, and management approaches 
to balance renewable energy development 
with preserving ecosystems, social equity, and 
economic viability.

Results and Discussion
Investigate the Characteristics, People, and 
Places
The research was performed in various nations 
and continents (Figure 4). Note that 26 of the 177 
studies were conducted in China. Meanwhile, 
23 studies were carried out in Brazil. 14 studies 
in India. Nine studies in Canada. Seven studies 
were conducted in Europe and the United States. 
Eight studies were conducted in Turkey. Six 
studies were in Poland—and five studies were 
in Italy. Four studies were conducted in Iran 
and Spain. Three studies were conducted in 
Greece, Lithuania, and Norway. Two studies 
were conducted in Austria, Cameroon, Ecuador, 
Ethiopia, Indonesia, Japan, Nigeria, Switzerland, 
the UK, and the USA. One study was conducted 
in Africa, Belarus, Belgium, Cambodia, Central 

Figure 3: Number of publication keyword filter sustainability, environment, economic, social, and technical
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Asia, Chile, Colombia, Costa Rica, Egypt, 
Ecuador, Georgia, Germany, Ghana, Ireland, 
Kenya, Malaysia, Mozambique, Myanmar, 
Nepal, Pakistan, Peru, Portugal, Serbia, 
Slovakia, Sri Lanka, Suriname, Tajikistan, 
Uganda, UK Irish, Ukraine, and Vietnam. 
There were 11 studies in the global region. The 
publications were also coded to identify whether 
the research region was classified as developing, 
transitional, or developed by the United Nations 
(United Nations, 2022). In this study, 18 of the 
177 papers concerned industrialised economies. 
Five studies were carried out in transition 

economies. The remaining 31 studies were 
undertaken in underdeveloped nations.

Hydropower Co-occurrence Network
The co-occurrence network of hydropower 
keywords comprehensively visualises the 
thematic structure within hydropower research, 
as shown in Figure 5. The network is centred 
around “hydroelectric power” and “hydroelectric 
power plants”, highlighting the broad and 
foundational nature of discussions in this field. 
This centrality reflects a widespread interest in 

Figure 4: Publishment distribution map by country

Figure 5: Co-occurrence network of hydropower

Publication Distribution Map
Number of Pub.
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understanding and assessing hydropower from 
multiple perspectives, including environmental, 
economic, and technical dimensions.

One prominent cluster focused on 
environmental impacts, featuring keywords 
such as “rivers”, “dams”, “biodiversity”, 
“environmental impact assessment”, and 
“ecosystems”. This cluster underscores the 
significant attention given to mitigating the 
adverse effects of hydropower on natural 
ecosystems. The frequent co-occurrence of 
terms such as “environmental impact”, “water 
quality”, and “biodiversity” indicates a strong 
emphasis on promoting sustainable practices to 
ensure that hydropower development does not 
compromise environmental integrity.

Another critical cluster addresses the 
economic and policy dimensions of hydropower, 
with terms such as “economic efficiency”, 
“sustainable development”, “energy policy”, and 
“decision making”. This cluster highlights the 
importance of policy frameworks and economic 
considerations in developing and implementing 
hydropower projects. The presence of keywords 
related to decision-making and energy policy 
suggests a focus on balancing economic benefits 
with environmental and social responsibilities, 
which is essential for sustainable development.

The network also includes a cluster 
dedicated to the technical and operational 
aspects of hydropower, featuring keywords 
such as “hydrological modelling”, “water 
management”, “electricity generation”, and 
“reservoirs (water)”. This cluster reflects the 
critical need for precise technical planning 
to optimise the efficiency and sustainability 
of hydropower systems. The emphasis on 
hydrological modelling and water management 
indicates ongoing efforts to adapt to varying 
environmental conditions and enhance 
operational sustainability.

Additionally, the network reveals a 
cluster connecting hydropower with broader 
discussions about climate change and renewable 
energy. Keywords such as “climate change”, 
“renewable resources”, “energy transition”, 
and “carbon dioxide” are interconnected, 

highlighting the strategic role of hydropower 
in reducing greenhouse gas emissions and 
supporting a transition to sustainable energy 
sources. This cluster underscores the importance 
of hydropower in global efforts to combat 
climate change.

The high degree of interconnectedness 
among keywords in the network suggests a well-
integrated research field where various aspects 
of hydropower are often studied together. 
This integration is crucial for developing 
comprehensive and effective strategies for 
sustainable hydropower development. However, 
the network also reveals potential research gaps, 
such as the underrepresentation of topics such 
as social impacts and community engagement, 
indicating areas that may require further 
attention.

The co-occurrence network of hydropower 
keywords provides valuable insights into the 
main research themes and their interconnections. 
The prominent clusters reflect a balanced interest 
in environmental, economic, technical, and 
policy aspects, underscoring the multifaceted 
nature of hydropower sustainability. Therefore, 
addressing identified research gaps and focusing 
on policy implications will be critical for 
advancing the field and promoting sustainable 
practices in hydropower development. This 
network analysis highlights the complexity 
of achieving sustainable hydropower and the 
importance of integrated approaches considering 
all relevant dimensions.

Sustainability Aspect
It has been difficult to define sustainability, 
and no general definition exists. In 1987, 
the World Commission on Environment and 
Development emphasised the developmental 
aspect of sustainability. This coins the 
widely accepted definition of sustainable 
development as meeting present demands 
without jeopardising future generations’ ability 
to meet their needs. Sustainability is quantified 
by various interdependent variables depending 
on the evaluation approach used. The Three 
Pillar Model, which encompasses economic, 
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social, and environmental concerns is the most 
well-known model. The current study defines 
sustainability as a hydroelectric project’s ability 
to continue operating for power generation 
while meeting technical, economic, social, and 
environmental objectives.

Environment Aspect
The environmental aspect of hydropower 
sustainability assessment aims to identify 
potential environmental risks and impacts 
associated with hydropower development. It 
informs decision-making processes that promote 
the conservation and sustainable use of natural 
resources. Figure 6 illustrates a collective study 
on the environmental aspects of hydropower 
sustainability.

The analysis of the environmental aspects 
in Figure 6 regarding hydropower projects 
offers valuable insights into their impacts and 
sustainability challenges, providing evidence 
to address RQ1. The thematic breakdown is as 
follows:

Biodiversity and Ecosystem Impact
Dam construction and reservoir formation, 
as highlighted by Bidoglio et al. (2019) and 
Bradford (2022), lead to significant disruptions 
in aquatic and terrestrial ecosystems, resulting 
in biodiversity loss, sedimentation, and 
eutrophication. Fortes Westin et al. (2014) 
also discussed   the   adverse   effects   of   
hydropower development on indigenous reserves 
and biodiversity, exacerbating environmental 
degradation.

Figure 6: Environment aspect theme and references

Environment
Aspect

Biodiversity
and

Ecosystem
Impact

Climate 
Change and 

Environmental 
Sustainability

Community
and Health 

Impacts

Environmental 
Assessment and 

Management

Sedimentation 
and Water 

Quality

Sustainability 
Criteria and 
Assessment

Tools

Deforestation 
and Land Use 

Change

•	Bidoglio et al., 2019
•	Fortes Westin et al., 2014
•	Bradford et al., 2022

•	Gurung et al., 2016
•	Catolico et al., 2021

•	Barcellos et al., 2018
•	Macfarlane & Oliver, 2021
•	Liu & He, 2012

•	Bidoglio et al., 2019
•	Peters et al., 2021
•	Bradford et al., 2022

•	Wu et al., 2017
•	Fujii et al., 2017

•	Dhaubanjar et al., 2021
•	Lopes et al., 2022

•	Ehrbar et al., 2018
•	van Vliet et al., 2016
•	Khan et al., 2015
•	Wang et al., 2014
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Deforestation and Land Use Change 
Catolico et al. (2021) noted the alarming rate 
of deforestation associated with hydropower 
projects, leading to erosion and increased 
extinction risks for aquatic species. The loss of 
floodplain forests, as emphasised by Gurung et 
al. (2016), further contributes to altered sediment 
transport dynamics, exacerbating environmental 
impacts.

Climate Change and Environmental 
Sustainability 
van Vliet et al. (2016) and Ehrbar et al. (2018)  
underscore the intersection between hydropower 
development and climate change, highlighting 
challenges and opportunities. Meanwhile, 
Wang et al. (2014) and Khan (2015) advocate 
for sustainable practices in Small Hydropower 
(SHP) plants to minimise environmental impacts 
and enhance environmental sustainability.

Community and Health Impacts 
Large hydroelectric projects, as detailed by 
Barcellos et al. (2018), disproportionately affect 
local communities, amplifying vulnerabilities, 
and increasing the risk of disease among 
already marginalised populations. Furthermore, 
Macfarlane dan Olive (2021) highlights 
indigenous opposition due to dam projects’ 
significant environmental and social impacts.

Environmental Assessment and Management 
Bidoglio et al. (2019) and Peters et al. (2021) 
emphasise the necessity of comprehensive 
environmental assessments to uncover the true 
costs and impacts of hydropower projects, 
stressing the importance of sustainable planning. 
Bradford (2022) discussed the implementation 
of environmental flows to maintain ecosystem 
services in managed rivers and proposed 
potential mitigative strategies.

Sedimentation and Water Quality 
This study sheds light on the ecological impacts 
of altered sediment transport and reservoir 
sedimentation, which significantly affect energy 
production. Moreover, concerns raised by Wu 
et al. (2017) and Fujii et al. (2017) regarding 

water quality emphasise the need for careful 
management during construction to preserve 
riverine ecosystems and maintain local water 
volumes.

Sustainability Criteria and Assessment Tools
Dhaubanjar et al. (2021) and Lopes et al. 
(2022) stress the importance of integrating 
sustainability criteria and assessment tools into 
evaluating hydropower projects to mitigate 
negative impacts and promote environmental 
sustainability.

In conclusion, the environmental aspect 
of hydropower sustainability is multifaceted, 
encompassing many challenges and 
considerations that must be addressed to ensure 
sustainable development. The thematic analysis 
presented in Figure 6 provides a comprehensive 
overview of these environmental concerns. This 
includes biodiversity loss, deforestation, climate 
change, community impacts, sedimentation, 
water quality, and the necessity for robust 
environmental assessment and management 
practices. 

The findings underscore that while 
hydropower can be a renewable energy source, 
its development poses significant risks to 
ecosystems, communities, and the broader 
environment. To mitigate these impacts, adopting 
sustainable practices such as minimising land 
use change, implementing environmental 
flows, and employing thorough environmental 
assessments to guide decision-making is crucial. 
Furthermore, integrating sustainability criteria 
and assessment tools into hydropower project 
planning can help balance energy production 
with ecological and social preservation. By 
addressing these environmental challenges and 
leveraging innovative management strategies, 
hydropower development can align more closely 
with sustainability principles, supporting the 
conservation, and sustainable use of natural 
resources for future generations.

Social Aspect
Figure 7 outlines the social aspects of 
hydropower projects, emphasising the 
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importance of considering both positive and 
negative impacts on communities, cultures, 
and ecosystems to answer RQ2. The references 
cover a broad spectrum of social dimensions 
related to hydropower development, including 
displacement, social inequalities, community 
engagement, cultural preservation, and social 
sustainability. The key themes identified include 
the following:

Community Impact and Resettlement
Many references such as Bidoglio et al. (2019), 
Peters et al. (2021), and Bradford (2022) discuss 
the displacement and resettlement issues arising 
from dam construction. Resettlement often 
leads to significant social upheaval, disrupting 
communities, and altering social networks and 
local economies. While some studies such as 
Getenet (2019) highlight the benefits of micro 
hydropower in rural electrification, the broader 

impacts of larger projects often include a loss 
of livelihood, cultural displacement, and social 
conflicts. This can be seen in the works of 
Simonov et al. (2019) and Diduck et al. (2013).

Economic Benefits vs. Social Costs 
Meanwhile, hydropower projects are touted 
for their role in economic development and 
sustainable energy (Y. Liu et al., 2015; Fujii 
et al., 2017) and they also have negative 
social impacts. These include increased access 
to alcohol and drugs (Veronez et al., 2018), 
temporary employment that does not compensate 
for long-term unemployment (Vassoney et al., 
2020; 2021), and the exacerbation of social 
inequalities (Barcellos et al., 2018). The 
challenge lies in balancing these economic 
benefits with the social costs, ensuring that local 
communities do not bear the brunt of negative 
impacts.

Figure 7: Social aspects and references
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Social Acceptance and Stakeholder Involvement 
The success of hydropower projects often hinges 
on social acceptance, which can be facilitated by 
involving stakeholders throughout the project’s 
lifecycle (Korkovelos et al., 2018; Vassoney 
et al., 2021). This involvement helps address 
public concerns about environmental and social 
changes, ensure transparency, and increase the 
legitimacy of the projects. However, the case 
studies by Diduck et al. (2013) and others 
demonstrate that negative social impacts often 
outweigh the perceived benefits, leading to 
opposition and protests.

Adaptive Management and Evolving Social 
Priorities 
Bradford (2022) and others have discussed 
the importance of adaptive management in 
addressing socioeconomic systems and evolving 
social priorities. This approach can dynamically 
help manage social impacts as community 
needs and legal frameworks change. However, 
the effectiveness of this adaptive management 
approach is contingent on the continuous 
engagement of all stakeholders and the ability to 
respond to feedback and evolving circumstances.

Sustainability Assessments 
Several references emphasise the importance 
of comprehensive sustainability assessments 
that include social criteria (Aung et al., 2021; 
Lopes et al., 2022). These assessments are 
crucial for understanding the broader impacts 
of hydropower projects and ensuring that they 
contribute positively to social sustainability. 
However, how these assessments are conducted 
and the extent to which they influence decision-
making and policy formulation remain 
challenges.

The analysis indicates a broad spectrum 
of social considerations across the life cycle of 
hydropower and related projects, from planning 
and construction to operation and beyond. 
The impacts are local and can have regional 
and even national cascading effects. The 
key to managing these impacts is a thorough 
understanding of social dynamics, effective 

stakeholder engagement, and integrating 
social considerations into project planning and 
implementation phases.

The data underscore the importance 
of multidimensional assessments that 
incorporate economic and environmental 
factors and deeply consider the social fabric 
of affected communities. Ensuring that 
development projects contribute positively to 
social well-being, respect human rights, and 
foster socioeconomic development without 
exacerbating inequalities or leading to adverse 
social outcomes is essential for sustainable 
development.

In conclusion, the social aspects of 
hydropower sustainability are complex and 
encompass various impacts on communities, 
cultures, and socioeconomic systems. As 
illustrated in Figure 7 while hydropower projects 
can provide significant economic benefits and 
contribute to sustainable energy production, 
they often come with considerable social costs, 
including displacement, social inequalities, and 
cultural disruption. The analysis highlights that 
these impacts are not only local but can also 
have broader regional and national implications, 
making the management of social dimensions a 
critical component of sustainable hydropower 
development. Hence, effective stakeholder 
engagement and adaptive management 
strategies are essential for addressing these 
social challenges. 

Involving communities and stakeholders 
throughout the project lifecycle can help 
ensure transparency, foster social acceptance, 
and mitigate opposition. Moreover, adaptive 
management allows for a flexible approach 
to evolve social priorities, enabling project 
developers to respond to change community 
needs and legal frameworks. These strategies 
must be continuously implemented and refined 
to be effective. Furthermore, comprehensive 
sustainability assessments that integrate social 
criteria are vital for understanding the full scope 
of hydropower’s social impacts. This underscores 
the importance of a multidimensional approach 
to sustainability that balances economic, 
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environmental, and social considerations. 
Such an approach is crucial for achieving truly 
sustainable hydropower development.

Economic Aspect
The compilation of perspectives in Figure 
8 comprehensively examines the economic 
impacts and sustainability considerations 
associated with hydropower development, 
encompassing various regions and scales to 
answer RQ3. This finding underscores the 
complex interplay between economic, social, 
and environmental factors in shaping the 
outcomes of hydropower projects.

Direct Economic Benefits 
Hydropower projects often bring significant 
direct economic benefits, including job creation, 
increased revenue, and the provision of reliable 
electricity, which is crucial for economic 
development. References such as Aung et al. 
(2021), Catolico et al. (2021), and Akram et al. 
(2023) underscore how these projects can meet 
energy demands and stimulate local economies 

through increased employment and company 
growth. However, the economic sustainability 
of these projects can sometimes be questionable, 
as noted by Bhandari et al. (2018), where 
economic sustainability scored low despite 
not requiring loan funding due to issues in 
generating sufficient revenue benefits.

Investment and Funding 
The role of government incentives, grants, 
and private investment in fostering the 
development of small- to large-scale 
hydropower projects is significant. Fujii et al. 
(2017) and Bidoglio et al. (2019) highlight 
the positive impact of governmental financial 
assistance and deregulation, which encourage 
private investments, contributing to economic 
development. However, the financial viability 
of these projects can often hinge on substantial 
initial investments and favourable economic 
conditions, as discussed by Liu et al. (2015) and 
Igliński et al. (2022), where economic growth 
and job opportunities are tied to the accessibility 
of loans and funding.

Figure 8: Economic aspects and references
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Economic Costs and Risks 
Hydropower development has economic risks 
and costs. The construction of large hydropower 
projects often requires significant capital 
investment and long lead times, which can 
burden project owners, as noted by Dhaubanjar 
et al. (2021). Furthermore, environmental and 
social opposition can lead to delays or increased 
costs, impacting the overall economic feasibility 
of projects. Diduck et al. (2013) and Rambo et 
al. (2017) discussed the economic losses due to 
environmental disruptions and social conflicts, 
which can offset the economic benefits and 
complicate the cost-benefit analysis of these 
projects.

Socioeconomic Changes and Impacts 
The transformation of local economies and 
migration patterns associated with hydropower 
projects, described by Barcellos et al. (2018) 
and Getenet (2019). The authors illustrate the 
profound socioeconomic changes that can 
occur. These changes can have both positive and 
negative implications for local communities. 
Projects can bring about economic growth and 
improve living standards. However, they can 
also lead to increased inequality, environmental 
degradation, and the displacement of local 
populations. The challenge lies in managing 
these impacts to ensure that the economic 
benefits are equally distributed and do not come 
at the expense of social and environmental well-
being.

In conclusion, the economic aspects of 
hydropower sustainability are intricate and 
multifaceted, involving a careful balance 
between the benefits of economic development 
and the associated costs and risks. As depicted 
in Figure 8, hydropower projects can provide 
substantial direct economic benefits such as 
job creation, increased revenue, and reliable 
electricity. This ensures the economic 
sustainability of these projects, which requires 
careful consideration of various factors. Other 
than that, these factors include investment and 
funding structures, economic costs and risks, 
and the broader socioeconomic changes they 

induce. The analysis highlights that government 
incentives, private investments, and favourable 
economic conditions are crucial in promoting 
hydropower development. However, these 
projects also entail significant financial risks 
such as high initial capital costs, long lead times, 
and potential delays due to environmental and 
social opposition. Economic losses can further 
arise from social conflicts and environmental 
disruptions, complicating the overall cost-
benefit analysis of hydropower projects.

The socioeconomic changes driven by 
hydropower development can have mixed 
impacts on local communities, contributing 
to economic growth and improved living 
standards. On the one hand, it potentially 
exacerbates inequalities, environmental 
degradation, and displacement. The challenge 
lies in managing these changes to ensure 
maximum economic benefits are distributed 
equitably without compromising social and 
environmental sustainability. For hydropower 
projects to be economically sustainable, they 
must be accompanied by robust economic 
planning, stakeholder engagement, and adaptive 
management strategies. Comprehensive 
economic assessments that account for social 
and environmental impacts are essential 
for maximising benefits and minimising 
adverse effects. By adopting these strategies, 
hydropower can continue to play a pivotal 
role in global sustainable energy development, 
balancing economic growth with the broader 
sustainability goals.

Technical Aspect
Technical assessment is an important aspect of 
the sustainability assessment of hydropower and 
involves evaluating the electricity use, reliability, 
efficiency, and technology of hydropower 
plants (Bhandari et al., 2018). The technical 
assessment helps ensure that the hydropower 
plants are designed and operated to maximise 
their potential for electricity generation while 
minimising their environmental impact. Figure 
9 illustrates the technical aspects of hydropower 
projects, ranging from engineering design and 
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turbine selection to broader environmental and 
ecological impacts.

The diversity of research in Figure 9 
highlights the multifaceted nature of developing 
and managing hydropower resources effectively 
and sustainably to answer RQ4. Several key 
themes emerge from these references.

Technical Innovations and System Designs
Several studies such as Fujii et al. (2017) and 
Adamu et al. (2018) detail specific technological 
configurations optimal for small hydropower 
projects. This includes the choice of turbines 
such as Kaplan for low head conditions and 
system designs suited for run-off river projects. 
These studies emphasise the need for precise 
technical planning to maximise efficiency and 
adapt to local geographical and hydrological 
conditions.

Advanced Modelling and Assessment Tools 
Techniques and tools for evaluating and 
enhancing hydropower systems are crucial. 
For instance, Erikstad et al. (2020) utilised 
Geographic Information Systems (GIS) and 
multivariate analyses for environmental 
impact assessments while Akram et al. (2023) 
discussed a novel fuzzy model for multiattribute 
group decision-making. This highlights the role 
of sophisticated analytical tools in optimising 
hydropower planning and operations.

Environmental and Ecological Considerations 
The integration of environmental concerns 
within technical planning is evident in 
Cesoniene et al. (2021) and Gallagher et al. 
(2015), where the impact on river ecosystems 
and the selection of turbine types are analysed. 
These studies reflect an increasing trend 
toward environmentally sensitive hydropower 

Figure 9: Technical aspect and references
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development, acknowledging the significant 
influence of hydropower installations on aquatic 
life and river physicochemical characteristics.

Operational Challenges and Maintenance 
Operational sustainability, which includes 
serviceability, load factors, and maintenance is 
addressed in studies such as those of Bhandari et 
al. (2018) and Görtz et al. (2022). These aspects 
are critical for the long-term sustainability 
of hydropower plants, as efficient operation 
and regular maintenance are fundamental for 
achieving the desired output and extending the 
lifespan of the facilities.

Socio-technical Interactions 
The intersection of technical and social aspects 
has been explored in various studies such as 
Gurung et al. (2016) and Vassoney et al. (2020; 
2021), where social acceptance and integrated 
assessment tools play pivotal roles in the 
sustainable management of hydropower projects. 
These interactions underscore the importance of 
considering human and community factors in 
the technical planning and operation phases.

Economic Feasibility and Cost-effectiveness 
Economic considerations are intertwined 
with technical assessments in determining the 
viability of hydropower projects. The works of 
Ferreira et al. (2016) and Getenet (2019) discuss 
the cost implications and financial assessments 
crucial for project approval and continuation. 
Cost management and technical assessments 
ensure that projects are environmentally, 
technically sound, and economically viable.

Future Directions and Innovation 
Future-oriented studies such as those by Lu et 
al. (2022) involving advanced diagnostics and 
digital modelling while Kankal et al. (2014) 
focusing on sustainable energy resources, 
suggest a forward-looking approach to 
hydropower technology. These innovations aim 
to enhance the efficiency and sustainability of 
hydropower systems, pushing the boundaries of 
traditional methodologies.

The technical aspects of hydropower 
sustainability require a multidimensional 
approach that balances innovation with 
practicality and environmental stewardship with 
economic feasibility. The continuous evolution of 
technology, along with integrated environmental 
and socioeconomic strategies is essential for 
the sustainable development of hydropower. 
As such, ongoing research and development in 
this field are crucial for addressing the emerging 
challenges and leveraging new opportunities in 
hydropower generation.

In conclusion, the technical aspects of 
hydropower sustainability are vital for ensuring 
that hydropower projects are efficient, reliable, 
and both environmentally and economically 
sustainable. A comprehensive technical assessment
of hydropower projects, as highlighted in 
Figure 9, involves diverse considerations, 
including engineering design, turbine selection, 
environmental impact, risk management, and 
socioeconomic integration. These elements 
emphasise the importance of adopting advanced 
technologies, innovative modelling tools, robust 
risk management strategies, and sustainable 
design practices to optimise hydropower 
generation while minimising adverse effects. 
Technical innovations, such as the development 
of turbines suited for specific hydrological 
conditions and advanced system designs, are 
crucial for maximising efficiency and reducing 
environmental impacts. The use of advanced 
modelling and assessment tools like GIS and 
multi-attribute decision-making models enhance 
the evaluation of environmental and social 
impacts, helping to mitigate risks associated 
with hydropower development. Integrating 
environmental considerations into technical 
planning such as designing environmentally 
sensitive systems and selecting appropriate 
turbines helps preserve river ecosystems and 
maintain water quality. Additionally, operational 
sustainability is essential for the long-term 
success of hydropower plants, where efficient 
operation and regular maintenance practices 
reduce the risk of unexpected failures and 
minimise economic and environmental losses.
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Furthermore, socio-technical interactions, 
including community engagement and social 
acceptance are crucial for managing the 
risks associated with hydropower projects. 
Incorporating social factors into technical 
planning helps anticipate and mitigate potential 
conflicts, ensuring that projects are sustainable 
on a social level. Economic feasibility is also 
closely linked to technical considerations, with 
comprehensive cost management and financial 
planning essential to minimise risks related to 
funding, investment, and economic fluctuations. 

Therefore, effective risk management is 
fundamental to the technical sustainability of 
hydropower projects. This involves identifying, 
assessing, and mitigating risks associated with 
hydrological variability, equipment failure, 
construction delays, regulatory changes, and 
environmental opposition. Advanced diagnostic 
tools, predictive maintenance technologies, and 
real-time monitoring systems can help manage 
these operational risks and extend the lifespan 
of hydropower infrastructure. Moreover, 
contingency planning and adaptive management 
strategies enable flexibility in responding to 
unforeseen challenges such as climate change 
impacts on water availability and changes in 
regulatory policies.

Future-oriented innovations in hydropower 
technology such as advanced diagnostics, digital 
modelling, and sustainable resource management 
are critical for addressing emerging challenges 

and enhancing the efficiency and resilience of 
hydropower systems. The ongoing evolution 
of technology, combined with integrated 
environmental, social, and economic strategies 
is essential for the sustainable development of 
hydropower. By focusing on comprehensive 
risk management and incorporating innovative 
practices, hydropower can continue to play 
a pivotal role in global sustainable energy 
strategies, ensuring long-term resilience and 
sustainability in the face of future challenges.

Hydropower Implication
Hydropower plays a significant role in the 
sustainability of energy generation, focusing 
on balancing economic, environmental, and 
social considerations. The sustainability 
of hydropower projects involves assessing 
energy production and the negative social and 
environmental externalities associated with 
dams (Moran et al., 2018). Meanwhile, there 
have been evolving viewpoints regarding the 
sustainability of large hydropower installations. 
There has been a notable increase in support 
for developing SHPs (Couto & Olden, 2018). 
Efforts are being made to move from individual 
assessments of hydropower projects toward 
energy system planning to ensure that projects 
align with low-carbon power generation 
standards (Opperman et al., 2023). Table 2 is a 
collection of studies that discuss the impacts of 
sustainable hydropower, which are grouped into 
sustainable aspects.

Table 2: Impact of sustainability

Sustainability 
Aspect Impact References

Economic

The primary focus here is on providing economic 
benefits, including job creation, financial savings, 
economic benefits, livelihood improvement, and 
overall economic development.

(Khan, 2015)

Economic and 
environmental

Similar to the purely economic category, this 
aspect emphasises economic benefits but suggests 
a linkage with environmental considerations like 
minimising carbon footprint and others.

(Adamu et al., 2018), (Fanaian 
et al., 2015), (Vougioukli et al., 

2017)
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Environmental

Impacts are varied, suggesting various 
environmental benefits or concerns such as 
reducing GHG emissions, supporting ecosystem 
services, conservation efforts, improving water 
quality, addressing pollution, promoting renewable 
energy, and other ecological benefits.

(Bidoglio et al., 2019), (Bradford, 
2022), (Cesoniene, et al., 2021), 

(Demir et al., 2021), (Dhaubanjar 
et al., 2021), (Fortes Westin et 

al., 2014), (Herath et al., 2022), 
(Kovalyshyna et al., 2021), 

(Pracheil et al., 2019), (Punys 
& Jurevičius, 2022), (Todorova 
et al., 2016), (Tomczyk et al., 

2019), (Stefanyshyn & Vlasiuk, 
2019), (Macfarlane & Olive, 
2021), (Doria et al., 2017), 

(Erlewein, 2013), (Fuchs et al., 
2013), (Geller & Meneses, 2016), 

(McManamay et al., 2020), 
(Rambo et al., 2017), (Scherer & 

Pfister, 2016)

Social

The impacts under this category are also varied, 
indicating a focus on social benefits or concerns 
such as community development, health 
improvements, and social well-being.

(Barcellos et al., 2018), (Cortés-
Borda et al., 2022), (Diduck et 
al., 2013), (Peng et al., 2021), 

(Veronez et al., 2018), (Wu et al., 
2017), (Wu et al., 2017)

Social and 
economic

Various impacts likely cover social benefits 
like community development, employment 
opportunities, social welfare, improved livelihoods, 
and economic benefits.

(Aung et al., 2021), (Catolico et 
al., 2021), (Y. Liu et al., 2015), 

(Ribas et al., 2019), (Sgarbi et al., 
2019)

Social, economic, 
and environmental

This aspect uniquely highlights social and 
economic benefits and environmental concerns, 
suggesting projects or studies that balance 
economic development with environmental 
stewardship.

(Bakker & Hendriks, 2019), 
(Bhandari et al., 2018), (Ehrbar et 
al., 2018), (Igliński et al., 2022), 
(Lopes et al., 2022), (Mortey et 
al., 2017), (Peters et al., 2021), 
(Shi, 2022), (Vassoney et al., 
2020), (Vassoney et al., 2021)

Social and 
environmental

The impacts are varied, indicating projects or 
studies that address social issues and environmental 
concerns such as community engagement in 
conservation efforts or the social impacts of 
environmental changes.

(Hanna et al., 2016), (Morimoto, 
2013), (Wang et al., 2014)

Technical
The impacts include potential new power 
generation, turbines, electricity infrastructure, and 
technology.

(Getenet, 2019), (Fujii et al., 
2017), (Fujii & Sawadate, 2018), 

(Ferreira, et al., 2016), (Görtz 
et al., 2022), (Gurung et al., 

2016), (Korkovelos et al., 2018), 
(Lucchetti et al., 2013), (Lu et 

al., 2022), (Silvério et al., 2018), 
(Akram et al., 2023), (Hatata et 

al., 2019), (Ji et al., 2015), (Punys 
et al., 2019), (Šilinis et al., 2020)
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Technical and 
economic

The impact of such technical strategies is to obtain 
economic benefits.

(Gallagher et al., 2015), (Gernaat 
et al., 2017), (Kankal et al., 
2014), (Tauš & Beer, 2022), 
(Tefera & Kasiviswanathan, 

2022), (Tettenborn & Sartorius, 
2020), (Tuna, 2013), (Soulis et 

al., 2016)

Technical and 
environment

The impact of such technical strategies on 
obtaining environmental benefits.

(Gholami & Kaboli, 2022), 
(Torres-Herrera & Lozano-

Medina, 2021), (Hidayani et al., 
2017), (Kuniyal et al., 2019), 

(Ma et al., 2019), (Meriç, 2022), 
(Oberle et al., 2016), (Su et al., 
2015), (van Vliet et al., 2016), 

(Ali Washakh et al., 2019), (Xue 
& Sun, 2018), (L. Zhang et al., 
2020), (Erikstad et al., 2020), 

(Kumar & Katoch, 2014), (Pang 
et al., 2015), (Simonov et al., 

2019), (Song et al., 2020), (van 
Treeck et al., 2021), (X. Liu & 

He, 2012)

Table 1 reveals a diverse focus across 
the sustainability spectrum, particularly 
on environmental and technical aspects. 
Environmental sustainability appears to be 
the most researched or reported, followed 
closely by technical sustainability and its 
subsets (technical-economic and technical-
environment), highlighting the critical role 
of technological innovation in addressing 
sustainability challenges. Social and integrated 
(social-economic-environmental)   aspects   also
receive notable attention, underlining the 
importance of holistic approaches to sustainability 
that consider multiple dimensions.

Environmental Impact
The landscape of environmental impacts is vast 
and complex, encompassing various factors that 
interact to shape ecosystems and habitats. Each 
element contributes to the intricate balance of 
nature from deforestation to pollution and from 
erosion to climate change. Fish migration, habitat 
preservation, and aquatic life are intricately 
linked to water quality, sedimentation, and flow 
patterns, which can be disrupted by waste disposal 
and siltation. The consequences ripple through 

ecosystems, affecting macroinvertebrates, 
fishery productivity, and the food web. 
Moreover, changes in hydrological regimes and 
river discharge can lead to landslides, riverbank 
collapse, and submergence, posing hazards 
to humans and wildlife alike. Climate change 
exacerbates these challenges, altering water 
temperatures and precipitation patterns, and 
exacerbating natural flow disruptions. In the face 
of such complexities, efforts toward mitigation 
and ecological restoration are paramount, 
focusing on environmental flow management, 
habitat conservation, and mitigating emissions. 

Protecting protected areas, preserving 
biodiversity, and promoting sustainable land 
use practices are crucial steps in safeguarding 
the integrity of our ecosystems and mitigating 
environmental costs. Additionally, recognising 
the value of ecological services such as avoiding 
emissions and depleting nonrenewables 
underscores the importance of holistic 
approaches to environmental management. 
Fostering resilience and sustainability requires 
a concerted effort to address the many factors 
influencing ecological health, from the local to 
the global scale.
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The social impacts of various factors 
on hydropower projects are diverse and 
multifaceted. Displacement of communities, 
loss of livelihoods, and disruptions to cultural 
identity pose significant challenges, as do 
concerns regarding migration and colonisation. 
Meanwhile, hydropower projects often bring 
about job creation and investment opportunities, 
they also entail risks such as traffic congestion, 
safety hazards, and conflicts over shared benefits. 
Additionally, water resource management, 
irrigation, and drought/flood protection 
issues highlight the complexities of balancing 
economic development with environmental 
sustainability. 

Furthermore, human health, recreational 
opportunities, and heritage site preservation 
underscore the importance of holistic planning 
and stakeholder engagement. Public perception, 
acceptance, legal obstacles, and compensation 
fees further shape the landscape of hydropower 
development. Managing functional and 
aesthetic impacts and addressing concerns about 
visual impact and infrastructure development 
are integral to ensure the long-term success and 
sustainability of hydropower projects. Overall, 
navigating the challenges and opportunities 
of hydropower development requires a 
comprehensive understanding of stakeholder 
preferences, innovative approaches, and 
community cohesion to foster positive outcomes 
while mitigating potential risks.

From an economic perspective, factors 
such as job creation, capital and operating 
costs, incentives, and development periods 
play pivotal roles in determining project 
viability and sustainability. Additionally, 
resource availability, reduced dependency on 
imported energy, and regional development 
contribute to the broader economic impact 
of hydropower initiatives. Furthermore, 
the tourism potential of hydropower sites, 
alongside benefits in navigation and irrigation, 
underscores their significance beyond electricity 
generation while also considering safety and 
reliable service delivery. On the technical 
front, efficiency, proven technology, and the 

life span of hydropower systems are critical 
factors for ensuring reliable and sustainable 
energy production. Moreover, considerations 
such as construction and maintenance costs and 
expensive mitigation measures must be weighed 
against drought, flood protection, and water 
supply benefits. From a financial perspective, 
metrics such as the Internal Rate of Return 
(IRR), Net Present Value (NPV), payback 
period, and annual benefits provide insights 
into hydropower projects’ economic feasibility 
and long-term profitability. Finally, assessing 
the Levelised Cost of Electricity (LCOE), 
health costs, and energy demand can aid in 
understanding the overall economic and societal 
implications of hydropower development.

Various factors come into play in the 
technical development of hydropower projects, 
each crucial for ensuring efficient and sustainable 
energy production. Among these considerations 
are availability, feasibility, and accessibility, 
which dictate the practicality and accessibility of 
potential sites for construction. The development 
period is also significant, influencing the timeline 
and resource allocation required for project 
completion. Once construction begins, factors 
such as slope, alignment, and structure volume 
become essential for determining the layout and 
efficiency of the hydropower infrastructure. 
Efficiency, in particular is paramount because 
it directly impacts the productivity and output 
of the hydropower system. This efficiency is 
influenced by flow, discharge, and intake height, 
which govern the movement and utilisation of 
water resources.

Additionally, the typology of the 
hydropower system, including its design and 
configuration, plays a crucial role in determining 
its operational capabilities and flexibility. 
Furthermore, considerations such as head, 
river length, and installed capacity contribute 
to the overall capacity and effectiveness of the 
hydropower facility. As the system operates, 
factors such as demand response, storage 
capacity, and reserve capacity become vital for 
managing fluctuations in energy demand and 
ensuring grid stability. Transmission capabilities 
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also play a critical role in efficiently delivering 
hydropower-generated electricity to end-users. 
Finally, factors such as black-start capability and 
productivity impact the resilience and long-term 
viability of the hydropower system, ensuring its 
ability to recover from disruptions and maintain 
consistent output over time.

The Benefit of Hydropower Sustainability 
Implication
Hydropower presents a complex interplay of 
environmental, social, economic, and technical 
considerations that are pivotal in determining 
its sustainability implications. From an 
environmental standpoint, the development of 
hydropower projects poses significant challenges, 
particularly concerning biodiversity loss, 
deforestation, and alterations in water quality. 
The construction of dams and reservoirs disrupts 
aquatic and terrestrial ecosystems, adversely 
affecting biodiversity, sedimentation, and water 
quality. Note that the environmental impact 
extends to climate change, with hydropower 
development intersecting with challenges and 
opportunities to mitigate its effects. However, 
sustainable practices in SHP offer promising 
solutions to minimise environmental impacts 
and enhance sustainability.

On the social front, implementing 
hydropower projects has had a myriad of impacts 
on communities, cultures, and ecosystems. 
Displacement and resettlement, often associated 
with large infrastructure projects, raise 
significant social concerns such as disrupted 
livelihoods and cultural preservation. Moreover, 
the effects of these projects on migration, 
urbanisation, and social inequality underscore 
the need for effective stakeholder engagement 
and community participation to ensure social 
sustainability. Balancing economic benefits with 
social considerations and addressing legal and 
ethical implications are crucial for fostering 
positive social outcomes.

Economically, hydropower projects 
contribute significantly to economic 

development through revenue generation, 
job creation, and infrastructure improvement. 
However, displacement, environmental damage, 
and economic sustainability must be addressed 
to maximise benefits and minimise adverse 
impacts. Comprehensive economic evaluations, 
including cost-benefit analyses and consideration 
of regional economic development, are essential 
for assessing the viability and sustainability 
of projects. Moreover, policy frameworks 
are crucial for incentivising sustainable 
development and promoting economic growth 
while mitigating negative impacts.

From a technical perspective, ensuring the 
efficiency and sustainability of hydropower 
projects requires addressing operational 
challenges and employing innovative 
technologies. Technical efficiency, system 
design considerations, and sustainability 
factors are critical for optimising hydropower 
systems and transitioning toward automation. 
Consequently, robust hydrological and 
geographical assessments and effective risk 
management strategies are essential for selecting 
suitable sites and mitigating project risks.

The sustainability implications of 
hydropower development are multifaceted and 
require integrated approaches that consider 
environmental, social, economic, and technical 
aspects. By adopting sustainable practices, 
engaging stakeholders effectively, and 
implementing robust management strategies, 
policymakers and stakeholders can work 
toward maximising the benefits of hydropower 
while minimising its negative impacts, thus, 
contributing to long-term sustainability and 
socioeconomic development.

The Challenges
Hydropower is a significant renewable 
energy source, but its sustainability involves 
multifaceted challenges across environmental, 
social, economic, and technical domains. 
Understanding and addressing these challenges 
are imperative for ensuring the long-term 
viability of hydropower projects.
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Hydropower sustainability faces 
environmental challenges due to its diverse 
impacts on ecosystems. Dam construction 
and reservoir formation disrupt aquatic and 
terrestrial ecosystems, leading to biodiversity 
loss, sedimentation, and eutrophication. 
Deforestation associated with hydropower 
projects exacerbates erosion and threatens 
species extinction. Additionally, altered 
sediment transport dynamics and water quality 
degradation compound environmental concerns. 
Effective environmental assessment and 
management are essential for understanding and 
mitigating these impacts, emphasising the need 
for comprehensive assessments and sustainable 
planning strategies. Hence, implementing 
best practices such as environmental flow 
management, habitat restoration, and integrated 
watershed management to address these 
environmental challenges can help mitigate 
adverse impacts while promoting ecosystem 
health.

The growth of hydropower poses social 
issues, including displacement, inequality, 
community involvement, and cultural 
preservation. Large-scale infrastructure 
initiatives frequently result in urbanisation, 
migration, and disrupted livelihoods, 
disproportionately affecting marginalised 
communities. Furthermore, environmental 
and social impacts hinder project success 
due to inadequate stakeholder engagement 
and opposition. Balancing economic benefits 
with social well-being and ensuring inclusive 
development through effective engagement 
and participation are crucial for enhancing 
social sustainability in hydropower projects. 
Potential solutions include early and continuous 
stakeholder engagement, fair compensation and 
resettlement plans, and incorporating traditional 
knowledge and cultural preservation measures 
in project planning to foster social acceptance 
and reduce conflict.

Economic considerations play a pivotal 
role in hydropower sustainability, with 
projects contributing to economic development 
through revenue generation, job creation, 

and infrastructure improvement. However, 
economic sustainability challenges such as 
displacement, environmental damage, and the 
need for adaptive management highlight the 
complexity of balancing economic growth with 
environmental and social concerns. Moreover, 
robust economic evaluations and policy 
frameworks are essential for assessing project 
viability, promoting sustainable development, 
and minimising negative impacts. Implementing 
adaptive management practices such as flexible 
policy frameworks and economic incentives 
for sustainable practices can enhance economic 
resilience and reduce long-term risks.

On the technical front, ensuring the 
efficiency and sustainability of hydropower 
systems requires addressing operational 
challenges, hydrological assessments, and risk 
management. Enhancements in system design, 
operational efficiency, and risk assessment 
methodologies are crucial for optimising 
hydropower functionality and mitigating 
technical risks. Furthermore, technological 
advancements and policy frameworks are 
vital in driving sustainable energy resource 
development and aligning with evolving energy 
policies. Adopting state-of-the-art technologies 
like real-time monitoring systems, predictive 
maintenance, and improved turbine designs can 
help manage technical risks and enhance system 
reliability.

Note that addressing the challenges of 
hydropower sustainability requires a holistic 
approach that integrates environmental, social, 
economic, and technical considerations. 
Effective environmental assessment and 
management, inclusive stakeholder engagement, 
robust economic evaluations, and technological 
advancements are key pillars for sustainable 
hydropower development and management. By 
incorporating best practices such as adaptive 
management, community-based approaches, 
and technological innovation, stakeholders 
can navigate the complexities of hydropower 
projects more effectively and ensure their long-
term success. By prioritising sustainability 
and adopting interdisciplinary strategies, 
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stakeholders can navigate the complexities of 
hydropower projects and ensure their long-term 
success.

Hydropower Sustainability Assessment
The International Hydropower Association 
(IHA) developed the Hydropower Sustainability 
Assessment Protocol (HSAP) in 2004 as part of 
the IHA Sustainability Guidelines, focusing on 
social, economic, environmental, and technical 
criteria for assessing hydroelectric dam projects 
(Mortey et al., 2019; Yuguda et al., 2022). The 
HSAP is a globally recognised tool that provides 
a standardised framework for evaluating the 
sustainability of hydropower projects throughout 
their lifecycle-from planning and preparation 
to implementation and operation. The protocol 
uses a set of performance criteria and indicators 
across four key pillars-environmental, social, 
technical, and economic systems to ensure 
comprehensive assessments that identify 
potential impacts, risks, and benefits associated 
with hydropower projects. It involves multiple 
stakeholders, including project developers, 
government agencies, local communities, 
and environmental experts to ensure diverse 
perspectives are integrated into the assessment 
process. 

The HSAP has provided a framework for 
the sustainability assessment of hydropower 
projects, emphasising the mitigation of impacts 
through a comprehensive evaluation process 
(Doujak et al., 2021; Roy & Roy, 2022). Various 
studies have highlighted the importance of 
the HSAP in promoting sustainable practices 
within the hydropower industry. The protocol 
has been utilised to develop conceptual models 
for mitigating impacts and ensuring sustainable 
water-based power sector practices (Huang et 
al., 2018; Roy & Roy, 2022). Additionally, the 
HSAP has been integrated into the evaluation 
standards for hydropower projects, guiding 
assessments based on social, economic, and 
environmental criteria (Xu et al., 2020; Teguh 
& Nisaa, 2021). The protocol has also been 
recognised for its role in benefit-sharing 
frameworks, contributing to the sustainability 

of hydropower businesses and the well-being of 
communities (Jiménez-Inchima et al., 2021).

Meanwhile, the HSAP offers a 
comprehensive framework for evaluating the 
sustainability of hydropower projects and 
answering the RQ5. Several obstacles contribute 
to its limited adoption:

Complexity and Resource Intensiveness
Implementing HSAP requires significant time, 
resources, and expertise. Many stakeholders, 
particularly in developing countries or smaller 
organisations may lack the capacity or funding 
to conduct thorough assessments using the 
protocol.

Lack of Awareness and Capacity
Despite efforts by the IHA to promote the HSAP, 
awareness of its existence and understanding 
of its value may be limited among relevant 
stakeholders, including government agencies, 
project developers, and financial institutions. 
Furthermore, the capacity to apply the protocol 
effectively may be lacking in many regions.	

Resistance from Developers and Governments
Some hydropower developers and government 
agencies may perceive the HSAP as an additional 
regulatory burden or a potential barrier to 
project development. They may resist adopting 
voluntary sustainability assessment protocols if 
they perceive them impeding project timelines 
or increasing costs.

Limited Incentives for Compliance
In some cases, hydropower developers may have 
insufficient incentives to voluntarily comply 
with sustainability assessment protocols such 
as the HSAP. Hence, developers may prioritise 
cost and time savings over sustainability 
considerations if there are no tangible benefits or 
incentives for meeting sustainability standards.

Political and Institutional Challenges
Political considerations and institutional 
barriers can also hinder the adoption of the 
HSAP. Government agencies may sometimes 
lack the regulatory frameworks or enforcement 
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mechanisms necessary to incentivise or comply 
with sustainability standards for hydropower 
projects.

Contextual Challenges 
The applicability of the HSAP may vary 
depending on the specific context of a 
hydropower project, including its location, 
scale, environmental, and social characteristics. 
Thus, adapting the protocol to suit diverse 
project contexts and stakeholder needs can be 
challenging.

Addressing these obstacles requires 
concerted efforts from international, national, 
and local stakeholders to raise awareness, build 
capacity, provide incentives, and integrate 
sustainability considerations into decision-
making processes related to hydropower 
development. Additionally, fostering dialogue 
and collaboration among stakeholders can help 
overcome resistance and promote the adoption 
of sustainability assessment protocols such as 
the HSAP.

The methodology standard of the HSAP is 
designed to provide a rigorous and systematic 
framework for evaluating the sustainability of 
hydropower projects. The lack of standardised 
and internationally accepted standards was the 
main gap before 2021 until August of its launch 
at the 2021 World Hydropower Congress titled 
“Hydropower Sustainability Standard (HSS)” 
(Hydropower Sustainability Council, 2021), 
which is now part of a certification scheme, 
making it more binding than the voluntary 
measurements in the initial HSAP (Ramamurthy 
et al., 2023). As this literature review is limited 
to the end of 2022, there are few studies on using 
the HSS in published journals.

The HSS of the HSAP is designed to 
be flexible and adaptable to different project 
contexts and stakeholder needs. Other than 
that, it guides conducting assessments using 
qualitative and quantitative methods, including 
data collection, stakeholder consultations, 
site visits, and expert reviews. The standard 
emphasises the importance of a multistakeholder 

approach to ensure that diverse perspectives and 
interests are considered during the assessment 
process.

Role of Hydropower
Carbon Emissions Reduction
Hydropower’s large-scale clean electricity 
generation effectively reduces carbon emissions, 
facilitating the transition to a low-carbon future. 
Hydropower decarbonises the energy sector 
and mitigates climate change by displacing 
fossil fuel-based generation. Alsaleh and Abdul-
Rahim (2022) carbon dioxide release in EU28 
nations can be effectively reduced by increasing 
hydropower output and good governance. 
The study revealed that the growth of the 
hydropower industry has a significant negative 
association with carbon dioxide released in the 
EU28 region. Increasing hydropower energy 
production by one leads to a decrease in carbon 
dioxide release of 0.809. However, the study 
has limitations in that the research utilised panel 
data from EU28 nations, which may not fully 
capture each country’s diversity and unique 
characteristics.

Energy Transition
Hydropower’s reliability, grid stability, and 
ability to provide baseload and dispatchable 
power make it an integral part of the energy 
transition. Baseload power is the consistent, 
unvarying electricity supply required to meet 
the minimum demand on the grid, provided by 
power plants that run continuously at a steady 
rate. Dispatchable power, on the other hand is 
a flexible power supply that can be adjusted 
or dispatched as needed to match demand 
fluctuations. It is essential to balance supply and 
demand on the grid and support the integration 
of renewable energy sources. It complements 
other renewable sources, helping to overcome 
the intermittency challenges associated with 
solar and wind power. Alternatively, Gonzalez 
et al. (2023) highlighted the importance of 
reservoir hydropower as a cost-effective 
technology for providing the flexibility required 
to accommodate intermittent renewables. The 
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author also acknowledges the negative impacts 
of hydropower operations on river ecosystems 
and the potential for multisector conflicts. 
Hence, the combination of hydropower with 
emerging technologies such as energy storage 
can further enhance the flexibility and reliability 
of the energy system.

Economic Development
Hydropower projects have the potential to drive 
economic growth by creating jobs, attracting 
investments, and generating revenue. The income 
generated from hydropower can be reinvested 
in local communities, supporting infrastructure 
development, education, healthcare, and other 
socioeconomic initiatives. Alsaleh and Abdul-
Rahim’s (2021) findings emphasise the need 
for investment in the growth of the hydropower 
industry, which can create job opportunities and 
stimulate economic activity in the renewable 
energy sector. This paper also establishes the 
importance of considering water resource 
conservation and sustainability in hydropower 
production, contributing to EU economies’ 
overall environmental and economic well-being.

Finding
Hydropower has emerged as a promising 
contender for pursuing sustainable energy 
solutions, offering clean and renewable 
electricity generation. Nonetheless, as we 
harness the power of water to fuel our progress, 
it is imperative to acknowledge and mitigate the 
potential for disasters that can jeopardise the 
long-term viability of these projects. Disaster 
potential assessment is pivotal to broader 
sustainability evaluations for hydropower 
initiatives.

The importance of disaster potential 
assessment in hydropower sustainability cannot 
be overstated. It is a proactive measure for 
identifying, understanding, and mitigating the 
risks associated with natural disasters and other 
unforeseen events. Such assessments delve into 
the vulnerabilities of the project site, considering 
factors such as geological conditions, seismic 
activity, flood patterns (Kuniyal et al., 2019), 

and climate change projections (Nguyen-Tien 
et al., 2018). By analysing disaster potential, 
developers and policymakers can gain insights 
into potential weak points and areas that 
require reinforcement, thus, enabling the 
implementation of robust preventive measures.

A disaster in the context of hydropower can 
have cascading effects on environmental, social, 
and economic fronts. Floods, earthquakes, 
landslides, or dam failures can lead to 
extensive damage (King et al., 2017), loss of 
life, displacement of communities, and energy 
supply disruption. These incidents not only 
impede progress but can also incur exorbitant 
costs for rehabilitation and recovery. Disaster 
potential assessment acts as a shield, ensuring 
that hydropower projects are equipped to 
withstand natural forces and recover swiftly in 
the aftermath of an event.

Furthermore, integrating disaster potential 
assessments into broader sustainability 
evaluations aligns with responsible and adaptive 
development principles. This underscores 
the need to create synergy between human 
aspirations and the ecosystem’s resilience. By 
considering disaster scenarios, the assessment 
prompts incorporating strategies that enhance the 
project’s capacity to coexist harmoniously with 
its surroundings. These strategies can include 
engineered flood management (Nowak et al., 
2022), early warning systems, and designing 
infrastructure that accommodates changing 
water levels and extreme weather patterns.

In the era of climate change, disaster 
potential assessment is not a mere formality 
but rather a strategic imperative. As the 
frequency and intensity of extreme events 
increase, the resilience of hydropower projects 
becomes a determining factor in their long-
term success. Correspondingly, developers and 
stakeholders demonstrate their commitment to 
adaptability, accountability, and future-proofing 
by integrating potential disaster assessments 
with sustainability evaluations. In the last 
decade, only 10 studies mentioned disasters in 
sustainability assessments (Table 3), of which 
only three out of 177 (1.7%) sustainability 
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assessment studies considered the potential for 
recurrent disasters to occur.

Several hydropower sustainability 
assessment studies have delved into the potential 
occurrence of hazards, particularly geohazards. 
Notably, the works of Ali Washakh et al. 
(2019), Kuniyal et al. (2019), and Dhaubanjar 
et al. (2021) stand out in this domain. Note that 
geohazards encompass natural events such as 
floods, landslides, and earthquakes. These studies 
collectively contribute to a comprehensive 
understanding of the vulnerability and resilience 
of hydropower projects in the face of these 
hazards.

Focusing on specific elements within 
geohazards, landslides, and earthquakes 
warrants distinct attention. Kuniyal et al. 
(2019) and Dhaubanjar et al. (2021) offered 
insights into assessing potential landslides and 
earthquakes. These two studies meticulously 
examined the geological and seismic conditions 
surrounding hydropower projects, highlighting 
the significance of evaluating these specific 
hazards.

An evolution in disaster risk assessment is 
evident, emphasising the interconnectedness of 
vulnerability, capacity, and hazards. The concept 
of vulnerability has evolved beyond being 
solely defined by exposure to hazards. Rather, 
it encompasses the capacity to cope, endure, and 
recover from their impacts. This shift is reflected 

in the risk equation, where vulnerability now 
interacts with capacity, effectively depicted as 
Risk = Hazard (H) x Vulnerability (V)/Capacity 
(C). Recognising capacity as a pivotal component 
acknowledges the role of human capabilities in 
mitigating hazard effects (UNDRR, 2004).

However, there is a notable gap in 
sustainability assessments related to disasters—
the absence of comprehensive risk assessments 
that incorporate disaster capacity evaluation. 
Meanwhile, numerous studies have explored 
the potential occurrence of hazards and their 
associated vulnerabilities. However, the 
inclusion of disaster capacity assessments 
remains relatively limited. The integration of 
capacity assessment is crucial for a holistic 
understanding of a hydropower project’s 
resilience to disasters. As the field progresses, 
bridging this gap in sustainability assessments 
could enhance the accuracy and effectiveness of 
risk evaluations (UNDRR, 2004).

Conclusions
An SLR on hydropower sustainability reveals a 
multifaceted landscape of benefits and challenges 
associated with hydropower development. 
Analysing peer-reviewed articles from 2012 
to 2022 provides comprehensive insights into 
hydropower sustainability’s environmental, 
social, economic, and technical aspects.

Table 3: Several sustainability assessment studies related to disasters in 2012 to 2022

Authors Hazard Main Object
Yu et al. (2012) Floods Flood control

Hidayani et al. (2017) Floods Flood control
King et al. (2017) Earthquakes Dam safety simulation

Nguyen-Tien et al. (2018) Climate change Environment impact
Kuniyal et al. (2019) Floods, landslides, earthquakes Potential assessment

Ali Washakh et al. (2019) Floods Potential assessment
Dhaubanjar et al. (2021) Landslides, earthquake Potential assessment

Nowak et al. (2022) Floods Flood impact
Lazo-Vásquez et al. (2022) Floods Reservoir flooding

Hamidifar et al. (2022) Floods Reservoir flooding
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Environmental Impacts and Sustainability 
Challenges (RQ1) 
Hydropower projects while beneficial for 
clean energy generation and carbon emissions 
reduction, pose significant environmental 
risks, including biodiversity loss, ecosystem 
disruption, sedimentation, and water quality 
degradation. Hence, effective environmental 
assessment and management strategies are 
critical for mitigating these impacts and 
promoting the sustainable use of natural 
resources.

Social Impacts and Challenges (RQ2) 
Developing hydropower projects often leads 
to social challenges such as community 
displacement, loss of livelihoods, and cultural 
disruptions. Addressing these issues requires 
comprehensive social impact assessments, 
stakeholder engagement, and policies that 
promote social equity and community well-
being.

Economic Impacts and Sustainability 
Considerations (RQ3) 
Hydropower significantly contributes to 
economic development, particularly through 
job creation, infrastructure improvement, 
and the provision of a reliable energy supply. 
However, economic sustainability is challenged 
by high initial investments, operational costs, 
and potential economic disparities. Policy 
frameworks and investment strategies must 
balance economic benefits with social and 
environmental costs to maximise sustainability.

Technical, Operational, Policy, and Risk 
Management Considerations (RQ4) 
Technical innovations, system design 
optimisations, and robust risk management 
practices are essential for the sustainable 
operation of hydropower plants. Integrating 
advanced modelling tools, efficient turbine 
technologies, and adaptive management 
strategies can enhance the sustainability of 
hydropower projects.

Barriers to Sustainable Hydropower 
Assessments (RQ5) 
The implementation of comprehensive 
sustainability assessments is hindered by 
factors such as the complexity and resource 
intensiveness of protocols such as the HSAP, 
lack of awareness, resistance from developers, 
and insufficient incentives for compliance. 
Addressing these barriers requires concerted 
efforts to build capacity, raise awareness, and 
provide incentives for sustainable practices.

Conclusions, Policy Implications, and 
Recommendations 
The findings highlight the need for enhanced 
regulatory frameworks, greater stakeholder 
engagement, and the adoption of advanced 
technologies to mitigate negative impacts 
while maximising the benefits of hydropower. 
Policymakers, industry stakeholders, and the 
research community are urged to adopt and 
implement the proposed assessment framework 
to facilitate the development of hydropower 
projects that exemplify sustainability.

The sustainable development of hydropower 
necessitates an integrated approach that considers 
environmental, social, economic, and technical 
dimensions. The hydropower industry can 
contribute significantly to the global transition 
toward a more sustainable and equitable energy 
future by embracing comprehensive assessment 
frameworks and robust policy measures. In 
addition to disaster potential assessments 
of sustainability, evaluations are crucial for 
ensuring the resilience and long-term viability 
of hydropower projects in the face of natural and 
anthropogenic challenges. Future research and 
policy development should continue to address 
these challenges to enhance the sustainability of 
hydropower globally.
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