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ABSTRACT

Climate change is a multifaceted global phenomenon that poses a significant threat
to critical infrastructure water availability, human health, etc. as evidenced by
increasing occurrences and severity of extreme weather events. A vital step in
minimising the long-term effects of climate change is reducing carbon dioxide (CO,)
emissions. To this end, countries worldwide have committed to reaching net zero

emissions in the future.

The UK has committed to decarbonising its electricity system by 2035. The
Department for Energy Security and Net Zero accepted that hydropower is critical to
delivering greater energy security and independence, economic growth, and the UK’s
net zero ambitions. While most large hydropower sites have been utilised in the UK,
run of river (RoR) hydropower is a type of hydropower generation that has the
potential to be further developed in the UK, to meet the country’s ambitious net zero
target. RoR systems work in the same way as large hydropower schemes, except
they are not dependent on water storage but instead are reliant on the natural
seasonality of river flows. The benefits of RoOR systems include smaller initial
investments, shorter planning and construction times, use of smaller areas for
construction, less inundation (if any) compared to large hydropower, and the typical
use of local labour and materials. Considering the RoR advantages over large
hydropower and the Climate Change Committee’s recommendation for fast
renewables development, RoR hydropower could be developed to support the UK’s
net zero targets. Although hydropower is generally a well-developed and well-
researched technology, the effects of climate change and the potential risks to RoR
hydropower are not fully understood. Addressing this gap is crucial for informed
decision-making, enabling effective adaptation strategies to be developed and

ensuring the resilience of RoR hydropower in the face of evolving climatic conditions.

This thesis aims to improve the understanding of RoR hydropower potential and the
effects and risks climate change has on this type of hydropower. This includes the

mapping of RoR hydropower potential, the impacts of future river flow changes on



RoR hydropower and an assessment of the potential risks to RoR hydropower
generation using Great Britain (due to lack of data for Northern Ireland) as a case
study area. It develops a comprehensive methodology to assess the RoR hydropower
potentials for various scheme sizes — pico, micro, mini, and small — across the study
area. Notably, it evaluates the maximum hydrological and realisable potentials in
addition to the financial and technical potentials considered in prior studies. The
subsequent phase explores the impact of climate change on river flows and RoR
hydropower potential in Great Britain, utilising the eFLaG future flows projections
based on the latest UK climate data (UKCP18). The investigation extends further into
how hydropower drought is defined and climate change implications on this
phenomenon are explored, illustrated through virtual RoR schemes. This streamlined
approach contributes valuable insights into RoR hydropower potentials and their
susceptibility to climate-induced changes, providing a foundation for practical
applications in planning and adapting hydropower schemes.

For the test region, this research identifies the total hydrological RoR hydropower
potential to be 20 GW, technical potential to be 11 GW, financially viable potential to
be between 320 MW to 420 MW, and the realisable potential to be between 290 MW
to 320 MW. Most of the realisable schemes are found to be either mini or small (100
kW — 5 MW), situated in the west and north-west parts of Great Britain, with the
largest realisable potential in the Taff Group catchment in Wales (20 MW). However,
RoR hydropower potential throughout Great Britain is found to decrease in the near
and far future in summer and autumn and increase in spring and winter. The
increases in spring (~1.60 %) and in winter (~1.70 %) are smaller than the
decreases in summer (~ -19 %) and autumn (~ -11%). Therefore, RoR hydropower
plants are likely to see a decreased energy output in the future. Furthermore, the
results show that hydropower drought is a phenomenon that affects RoR, with
schemes experiencing summer hydropower drought events with the high frequency
and severity. This analysis shows that on an annual scale, the duration of drought
events is expected to increase by approximately two days across Great Britain,
accompanied by a 13.5% rise in both the frequency and severity of hydropower

droughts in the near future.



This thesis adds to the understanding of the RoR potential and offers a reliable
estimate of the amount of RoR hydropower that can be produced alongside suitable
RoR scheme locations to support next zero targets. Furthermore, the findings of this
study have practical implications for the planning of new RoR schemes and adapting
already operational schemes. The methodology developed here could be applied to
other countries or regions with similar climatic regimes to Great Britain, such as
Canada, New Zealand or France, to gain further knowledge of hydropower potential
and risks. Using the same methodology over multiple regions could help create a
consistent database containing RoR hydropower potential informing of potential
renewable resources to help reach net zero targets.



CHAPTER 1 INTRODUCTION

1.1 Background and motivation

There is “irrefutable evidence” that the global climate is changing due to human
activities (IPCC, 2021). In order to limit the effects of climate change, governments
worldwide have adopted climate legislation to limit their emissions. In the UK, the
Government adopted its Climate Change Act in 2008 (UK Government, 2019), which
requires the UK to meet a legally binding target of 100% emission reduction by 2050
from 1990 levels. The biggest greenhouse gas emitter worldwide is the energy sector
(Ritchie et al., 2020). Although, in the UK the biggest emitter is the transport sector
(Department for Energy Security and Net Zero, 2024) an ambitious target of
decarbonising the UK energy system by 2035 has been set (Department for Business

Energy & Industrial Strategy, 2021).

Currently, over 40% of the UK’s electricity comes from renewable sources
(Department for Energy Security and Net Zero, 2023a). Hydroelectricity produces
5,000 GWh of energy per year (British Hydro Association, 2022a), which accounts for
approximately 2% of the national capacity (Department for Business Energy and
Industrial Strategy, 2022). However, hydropower is a reliable and well-researched
technology, with hydropower assets having the potential to deliver beyond the 2050
net zero target (International Hydropower Association, 2022a). Although the UK
Government strategy focuses on delivering net zero and decarbonising the electricity
grid mainly through wind energy (HM Government, 2021), the path to net zero is
fraught with delivery risks and time challenges. To broad opportunities and supply
resilience, all renewable technologies should be progressed. However, most of the
large hydropower sites have been already utilised in the UK (International Hydropower
Association, 2022b), so further development is likely to be limited. Nevertheless, there
is renewed interest in hydropower in the UK, especially pumped storage hydropower.
The Coire Glas scheme in the Scottish Highlands for example will, if installed,
increase its current capacity to 1.5 GW and become a pumped hydro facility, to help

improve UK energy security (BBC News, 2023).



Run of river (RoR) hydropower is a type of hydropower that could be further developed
in the UK (Sammartano et al., 2019). RoR systems, which typically divert water from
a river to a turbine then release it back into the river downstream, work in the same
way as impoundment systems, except they do not store water (Mosier et al., 2016).
Instead, ROR schemes are dependent on the natural seasonality of river flows. The
benefits of RoR hydropower include smaller initial costs, shorter planning and
construction times, use of smaller area, and less inundation (if any) compared to large
hydropower projects (Rojanamon et al., 2009). However, changes in hydrological
variables (temperature, precipitation, evaporation, etc.) in a warming climate are likely
to affect hydropower production, especially RoR schemes which lack the storage
capacity to buffer seasonal changes. In the summer months, electricity production
could potentially decrease due to lack of precipitation and lower flows (Sample et al.,
2015). In the winter months, even if the flows increase, the installed penstocks and
turbines might not be able to take advantage of the higher flows (Sample et al., 2015).
With renewed interest in hydropower generation (BBC News, 2023) and investment
opportunities, this type of renewable source could become a part of the transition to

net zero, alongside other renewable electricity sources, such as wind and solar.

RoR hydropower has been recognised as a dependable and cost-effective renewable
technology for generating clean electricity (Crootof et al., 2021). A RoR hydropower
scheme lacks storage (i.e., without a reservoir) and functions by directing water from
a river through a weir intake. Subsequently, the water flows through a series of pipes
and penstocks, ultimately driving a turbine that generates electricity. The lack of
storage, however, makes RoR hydropower dependent on river flows. Until now, there
have been a few major country wide studies trying to determine the potential for RoR
hydropower in the UK. However, most of them have focused on either Scotland or
England and Wales separately, with the latest UK-wide study undertaken over 30
years ago and the last major study in Scotland completed 10 years ago. Separately,
various studies (e.g., Kay, 2021; Prudhomme et al., 2012; Watts et al., 2015) have
investigated the effects of climate change on river flows across the UK. The potential
influence of climate change on river flows, including seasonality and low
environmental flows (Qgs), has been the subject of extensive research, providing

valuable insights into the impacts of temperature and rainfall pattern changes on river



flow. For example, Gudmundsson et al. (2021) analysed the trends in mean and
extreme river flow attributed to climate change, highlighting the expected effects of
anthropogenic climate change on global river flow. Additionally, research specific to
Great Britain (GB) has been conducted to assess the effects of climate change,
particularly global warming, on temperature, rainfall, and river flows (Kay et al.,
2021a). However, a notable gap in the literature remains regarding how these
changes may impact hydropower systems in the UK, in particular RoR. EXxisting
research has predominantly focused on broad assessments of river flow alterations,
overlooking the nuanced implications for hydropower generation, especially within the
RoR context. Furthermore, climate change poses other risks to RoR hydropower,
such as increased effects of drought and floods (J. Opperman et al., 2022). Despite
their significance to RoR hydropower generation, these specific implications have not
to date been thoroughly examined.

1.2 Aim of the thesis and guiding research questions

The aim of this research is to improve the understanding of RoR hydropower potential,
and the possible effects climate change will have on this type of hydropower using
GB as a case study. The high level objectives of this thesis — posed as five research
guestions (RQs) (Table 1-1) — include a detailed mapping of RoR hydropower
potential, an exploration of how future changes in river flows may impact RoR
hydropower and hydro electricity production, and a comprehensive assessment of
drought risk to RoR hydropower generation. By mapping RoR hydropower potential,
this research seeks to provide a nuanced understanding of the geographic areas with
the highest capacity for harnessing this renewable electricity source. Furthermore, by
examining the effects of projected changes in river flows on RoR hydropower, the
research aims to unravel the intricacies of possible future climate-induced impacts.
Assessing potential risks to RoR hydropower generation involves identifying
vulnerabilities and uncertainties that may arise in the evolving climate scenario,
contributing valuable insights for resilient infrastructure planning. This work not only
contributes to the specific understanding of RoR hydropower potential and climate
change impacts in GB but also provides a template for global assessments. It is

intended that the outcomes and methodologies of this study may guide policymakers,



researchers, and energy practitioners in multiple regions toward sustainable

hydropower development amid a changing climate.

Table 1-1: Guiding research questions used in this thesis

How can the potential for RoR hydropower
RQ1 | be determined using the latest available data | Addressed in Chapters 2 and 3
and technologies?

How are temperature and rainfall pattern
changes influencing river flows, both now
and in the future, including seasonality and
low environmental flows (Qgs)?

What are the effects of climate change on
RQ3 | RoR hydropower schemes, including power | Addressed in Chapter 4
and energy output?

Is there a necessity to establish a distinct
and standardised definition for ‘hydropower
RQ4 | drought’ to comprehensively assess and Addressed in Chapter 5
address the specific impacts of drought on
hydropower generation?

To what extent does climate change
influence the risks associated with

RQ5 | hydropower generation, including the Addressed in Chapter 5
emergence of the condition referred to as
‘hydropower drought’?

RQ2 Addressed in Chapter 4

1.3 Thesis structure

The thesis is divided into seven chapters, comprising a background review (Chapter
2), the main analysis and results are presented in Chapters 3, 4 and 5 which are
written as peer-reviewed journal articles (as stated in the Statement of Co-Authorship)
and therefore contain their own independent abstract, introduction, discussion,
conclusions and acknowledgment sections, followed by a discussion (Chapter 6) and
ending with conclusions (Chapter 7). The focus and contents of each chapter are as

follows:

Chapter 2 provides an overview of how climate changes may influence water
resources, leading to changes in hydropower production. It also explains why
hydropower can be an important part of the UK’s electricity system and how it
compares to other renewable generation types. Past hydropower assessments and
the need for a novel one using the latest datasets and not skewed towards financial

potential is highlighted, followed by an overview of possible future changes to RoR



hydropower due to climate change and gaps in ways to measure them using GB as
an example. Finally, it explains the need for defining hydropower drought and
determining climate change effects on hydropower drought. By weaving together
findings from various studies, this background review provides a holistic
understanding of the challenges posed by shifting climatic patterns and human

activities to water resources.

Chapter 3 creates a methodology to assess the hydrological, technical, financially
viable and realisable potential for RoR in GB (Northern Ireland is excluded from this
analysis due to lack of data for that region). This assessment is the most recent and
most complete RoR hydropower assessment for GB. This chapter highlights the
influence of financial viability on the RoR potential and the results show possible

suitable locations for RoR schemes in areas without run of river development.

Chapter 4 determines the effects of climate change on river flows and RoR potential
in GB. Using a novel future flow dataset (Hannaford et al., 2022) this chapter analyses
possible changes in river flows (including annual, seasonal and low flows) in the near
(2030-2059) and far future (2050-2079) from the baseline (1980-2009). It also
explores how the changes in river flows may affect RoR hydropower potential in the
future. The results presented in this chapter show that, in the future, run of river

hydropower potential may decrease.

Chapter 5 looks at risks to hydropower production, mainly drought. It defines, for the
first time, hydropower drought as a period of minimum of five consecutive days where
the available power is below a certain level. Most previous studies focus on the risks
of hydrological drought, which refers to reduced water availability in rivers and
reservoirs due to prolonged dry periods, and its impact on hydropower production,
rather than the risk of hydropower drought - a more focused term that refers to periods
when hydropower schemes are unable to generate sufficient electricity.. This study
fills this gap by using the novel definition for hydropower drought and four run of river
(RoR) to determine how climate change affects hydropower drought characteristics
(duration, frequency, severity). The chapter concludes with a comprehensive set of

results, highlighting the changes in hydropower drought characteristics between the



baseline and future periods. The findings contribute insights into the potential impacts
of climate change on hydropower systems, informing adaptive strategies for

sustainable hydropower management.

Chapter 6 further discusses the broad findings presented in Chapters 3, 4 and 5 in
the context of the original research questions and proposes directions for future

research.

Finally, Chapter 7 concludes the thesis, restating the aims and results and answers

the research questions posed in the Introduction.



CHAPTER 2 BACKGROUND REVIEW

2.1 Water resources and climate change

The nexus between climate change and water resources is evident, manifesting
through shifts in precipitation patterns, modifications to hydrological cycles, and a
surge in extreme weather events (Seneviratne et al., 2023). Recent research (Abbass
et al.,, 2022) portrays a landscape of substantial alterations in hydrological systems
attributable to climate change. A notable intensification of the global water cycle,
accentuating the propensity for heightened rainfall events alongside extended periods
of drought is observed (Bhaga et al., 2020; Ebi et al., 2021). The ramifications of these
alterations are palpable in the escalating occurrences of extreme weather events such
as floods and hurricanes, amplifying the vulnerability of water security (Mosley, 2015).
Kemp et al. (2022) examines the escalating frequency of extreme weather events,
unravelling their cascading repercussions on the resilience of water infrastructure and
supply systems. These transformations usher in challenges concerning both the
quantity and quality of available water resources. Beyond the immediate implications
for water availability, climate change reverberates through ecosystems and
biodiversity. Capon et al. (2021) examine the pervasive disruptions in aquatic
ecosystems arising from alterations in water temperature, shifts in flow regimes, and
transformations in habitat availability. Their research underscores the intricate
ecological ramifications that necessitate holistic considerations in water resource
management strategies. In tandem with climatic influences, anthropogenic factors
emerge as pivotal contributors to the stressors imposed on water resources. Caretta
et al. (2022) accentuate the substantial role played by human activities in
exacerbating both water scarcity and pollution. This intersection of climate-induced
changes and human-induced stressors amplifies the complexity of challenges faced

in sustaining water resources.

These challenges for water resources can be observed worldwide (Tabari, 2020).
Countries in Africa and Asia are particularly vulnerable to climate change impacts on
water resources. Changes in rainfall patterns and increased temperatures exacerbate

water scarcity issues, affecting agriculture, sanitation, and overall water security
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(Trisos et al., 2022). In North and South America, climate change influences water
resources differently across regions. While some areas face prolonged droughts,
others experience increased rainfall and flooding (Seneviratne et al., 2023). In
Europe, warming temperatures impact water resources through changes in snowmelt
timing, altered river flows, and shifts in aquatic ecosystems (Lobanova et al., 2018),
while the Arctic's rapid warming has implications for global sea levels and ocean
circulation patterns (Rantanen et al., 2022).

The United Kingdom (UK), renowned for its historical abundance of consistent rainfall,
is grappling with a transformative era of uncertainties in its water resources, primarily
attributable to the effects of climate change (Climate Change Committee, 2021). This
intricate interplay of climatic variables, as delineated by recent studies (Lane et al.,
2022), encompassing alterations in precipitation patterns and the escalation of
temperatures, poses challenges to the traditionally dependable water supply systems
within the nation. Evidenced by shifts in the temporal and spatial characteristics of
rainfall events and the manifestation of prolonged dry spells, the UK is contending
with an augmented variability in water availability (Watts et al., 2015). Recent
attribution studies underscore the severity of these challenges, citing instances of
extreme weather events, including intense floods and heatwaves, which have become
increasingly frequent and are indicative of the changing climate landscape in the UK
(Ciavarella and Mccarthy, 2020; Vautard et al., 2020).

Climate changes in the UK are manifesting through alterations in precipitation patterns
and temperatures, resulting in changes in river flows and hydrological dynamics.
Based on future projections of river flows (Murphy et al., 2009), it is expected that
there will be a decrease in spring and summer flows, a varying pattern in autumn, and
slight increases in winter flows over the UK in the future. These changes may fluctuate
by as much as + 20%, but overall, annual flows are not expected to change
significantly throughout the country (Watts et al., 2015). These changes are spatially
and temporarily variable, with areas, that might see a flow reduction visible all year,
especially in eastern and southern Scotland. A summary of these projected changes

can be found in Table 2-1.
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Table 2-1: Summary of future flow changes from peer reviewed literature. Adapted
from: Boca et al. (2022)

in the south/east (median —29%, range —59% to 22%).

Flow Stu_dy Range of changes Ref.
type region
Annual run-off for the four Scottish catchments measured
Scotland (Braemar, Edinburgh, Stornoway, and Dumfries) is predicted to Werritty
increase by 8.9-11.6%, with the predicted increase in to be (2002)
Annual between 5-15%, locally exceeding 27%.
There is relatively large uncertainty in projections of mean Christierson
UK annual flow with most catchments exhibiting changes with a etal. (2012)
non-null probability ranging from -10% to +10%. )
Flow in Scotland show a small increase or decrease, although Prudhomme
GB this is still mainly within 20% with changes in the east reaching
et al. (2012)
up to 40%.
Maps of seasonal mean flow changes suggest increases in the
GB north/west but possible decreases in the south/east (median Kay (2021)
Winter change 9% and range -42% to 51% for the far-future).
Results in terms of central estimates (50" percent quartile)
UK show a marked seasonal cycle with a small increase in flows | Christierson
(from November to March) can be noted over the western part | et al. (2012)
of the UK.
Scotland The changes in winter are in the range of +20%. W?;tgleSt)al.
. Prudhomme
0,
GB Decreases of up to 40% in flows. et al. (2012)
Spring . . . .
Scotland Chz.anges in flqws are typically pegatlve but with some small Kay (2021)
positive values in the west (median —6%, range —29% to 15%).
Scenarios predominantly show decreases in runoff through the
UK, but range from +20% to -80%. The largest percentage Prudhomme
GB decreases are mainly in the north and west of the UK although
; ; et al. (2012)
the range in these areas between scenarios can be large (0 to
80%).
Summer Summer flows show large decreases across the country
GB (median -45%, range —66% to —5%) Kay (2021)
Results in terms of central estimates (50th percent quartile)
UK show a marked seasonal cycle, with large reductions in summer | Christierson
flows. Except for the western part of the UK, in all other et al. (2012)
catchments a decrease in river flows is visible all year round.
There is a mixed pattern with a full range of percentage
GB changes (+60 to 80%) across the UK. Most scenarios indicate | Prudhomme
decreases in flows, especially in the south and east (up to et al. (2012)
80%), whilst in the west and north, changes can be small.
Autumn
GB Changes in autumn flows are also mostly negative, particularly Kay (2021)
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2.2 Hydropower

Hydropower derives electricity from the movement of water, establishing a direct
connection between hydropower generation and water resources. This relationship is
fundamental to the operation and efficiency of hydropower systems. The availability
and predictability of water sources are paramount for the consistent and reliable
operation of hydropower plants. Seasonal variations, changes in precipitation
patterns, and alterations in river flows directly impact the potential for electricity

generation.

Worldwide, hydropower is the most used renewable generation type with 1,330
gigawatts (GW) installed as of 2020, comprising approximatively 16% of the total
renewable electricity worldwide in 2019 (International Hydropower Association,
2022c). In the UK, hydroelectricity produces 5000 GWh of energy per year (British
Hydro Association, 2022a), which accounts for approximately 2% of the national
capacity (Department for Business Energy and Industrial Strategy, 2022). Out of the
total installed capacity of approx. 4.6 GW in the UK, almost 500 MW is made up of
run of river hydropower (Kennedy et al., 2023). However, hydroelectricity is important
for the integration of other variable renewable generation sources (e.g., wind, solar)

(International Hydropower Association, 2022b).

Hydropower can be a reliable, versatile and low-cost source of renewable electricity
generation. With appropriate water management, hydropower with an impounding
reservoir can function as a complementary resource to variable renewable sources
such as wind and solar (Siri et al., 2020). Due to its rapid response capabilities,
operational flexibility and energy storage potential, it can meet demand when
intermittent sources are unavailable (Tarroja et al., 2019). Hydropower plants typically
operate with higher capacity factors than wind farms, and in some circumstances may
be more socially and environmentally acceptable (Sample et al., 2015). Pumped
storage hydropower, operating like a rechargeable battery, absorbs energy when

supply exceeds demand and returns energy when demanded (Jurasz et al., 2018).
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2.2.1 Hydropower types

There are different types of hydropower: large hydropower, pumped storage, small
hydropower, run of river, tidal and wave energy hydropower. This thesis focuses on
onshore hydropower, so in the following sections only large (including pumped
storage) and small hydropower are discussed.

According to British Hydro Association (2022b) large hydropower is any plant with a
capacity greater than 5 MW. However, there are multiple capacity levels for large
hydropower worldwide: in the US, The Department of Energy defines large
hydropower as having a capacity above 30 MW; in India above 15 MW; and in China
above 25 MW. Capacity is not the only criteria to assess the size of a hydropower

plant. For example, size or impoundment volume are also classification conditions.

Pumped hydropower storage is another type of large hydropower which uses the force
of gravity to generate electricity using water that has been previously pumped from a
lower source to an upper reservoir. The water is pumped to the higher reservoir at
times of low demand and low electricity prices. At times of high demand - and higher
prices - the water is then released to drive a turbine in a powerhouse and supply

electricity to the grid (International Hydropower Association, 2023).

Hydropower is considered small hydropower if it has a capacity of less than 5 MW
(British Hydro Association, 2022b). Small hydropower is usually considered to be run
of river plants, which do not usually have an artificial lake built behind a dam. Although
run of river (RoR) is usually considered to be small hydropower, they are also
subclassified by size in pico, micro, mini and small (British Hydro Association, 2022b),
as explained in Table 2-2. As RoR hydropower schemes often serve local
communities, they contribute to a decentralised electricity grid, reducing reliance on
large-scale grid connectivity and associated costs (Karapici et al., 2024). In regions
where RoR can meet localised electricity needs without extensive grid infrastructure
it could enhance resilience and self-sufficiency (Venus et al., 2020). However, the
extent to which RoR hydropower is prioritised as a political strategy depends on
national energy policies, financial incentives, and regional grid stability (Burke and
Stephens, 2018).
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Table 2-2: Classification of small hydropower. After British Hydro Association (2022b).

Small hydropower type Installed power
Pico <5 kw

Micro 5-100 kW

Mini 100 kW — 1 MW
Small 1-5MW

RoR hydropower systems employ turbines to convert the kinetic energy of flowing
water into electricity, typically without the need for large reservoirs. Below are five
common turbine types used in RoR hydropower systems, each suited to different
operating conditions and site characteristics:

e Francis Turbine: A reaction turbine suitable for medium to high heads and a
wide range of flows, efficient for large-scale applications.

e Kaplan Turbine: A reaction turbine ideal for low heads and high flows, with
adjustable blades for optimised performance under varying conditions.

e Pelton Turbine: An impulse turbine designed for high-head, low-flow

scenarios, often used in mountainous areas.

e Cross-Flow Turbine: A versatile option for low to medium heads, particularly

effective for small-scale installations.

e Archimedean Screw: A low-head, environmentally friendly turbine, excellent

for sensitive areas and small-scale community projects.
2.3 Hydropower and sustainability

Sustainability is a key consideration in the development of renewable generation
systems, encompassing three interconnected pillars: environmental, societal, and
economic. These pillars, often referred to as "people, planet, and profit," are critical in
assessing the long-term viability of any hydropower project (Correia, 2018). The
environmental pillar focuses on the ecological impacts of hydropower, such as effects

on river ecosystems, greenhouse gas emissions over the life cycle, and the project's
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overall contribution to reducing carbon emissions. The societal pillar covers the social
aspects of sustainability, including the acceptability of hydropower projects within
local communities, potential impacts on livelihoods, and how hydropower can
contribute to broader societal goals, such as improving energy access. Finally, the
economic pillar relates to the financial sustainability of hydropower projects, including
the costs of development, operation, and maintenance, and how these projects

contribute to energy security and overall economic resilience.

The sustainability of hydropower is examined in the following section by discussing
the environmental impacts and life cycle emissions (environmental pillar — Sections
2.3.1 and 2.3.2 ), social acceptability (societal pillar — Section 2.3.5 ), project costs
(economic pillar — Section 2.3.4 ), and energy security (which spans all three pillars —
Section 2.3.3).

2.3.1 Environmental impact

Many of the renewable generation sources have a range of environmental impacts
related to habitat change, which depend on site characteristics and the
implementation of the technology (Intergovernmental Panel on Climate Change,
2014). Potential hydropower environmental impacts include the discontinuation of
river flows and obstruction of fish passage (Abbasi and Abbasi, 2011; Agostinho et
al., 2002; Lenzen, 2010; Neachell, 2014). This contrasts with onshore wind where
distinctive environmental impacts are mechanical and aerodynamic noise that can
affect sleep and cause headaches (Leung and Yang, 2012). Bioenergy generation
presents a risk to the biodiversity of crops (Firbank, 2008), and solar PV panels can

pose a health risk from their manufacture, use and disposal (Tsoutsos et al., 2005).

The largest environmental impact of large hydropower plants is the flooding of large
areas in order to accumulate a massive volume of water behind the dam (Lenzen,
2010). Another problem arising from the construction of dams is thermal pollution,
which is the change in temperature of lakes, rivers or oceans by man-made structures
(A. Bobat, 2015). This is because the natural river flow is interrupted by the dam, fish

can’t migrate upstream to lay their eggs, thus affecting their population. In order to
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mitigate this negative effect, fish ladders have been added to dam structures but with
little efficiency (Agostinho et al., 2002).

The environmental impacts of small hydro, such as RoR, are lesser than those of
large hydropower sites. The greatest problem is the discontinuation of flow; if the
minimal flow is not assured or there are cascading small hydropower plants,
downstream of the plant can be affected, so it is necessary to assure a minimal flow
downstream (Pang et al., 2015). Small hydro and run of river sites use very little land
(Pang et al.,, 2015) making their impact smaller than those of large hydropower

schemes.

Assessing environmental impacts for each renewable generation source,
incorporating all stages of its lifecycle per kWh produced, shows hydropower to have
a low environmental impact, with RoR hydropower having the lowest overall
environmental impact (Kouloumpis et al., 2015) of all renewable electricity types. This
is consistent with other studies (Atilgan and Azapagic, 2016; Siddiqui and Dincer,
2017) which show that the overall environmental impacts of hydropower are the

lowest compared to other renewable energy sources.
2.3.2 CO2 emissions

CO; emissions per kWh produced have been assessed as carbon dioxide represents
the most harmful emission. Other emissions, such as SO, (Sulphur Dioxide), NOx
(Nitrogen Oxides) or CH4 (Methane), are in lower quantities compared to CO; (Ritchie
et al., 2020). CO; lifecycle emission estimates from Amponsah et al. (2014);
Edenhofer et al. (2011); Moomaw et al. (2011); Turconi et al. (2013) are shown in
Figure 2-1, based on the 50" percentile values of emissions (the 50" percentile offers
the most reasonable estimate given the wide range of site-specific CO; releases).
One of the smallest emissions of CO> come from hydropower. However, Edenhofer
et al. (2011) argue that hydropower reservoirs emit a considerable amount of methane
but in most tropical areas, as CHs emissions are temperature dependent.
Nonetheless, in most sites in temperate and colder climates, such as Europe, those

emissions are small (Moomaw et al., 2011).
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Figure 2-1: Box plot of median lifecycle CO, emissions from renewable generation
sources. Data taken from (Amponsah et al., 2014; Edenhofer et al., 2011; Moomaw
et al., 2011; Turconi et al., 2013). Each box represents the interquartile range (from
25" percentile to 75" percentile) and the line inside the box signifies the median value.
The whiskers extend towards the maximum and minimum values and the points
outside those are outliers. The smallest median lifecycle emissions come from wind
energy. Solar PV refers to solar photovoltaic; CSP refers to concentrated solar power;
Ocean energy refers to wave and tidal energy sources.

2.3.3 Energy security

Although the environmental benefits of renewables are widely understood, their
contribution to energy security, especially in the longer term (since their “fuel” is non-
depleting), is not as well recognised (Olz et al., 2007). For example, in the UK, energy
security policy ensures customers can access the energy they need at prices that are
not excessively volatile (Department of Energy and Climate Change, 2010), which
means energy supply must meet energy demand. If a sudden increase in demand
appears, supply from dispatchable renewable generation sources such as stored
hydro, biomass or geothermal can assure the UK'’s electricity reserve. For the power
grid to function, electricity transmission needs an operational frequency of 50 Hz, with
fluctuations as small as 1% being able to damage equipment and infrastructure (Drax,
2018). UK frequency management is already provided by large hydropower (including

pumped storage), bioenergy and partially by wind and solar energy. In addition to
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frequency management, the transition between a power plant turning off and another
coming online needs to be managed smoothly to ensure grid inertia. The ability of a
power plant to start without any additional electricity is termed black start and this can
only be achieved by spinning hydropower, bioenergy, and geothermal energy source
turbines; the other renewable technologies cannot provide that service without

additional energy input first.

The UK’s grid energy market already has a high proportion of wind and solar energy
sources, energy storage will therefore play a critical role in further variable renewable
energy penetration into the power grid (Zafirakis, 2010). The need for additional UK
energy storage was further highlighted during the first COVID-19 lockdown, when
wind farms were forced to shut down due to decreased demand. Pumped storage is
already the cheapest energy storage technology in the world in terms of cost per
installed kilowatt-hour of capacity (Green Tech Media, 2020). This provides an
opportunity for increased investment in mature pumped storage hydropower which
can act as a rechargeable battery. This is reflected in the planned construction of the

Coire Glas pumped storage scheme in Scotland (BBC News, 2023).

Considering all renewable sources, large hydropower and bioenergy are best suited
to provide grid energy security. Large hydropower is an ideal complement to variable
renewables like wind and solar due to its flexibility and energy storage services. Large
hydropower can also provide ancillary services, such as dispatchability, energy
storage, frequency management, grid inertia and black start ability of other renewable
types, providing additional energy security to the power grid. For bioenergy, however,
fuel supply chains were interrupted during COVID-19 lockdowns (International Energy
Agency, 2020) decreasing biofuel’s potential somewhat. Nonetheless, a combination
of renewable generation sources can provide a robust and resilient energy supply

system.
2.3.4 Affordability

Large hydropower and hydropower plants in general are characterised by a high initial
installation cost, but low operational and maintenance costs and no fuel cost. Small

hydropower plants have a lower initial cost, but a higher price per installed kW due to
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the economies of scale. Initial cost is estimated to be between 500.22-3751.65 £/kW
(International Renewable Energy Agency, 2021) in the last 10 years with the average
cost in 2021 of 1667.4 £/kWh for small hydropower plants. The operational and
maintenance (O&M) cost is approximatively 2% of the initial cost/kW/year. For large
hydropower the LCOE (levelised cost of electricity) in 2021 was £0.040/kWh
worldwide, lower than newly commissioned fossil fuel plants (International Renewable

Energy Agency, 2021).

Another aspect to consider is the power plant’s capacity factor which is the ratio
between actual electricity output over the maximum possible electricity output if the
plant were running 24/7. The bigger the capacity factor, the more electricity that
installation is producing. Usually, capacity factors are measured per year. Between
2010 and 2021, the global weighted average capacity factor of newly commissioned
hydropower projects (both large and small) of all sizes increased from 44% to 45%
(International Renewable Energy Agency, 2021).

To assess affordability of renewable technology, four costs are usually examined:
initial capital cost, fuel costs (valid only for bioenergy), operational and maintenance
costs (O&M) and the levelised cost of electricity (LCOE). LCOE is the average cost
for electricity generation over a power plant’s lifetime, representing the mean revenue
needed to recover the initial, operational, maintenance and fuel costs. Figure 2-2
shows that even though hydropower has higher initial capital cost and moderate O&M
costs, it had the lowest LCOE in 2021, making it an affordable renewable source and
a possible part of the UK'’s net zero portfolio However, a caveat of the using past costs
to assess affordability is that they may change in the future. It is also important to note
that although CSP (concentrated solar power) was presented in Figure 2-2, it is less

effective in regions with lower solar irradiance, such as the UK (Calderon et al., 2021).
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Figure 2-2: a) Initial cost of electricity from renewable generation sources in increasing
order (left to right); b) Operation and maintenance cost for renewable generation
sources in increasing order (left to right); and c) Levelised cost of electricity (LCOE)
for renewable generation sources in increasing order (left to right). Since data was
not available for all renewable sources, only the available information was presented.
All prices are estimates for 2021 taken from International Renewable Energy Agency
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(2021) and converted from USD to £ using the current exchange rate.. PV refers to
photovoltaic solar power; CSP refers to concentrated solar power.

2.3.5 Social acceptance

No matter how affordable, environmentally friendly, carbon neutral or secure a
renewable generation source is, it must be acceptable. Public attitudes towards social
acceptance can be influenced by a range of factors, including: awareness of climate
change, knowledge of the renewable technology, fairness of the decision-making
process, overall evaluation of costs, risks and benefits of the technology, local context
and trust in decision makers and other relevant stakeholders (Hofman et al., 2014).
While most elements that influence public attitudes are difficult to quantify, technology
risks and benefits can be evaluated based on the safety record of each generation
source. Social acceptance risks of renewable sources were reviewed by comparing
the safety of each generation type considering accidents and air pollution. Based on
the yearly UK electricity production (285.16 TWh in 2019), it would take more than 11
years for one death to occur from hydropower related accident (0.024 deaths/kWh),
up to five years for solar PV (0.019 deaths/kWh), only six months for wind (0.035
deaths/kWh) and a death would occur every four days for biomass (4.63 deaths/kWh,
including air pollution) (Sovacool et al., 2016).

2.4 Hydropower assessments

Considering the rising concern for fossil fuel emissions, including more renewable
generation sources in the electricity mix is important. However, renewable generation
sources, such as hydropower and climate change are closely related: hydropower
mitigates the effects of climate change by decreasing the GHG emissions and climate
change affects hydropower generation by altering the hydrological cycle (Mutsindikwa
et al., 2021). Hydropower schemes with a reservoir have the capacity to cope with
climate variability due to the ability to store water. On the other hand, hydropower
plants which do not have an impoundment, like run of river RoR, are more vulnerable
to climate change (Michels-Brito et al., 2021). To assess the effects and risks climate
change has on RoR hydropower potential (RQ 1), firstly, the potential must be

assessed.
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The assessment of ROR hydropower potential in a region is usually determined by
analysing the geography and hydrology. Conventionally, assessments have been
carried out by performing labour intensive analysis of maps to identify areas with high
annual precipitation which could be suitable to produce hydroelectricity and steep
slopes to provide sufficient head. The term ‘head’, also known as ‘hydrological head’
refers to the height difference between the water source (such as a river or reservoir)
and the point where the water flows through a turbine in a hydropower system. This
height difference creates potential energy, which is converted into kinetic energy as
the water moves downhill. The greater the hydrological head, the more energy is
available to generate electricity, as the water has more gravitational force acting on
it. After the initial desk study, the potential sites would be further investigated and
visited. However, developments in the availability of geospatial or remote sensing
data have enabled an automated, less labour intensive and higher resolution
hydropower resource assessment which permits a more complex analysis, including

financial, environmental impact, sustainability, and social impact data.

Locating a feasible RoR hydropower scheme involves many unknowns, which
increase the level of complexity of such a task. The lack of direct observations of head
and flows challenges a realistic assessment, especially at national scale (Pasha et
al., 2014). However, rapid development of geospatial datasets for topography, river
network and flow characteristics is making the assessment of hydropower locations

more accessible.

RoR hydropower potential at a global scale has been assessed using different
methods and different types of potential (gross, technical, economical, exploitable,
etc.). Gross potential represents the theoretical maximum power that could be
generated from available water flows and elevation, assuming ideal conditions with
no technical, environmental, or economic constraints. From this, technical potential
narrows the scope to what could realistically be harnessed using existing technology,
while still disregarding economic or environmental limitations. Economic potential
further refines this by identifying sites where power generation is financially viable,
factoring in costs, discount rates, and market conditions. Finally, exploitable potential

considers all limitations, including environmental and regulatory restrictions, to identify
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the power generation that is both technically and economically feasible and also

permissible under current policies.

Hoes et al. (2017) and van Vliet et al. (2016) used a systematic approach to determine
the gross RoR hydropower potential across the world. Hoes et al. (2017) calculated
the potential per capita in the UK at less than 3300 kWh/year/person. Zhou et al.
(2015) determined the global hydropower potential using streamflows from 1970-2000
and assessed the theoretical, technical, economic and exploitable potential. Although
their study presents a more complete methodology, some of their assumptions and
limitations include the consideration for the use of only modern equipment for the
technical and economic assessments which may not be realistic worldwide and the
inclusion of smaller hydropower sites which may not be feasible, leading to a higher
hydropower potential compared to other studies. They estimate that the UK has an
exploitable potential of 9 TWh per year (~315 kWh/year/person). While these large-
scale studies cover a large surface, their results are less relevant at country or sub-
regional level because their inputs are usually at a coarse resolution and do not

capture local streamflows and terrain elevations.

Various studies (e.g., Bergstrom and Malmros, 2005; Dhaubanjar et al., 2021) have
used Geographical Information Systems (GIS), merit-based matrices and other tools
to assess RoR hydropower potential in several regions of the world. Some interesting
methods include the consideration of social impacts of RoR hydropower development
(Rojanamon et al., 2009) or determining the sustainable RoR hydropower potential
(Dhaubanijar et al., 2021). Merit-based approached (Pasha et al., 2014) consider flow,
head and flooded area with different weightings to determine the best locations for
RoR hydropower. While these studies have very detailed methodologies, they have
been developed for smaller regions and their methods are mostly only applicable to
that region. The exception is Mosier et al. (2016) study which has worldwide

applicability, but for small regions, not larger areas, such as countries.

There have been four major studies (Duncan, 2012; Forrest, 2008; Salford Civil
Engineering, 1989; The Department of Energy & Climate Change, 2010) with

published methodologies carried out in various regions of the UK in the last 35 years,
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which claimed different numbers for the UK’s technically and financially feasible RoR
hydropower potential. The methodologies, assumptions and limitation of these studies
are explained in detail in Chapter 3. The limitations of previous studies and lack of an
UK-wide (or GB-wide) study using the latest available data and a high resolution
dataset suggest the need for an updated assessment of the RoR hydropower potential
in the UK (or GB). Additionally, integrating the strengths of the previous studies’
methods into a single, consistent methodology can support the identification of a
sensible hydropower potential, not skewed towards specific sizes or dominated by

financial considerations.
2.5 Hydropower and climate change

Global observations (Jackson and Gunda, 2021; Pokhrel et al.,, 2018) indicate
significant changes in the potential of RoR hydropower, reflecting the dynamic
interplay between water availability and climatic shifts. The evolving landscape of
precipitation patterns, alterations in river flows, and the frequency of extreme weather
events contribute to variations in the feasibility and efficiency of RoR hydropower
systems, which depend on a consistent and predictable flow of water. The observed
shifts in river flows can affect the overall electricity output and reliability of RoR
hydropower installations (Casale et al., 2020; Duratorre et al., 2020). Recent research
(Carvajal et al.,, 2017; Casale et al., 2020) contributes valuable insights into the
complex interactions between climate-induced hydrological variations and the
performance of run-of-river hydropower schemes. These observed changes
emphasise the need for a comprehensive understanding of the evolving conditions
impacting RoR hydropower potential. Furthermore, climate change introduces
additional risks to hydropower, such as droughts and floods (Opperman et al., 2022).
Understanding these impacts and risks is crucial for effective planning and operation

of run-of-river hydropower systems.

Carless and Whitehead (2013) and Dallison et al. (2021) studied the potential impacts
of climate change on RoR hydropower generation at various locations in Wales. They
determined changes in monthly electricity output and changes in annual trends in

number of days with the minimum abstraction volume required to start and the
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maximum permitted abstraction volume achieved for the future periods from the
baseline. Another study in Europe (Duratorre et al., 2020) determined the changes in
projected mean monthly volumes of energy, discharge and snow melt in the future

from the baseline in the Italian Alps.

While there are various studies looking at how these changes affect RoR hydropower
at catchment or smaller scale (e.g., Bocchiola et al., 2020; Carless and Whitehead,
2013; Carvajal et al., 2017; Casale et al., 2020), there is a gap in the literature of
studies at a regional/country level, especially in the UK. Furthermore, most studies
(e.g., Bocchiola et al., 2020; Casale et al., 2020; Duratorre et al., 2020) determine
changes in annual generation, without considering seasonal changes. A
comprehensive review of previous studies looking at the impact of climate change on
RoR hydropower is presented in Chapter 4.

2.5.1 Risks for hydropower production

Extreme weather events, including floods and droughts, have become more frequent
and intense (Seneviratne et al.,, 2023), introducing additional challenges to RoR
hydropower projects. Floods can lead to excess sedimentation and physical damage
to infrastructure, while droughts reduce the available water for electricity generation,
both compromising the overall efficiency and sustainability RoR systems. For
example, RoR is identified in Scotland as a vulnerable sector to water scarcity (Visser-
Quinn et al., 2021).

The most common risks related to RoR operation are related to periods of low flows
or droughts. In RoR hydropower, lower than average precipitation, river flow or
snowmelt can immediately reduce the outflow through turbines and thus decreases
hydropower output. Drought risks pose a critical challenge to hydropower production,
as water scarcity directly impacts the availability and reliability of water resources for
electricity generation. Despite the significant consequences of droughts on
hydropower (J. Opperman et al., 2022), there is currently no standardised definition
for "hydropower drought,” indicating a noteworthy gap in the existing literature. This
absence of a clear conceptualisation hinders comprehensive assessments of how

drought specifically affects hydropower generation. Furthermore, the interaction
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between hydropower drought and climate change remains a relatively unexplored
area in research. While various studies (Gudmundsson et al., 2021; Kay et al., 2021b)
have investigated the impacts of climate change on overall river flows and
hydrological systems, there is a notable dearth of research focusing on how climate-
induced changes specifically influence hydropower drought events. The absence of
studies addressing this underscore the need of research in this domain, as climate
change continues to exacerbate the frequency and severity of droughts globally.

2.6 Summary

The intricate relationship between climate change and water resources is evident
globally, marked by shifts in precipitation patterns, alterations to hydrological cycles,
and an increase in extreme weather events. Recent research (Tabari, 2020) highlights
changes in hydrological systems attributable to climate change, intensifying the global
water cycle and resulting in heightened rainfall events and extended periods of

drought.

Hydropower, as a renewable generation source, relies on harnessing the movement
of water, establishing a crucial link between hydropower and water resources. This
association is vital for the operational efficiency of hydropower systems, where the
predictability and availability of water sources are paramount. The relationship
between hydropower and climate change involves a two-way interaction: hydropower
mitigates climate change effects by reducing greenhouse gas emissions, while
climate change impacts hydropower generation through alterations in the hydrological
cycle. Reservoir-based hydropower schemes can handle climate variability by storing
water, whereas RoR plants without impoundments are more vulnerable to climate
change. Assessing the potential of RoR hydropower is crucial for understanding its
viability and susceptibility to climate change, providing essential insights for
sustainable planning and resource management. Large-scale global assessments
have been carried out, but their results may not be relevant at the country or sub-
regional level due to their coarse resolution. In the UK, for example, several studies
with different methodologies have been carried out, but an updated assessment using

the latest available data is needed for informed decision-making.
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Future changes to RoR hydropower potential are anticipated to be influenced by
ongoing climate shifts, marked by alterations in precipitation patterns, river flows, and
an increase in extreme weather events. Global observations (Jackson and Gunda,
2021; Pokhrel et al., 2018) suggest that the dynamic interplay between water
availability and climatic variations will continue to impact the feasibility and efficiency
of RoR hydropower systems. However, there is a lack of specific, detailed studies on
the UK that comprehensively investigate and provide a nuanced understanding of
how ongoing climate shifts will influence future changes RoR hydropower potential.

Finally, this Chapter highlights drought risks associated with RoR hydropower
generation and the need for a hydropower drought definition assessing how drought
specifically affects RoR hydropower generation. The lack of a clear definition hinders
exploration of the interaction between hydropower drought and climate change,
highlighting a noteworthy gap in the existing literature and underscoring the need for
focused research in this domain as climate change intensifies the frequency and
severity of droughts globally (Haile et al., 2020). The following chapters will therefore
aim at filling these gaps, with a focus on understanding where and how much the RoR
potential is in the UK (Chapter 3) and how climate change is likely to affect this
potential (Chapter 4). Furthermore, Chapter 5 proposes a novel definition for
hydropower drought and determines the climate change impacts on hydropower
drought. Each chapter also includes a detailed background review in the introduction

section to highlight the existing literature relevant for the respective chapter.
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CHAPTER 3 AN ASSESSMENT OF RUN OF RIVER
HYDROPOWER POTENTIAL IN GREAT BRITAIN

3.1 Preface

This chapter (excluding this preface) has been published in the Proceedings of the
ICE — Water Management journal. Numberings of chapters and figures have been
adapted for consistency of the overall thesis, and the references have been compiled
at the end of the thesis.

Corresponding publication: Golgojan, A.D., White, C.J., Bertram, D., 2024. An
assessment of run of river hydropower potential in Great Britain. Proc. Inst. Civ. Eng.
- Water Manag. 178, 42—-61

Corresponding DOI: https://doi.org/10.1680/jwama.23.00056

Corresponding dataset: Golgojan, A. (Creator), White, C. (Supervisor) (2 May 2023).
An assessment of run of river hydropower potential in Great Britain. University of
Strathclyde.  Data_Repository(.zip).DOIl:  10.15129/95db013c-d082-4aa9-a8ce-
43b60568087d

Corresponding code: https://github.com/DianaGolgojan/Assessment-of-RoR-

hydropower.qit.

This chapter directly addresses the following research question (posed in Chapter
1.2 — Table 1-1):

RQ 1. How can the potential for RoR hydropower be determined using the
latest available data and technologies?
The aim of this chapter is mapping potential RoR hydropower locations across GB
using the latest available data, creating a comprehensive dataset of hydrological,
technical, financially viable and realisable RoR hydropower potential. The findings

presented here serve as a crucial foundation for the subsequent analyses conducted
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in Chapters 4 and 5, where an exploration of the impacts of climate change on RoR

hydropower schemes will be undertaken.

The methodology in this chapter was implemented using MATLAB, with custom code
developed for each stage of the analysis. First, new code was written to calculate the
maximum power output for each river section, defined as the hydrological potential.
Next, additional code was developed to incorporate technical constraints, such as
available pipe diameters and potential turbine configurations, refining the analysis to
determine the technical potential. Subsequently, code was implemented to calculate
the cost and net present value (NPV) for each technically viable scheme, identifying
the financial feasibility of each option. Finally, the realisable potential was determined
by overlaying financially viable schemes onto a map of environmentally protected
areas, excluding schemes located within protected zones from the final analysis. The
later was performed using ArcGIS software. All the newly developed code can be
found here: https://github.com/DianaGolgojan/Assessment-of-RoR-hydropower.qit .

3.2 Abstract

In the UK, hydropower produces 1.65 GW of energy, only 2% of the national capacity.
With most large-scale storage-based hydropower potential sites already utilised in the
UK, further development is minimal due to financial, environmental and construction
time concerns. However, run of river (RoR) is a type of hydropower that has the
potential to be further developed. While there are studies that estimate different
ranges of RoR hydropower potential, the last UK-wide study was undertaken in 1989,
which makes it outdated. In this study, we create a methodological framework to
assess the potential of RoR hydropower in GB. This study determines the
hydrological, technical, financial and realisable potentials for pico, micro, mini and
small RoR hydropower. The results show that the total hydrological potential is 20
GW, technical potential is 11 GW, financially viable potential is between 320 MW to
420 MW, the realisable potential is between 290 MW to 320 MW. Most of the
realisable schemes are either mini or small, situated in the west and north-west parts

of GB. This study adds to the understanding of the RoR potential in GB and offers a
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reliable estimate of RoR hydropower that can be produced alongside suitable RoR

scheme locations.
Keywords chosen from ICE Publishing list:

Hydrology & water resource, Renewable energy

3.3 Introduction

Hydropower is the most used renewable energy type globally with 1,330 gigawatts
(GW) installed as of 2020, comprising approximatively 16% of the total renewable
electricity worldwide in 2019 (International Hydropower Association, 2022c). In the
UK, installed hydropower capacity is 1.65 GW of energy (British Hydro Association,
2022a), which accounts for approximately 2% of the national capacity (Department
for Business Energy and Industrial Strategy, 2022). However, hydropower with
impoundment is an ideal complement to variable renewables like wind and solar due
to its flexibility and energy storage services. Hydropower with impoundment can also
provide ancillary services, such as dispatchability, energy storage, frequency
management, grid inertia and black start ability of other renewable types, providing
additional energy security to the UK’s power grid (International Hydropower
Association, 2022b). For example, pumped hydro storage like the Coire Glas scheme
(SSE Renewables, 2023) could smooth the transition from oil, gas and coal to

intermittent sources of energy like wind and solar.

The UK has committed to decarbonising its electricity system by 2035 (Department
for Business Energy & Industrial Strategy, 2021). Department for Energy Security and
Net Zero (2023) accepted that hydropower would be critical to delivering greater
energy security and independence, economic growth, and the UK’s net zero
ambitions. However, the CCC (2023) recognises that the current pace of delivery and
deployment of renewable generation and infrastructure may not be enough to meet
the 2035 target. They recommend easing the planning and regulatory regimes, so
that energy infrastructure can be built at the necessary speed. Large hydropower or
pumped hydro storage schemes, like Coire Glas, take a long time (5-6 years) to build,

mainly because of the complicated and extensive civil works (BBC News, 2023).
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Additionally, large hydropower schemes usually require flooding of a large areas in
order to accumulate massive volumes of water behind a dam (Lenzen, 2010), which
can cause negative environmental impacts (Agostinho et al., 2002; Alaeddin Bobat,
2015; Chaudhari and Pokhrel, 2022). Furthermore, most of the large hydropower

developments in the UK have already been constructed (Sample et al., 2015).

Another type of hydropower that has a lesser environmental impact and a shorter
construction time compared to large hydropower or pumped storage hydro is small
hydropower. The environmental impacts of small hydro are lesser than those of large
hydropower sites, but it cannot be used to store energy and it cannot complement
other variable renewable sources as well as impoundment hydropower. Common
impacts include water depletion, water quality degradation, loss of connectivity,
habitat degradation, and changes to biota communities (Kurigi et al., 2021). The
greatest impact is the discontinuation of flow; if the minimal flow is not assured or
there are cascading small hydropower plants, downstream of the scheme can be
affected, so it is necessary to assure a minimal flow downstream (Pang et al.,
2015),also known as environmental flow. Furthermore, (Kurigi et al., 2019)
demonstrate a pronounced reliance of small hydropower generation on the prescribed

environmental flow releases.

Small hydropower is usually considered to be run of river (RoR) schemes. They divert
water from a river to a turbine and then release it back into the river downstream. RoR
systems work in the same way as large hydropower schemes, except they lack the
ability to store water and are therefore dependent on the natural seasonality of flow
(Mosier et al., 2016). RoR systems can be classified by installed capacity in pico (less
than 5 kW), micro (between 5 kW and 100 kW), mini (between 100 kW and 1MW),
and lastly, small (between 1 MW and 5 MW) (British Hydro Association, 2022b). The
benefits of RoR systems include smaller initial investments, shorter planning and
construction times, less inundated area (if any) compared to large hydropower, and
the use of local labour and materials (Rojanamon et al., 2009). Considering its
advantages over large hydropower and the CCC’s recommendation for fast
renewables development, RoR hydropower could be developed in the UK to meet the

net zero target as part of a portfolio of different renewable generation sources.
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Selecting the location and assessing the feasibility of a RoR scheme is a complex
task. Historically, the lack of direct observations of head and flows meant obtaining a
realistic assessment of hydropower potential was challenging, especially at the
national scale (Pasha et al., 2014). However, recent developments in the availability
of geospatial and remote sensing data (e.g., Copernicus (2016) could enable high-
resolution hydropower resource assessments than have previously not been possible.
Such assessments offer the possibility of increasingly complex hydropower analyses,
incorporating assessments of financial feasibility, environmental impact,

sustainability, and social impacts.

Hydropower potential at a global scale has been assessed using different methods
and different types of potential (gross, technical, economical, exploitable, etc.). Hoes
et al. (2017) and (Zhou et al., 2015) used a systematic approach to determine the
gross hydropower potential across the world. Hoes et al. (2017) calculated the
theoretical potential per capita in the UK at less than 3300 kWh/year/person. Zhou et
al. (2015) determined the global hydropower potential using streamflows from 1970-
2000 and assessed the theoretical, technical, economic and exploitable potential.
Although their study presents a complete methodology, some of their assumptions
and limitations include the consideration for the use of only modern equipment for the
technical and economic assessments which may not be realistic worldwide and the
inclusion of smaller hydropower sites which may not be feasible, leading to a higher
hydropower potential compared to other studies. They estimate that the UK has an
exploitable potential of 9 TWh per year (~138 kWh/year/person). While these global-
scale studies cover a large surface, their results are less relevant at country or sub-
regional level because their inputs are usually at a coarse resolution and do not

capture local streamflows and terrain elevations.

On a smaller scale, various studies (e.g., Garegnani et al., 2018; Pasha et al., 2014;
Sammartano et al., 2019) have used Geographical Information Systems (GIS), merit-
based matrices and other tools to assess hydropower potential in several regions of
the world. Merit-based approaches (Pasha et al., 2014) consider flow, head and
flooded area with different weightings to determine the best locations for run of river

hydropower. Sammartano et al. (2019), Garegnani et al. (2018) and Zaidi and Khan
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(2018) developed a GIS-based procedure to determine potential locations for run of
river schemes in various locations ( the Taw at Umberleigh river basin in southwest
England, the Gesso and Vermenagna valleys in the Alps, Kunhar River in Pakistan)
showing the versatility of using GIS-based approaches. However, the selection
algorithm employed by Zaidi and Khan (2018) is not rooted in an optimisation
framework, which may limit the accuracy of the estimated maximum hydropower
potential. Although these studies present detailed methodologies, they are tailored for
small regions and catchments and do not address the context of country-wide

assessments.

There have been few studies in the last 35 years that have estimated the RoR
hydropower capacity of the UK for the remaining financially and technically feasible
water resource. The earliest — and still, to date, the only known UK-wide study — is
Salford Civil Engineering (1989).This study estimated the RoR hydropower potential
to be 322.3 MW in the 25 kW to 5 MW range in the UK. This study used a general
approach of regression equations, evapotranspiration maps and annual average
rainfall estimates to calculate the mean annual flow for England and Wales. For
Scotland and Northern Ireland, a desk study approach was used. While providing an
indicative RoR estimate for the UK, this approach meant the results have not been
validated. The Department of Energy & Climate Change (2010) updated the 1989
study by considering current (for 2010) financial and technical constraints for England
and Wales. The study identifying 1692 sites with a RoR potential of between 146,280
and 248,400 kW, which is a notable increase from the 36.3 MW from the Salford Civil
Engineering study. In a separate study, Forrest (2008) used a GIS approach to
interrogate flow and elevation data at points along a river network in Scotland using a
Digital Elevation Model (DEM). The approached analysed a range of factors that
affected energy production and found the most sensitive factors to be discount rate
and electricity sales revenue. This study found 36,252 technically feasible sites with
a RoR hydropower potential of 2.6 GW. From these, 1,019 schemes (657 MW) were
also deemed to be financially feasible considering an 8% discount rate. However, key
details such as the development of flow duration curves (FDCs from each gauging
station are assumed to have been scaled based upon catchment area and to provide

estimates of flow at points on the river network), limits the usability of this study. More
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recently, Duncan (2012) identified financially viable schemes across Scotland
considering the feed-in-tariff and different discount rates. The scope and usability of
this study is now limited as it only considered schemes that were financially viable
without calculating the hydrological, technical, and realisable potential, and

considered a feed-in-tariff that is no longer used (Ofgem, 2019).

The limitations and age of previous studies, the renewed interest in renewables
development in the UK and lack of a UK-wide study using the latest available data
highlight the need for an updated assessment of the RoR hydropower potential in the
UK. Integrating the various approaches from the previous studies into a single,
consistent methodology can be used to support the identification of a sensible
hydropower potential. In this study, we create a methodological framework to
determine the RoR hydropower potentials for pico, micro, mini and small schemes
across Great Britain (GB). Northern Ireland is omitted due to a lack of river flow data.
The study's main objectives are validating simulated flow data against observed river
flows, generating points along the river network containing information about flow,
elevation, etc., and calculating hydropower potential across various ROR sizes,

classified by hydrological, technical, financial viability, and realisable potentials.

For the first time, the maximum hydrological and realisable potentials (Figure 3-1) for
RoR hydropower are assessed in addition to the financial and technical potentials that
previous studies have evaluated for GB, providing a holistic view of the hydropower
landscape. This inclusive approach ensures that the assessment is not solely reliant
on economic factors but also considers environmental and social implications, thus
presenting a more balanced perspective on the feasibility and sustainability of RoR
hydropower projects. Moreover, this research addresses a crucial gap in the existing
literature by providing a comprehensive and up-to-date picture of the size and spatial
distribution of RoR hydropower potential in GB. The significance of this study lies not
only in its role in addressing the current gaps in knowledge but also in its practical
implications for supporting the sustainable development of small hydropower to meet

the UK's net-zero targets through practical and feasible policy recommendations.
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Hydrological potential Hydrological potential refers to the theoretical

maximum potential for hydroelectricity considering

only the river flow and the elevation.
Technical potential

Technical potential refers to RoR schemes which can
have a penstock and a turbine installed.

Financial potential refers to the technical potential
which is also financially viable, meaning a positive
net present value (NPV) value after the end of its
lifespan.

Realisable potential refers to the economic potential

excluding schemes which are in environmentally
protected areas

Figure 3-1: Hydropower potential classes details. The hierarchical relationship within
the hydropower potential categories is structured such that hydrological potential
encompasses technical potential, technical potential encompasses financial potential,
and financial potential encompasses realisable potential.

3.4 Methods

In this original research paper, a methodological framework containing the workflow
steps was created to determine the RoR hydropower potential (Figure 3-2), offering a
comprehensive evaluation that extends beyond conventional technical and financial
considerations. An overview of the key steps taken in the methodology is presented

below:

1. Validation of Simulated Flows:

¢ Simulated flows for gauged catchments in Great Britain were obtained
from the UK Centre for Ecology and Hydrology's MaRIUS project,
using the G2G hydrological model.

e The simulated flows were validated against observed flows at 1498
gauged locations across GB, using the National River Flow Archive
dataset.

o The coefficient of determination (R2) was calculated for various flow
percentiles and flow statistics to assess the accuracy of the simulated
flows.

2. Generating Analysis Points:

36



Input data, including a Digital Elevation Model (DEM), a vectorized
river network of GB, and monthly flow data, were processed in ArcGIS.
A Python script generated points along the river network at 25 m
intervals, capturing information such as river segment 1D, percentile

flow, coordinates, and elevation.

3. Hydropower Potential Calculation:

The study analysed the maximum available potential run-of-river
hydropower resource in GB, categorising it into pico, micro, mini, and
small RoR hydro.

Hydrological potential was calculated by considering the available
power at each river segment, factoring in flow, head, and turbine
efficiency.

Technical potential was refined by considering factors like penstock
diameter, turbine type, and other technical limitations.

Financial potential was assessed by calculating the costs and net
present value of each technically viable RoR scheme.

Realisable Potential: Schemes located in environmentally protected
areas identified from Natura 2000 maps were excluded from the

realisable potential, considering environmental constraints.
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3.4.1 Flow dataset validation

Simulated flows for gauged catchments in GB (excluding Isle of Wight, Anglesey,
Kintyre Group, Inner Hebrides, Outer Hebrides, Orkney, and Shetland due to lack of
river flow data) from 1891 to 2015 were obtained from the UK Centre for Ecology and
Hydrology (UKCEH) MaRIUS (Managing the Risks, Impacts and Uncertainties of
drought and water Scarcity) project (Bell et al., 2018), that used the G2G hydrological
model. The G2G is a hydrological model that operates on a national scale for Great
Britain. It uses a 1 x 1 km grid that aligns with the national grid, with a time-step of 15
minutes. The model is parameterised using digital datasets, such as soil types and
land-cover. It takes into account the impact of urban and suburban land-cover on
runoff and downstream flows. Studies (e.g., Bell et al., 2009; Formetta et al., 2018)
have shown that G2G performs well for various catchments across Britain, particularly
those with natural flow regimes, as it doesn't include artificial influences like
abstractions and discharges on river flows. These were validated using the National
River Flow Archive (NFRA) observed flow dataset consisting of 1498 gauged
locations spread uniformly (exept for the Scottish Highlands) across GB (NRFA,
2023). The coefficient of determination (R?) was used to determine how well the
simulated flows predict the gauged flows. Bell et al. (2018) recommended that the
comparison between simulated and observed flows should be made using statistics
over lengthy periods of time, rather than time series. Therefore, R? was calculated for
the percentile flows (Qsv%, Q100%, Qs0%, Q70% and Qgss), MinNimum, mean and maximum

flows at all gauges.
3.4.2 Point generation

The input data (Figure 3-3) used were a DEM of the UK at a 25 m resolution
(Copernicus, 2016), a vectorized river network GB (Ordnance Survey, 2022), monthly
flow data from the MaRIUS dataset (Bell et al., 2018) for GB ranging from 1891 to
2015. Monthly flow data was statistically processed into percentile flows from Q. to
Qgs in increments of 5 (Q1 having an exceeding probability of once in 100 years, etc.).
Once the mentioned data was loaded in ArcGIS, a Python script generated points with

unique IDs along the river segments spaced at 25 m (the same resolution as the
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DEM). Each point was assigned a unique ID and the following information: the river
segment ID (from Ordnance Survey (2022), percentile flow (Q1 to Qgs), coordinates
(easting and northing) and elevation. However, since the area considered for this
analysis is large (209,331 km?), it was necessary to divide it into smaller catchments
to be able to compute the results. The hydrometric areas from the National River Flow
Archive (2014) were then used to divide GB into catchments (Figure 3-3-D). A table
with the names, areas of each hydrometric area can be found in Table S1. All input
data used in this study can be found at https://doi.org/10.15129/95db013c-d082-
4aa9-a8ce-43b60568087d.
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Figure 3-3: Inputs used for the analysis: a) is the Digital Elevation Model (Copernicus,
2016); b) is the river network for the UK, excluding Northern Ireland (Ordnance
Survey, 2022) - “© Crown Copyright and Database Right [08/20/2022]. Ordnance
Survey (Educational Service Provider Licence Number 100025252); c) is a
representation of the monthly flows dataset excluding Northern Ireland and islands
(Bell et al., 2018), and d) is a representation of the hydrometric areas from National
River Flow Archive (2014). For d) only some of the hydrometric area numbers are
represented.
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3.4.3 Hydropower potential calculations

This study analysed the maximum available potential ROR hydropower resource in
GB. The total potential was split between pico, micro, mini and small RoR hydro and
between the hydrological, technical, financial and realisable potential (Figure 3-1).

Hydrological potential

Figure 3-4 shows the methods used to calculate hydrological potential. The available
power was calculated considering the first upstream point on a river segment to be
the intake (Step 1) and passed through all the downstream points (Step 2), which
were considered powerhouses, to calculate available power. After the algorithm went
through all the possible powerhouse locations for the first point, it considered the
second downstream point as the intake and proceeded to calculate available power
considering the next downstream points as powerhouses (Step 3). This was done
until the most downstream point of that river segment was reached. After this step
was performed on all the river segments and all possible available power
combinations were calculated, the algorithm chose the intake and powerhouse
locations on each river segment which generated the largest amount of power (Step
4). Only one RoR scheme was considered for each river segment for computational
ease and to ensure that the schemes are independent (not cascading schemes).
Another assumption made was that penstocks followed the river segment; therefore,
they are not a straight line from intake to powerhouse like the sketch from the Figure
3-4.
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Step 1 v Step 2

Step 3 Step 4

Figure 3-4: Steps used for the run of river locations search.

The power was calculated using the following formula provided in Eq. 3-1:

P_Q'P'TI'(Q40—Q95)'H

where P is the available power in kW; g is the acceleration due to gravity and is equal
to 9.81 m/s?;, p is the water density and is equal to 1000 kg/m?®; n is the turbine
efficiency and is considered to be 0.85, which is an average efficiency value (Kabalci
et al., 2021); Qqo is the flow with the exceedance probability of 40%; Qgs is the flow
with the exceedance probability of 95% and is considered to be the minimum flow
which needs to be available downstream of the intake and H is the available head

between the intake and the powerhouse in m. Q4o and Qgs are both measured in m¥/s.
Technical potential

After the hydrological potential locations were chosen, the next phase was to refine

the search considering the technical limitations.

43



Penstock diameter

For this analysis only glass reinforced plastic (GRP) pipes were considered since
those are most commonly used for small hydropower projects (Duncan, 2012). These
pipes come in a variety of diameters, from 100 mm to 4 m, and pressure classes, from
PN6 (resistant to pressures of up to six bars) to PN32 (resistant to pressures of up to
32 bars). The choice of optimal penstock diameter has been achieved by trialling
different penstock diameters for a given design flow (Q40-Qgs) to determine the optimal

diameter.

The GRP penstocks only come in sizes from 100 mm to 4 m. If there are RoR
schemes which would require a diameter greater than 4 m, the flow was decreased
at that location to try to find a suitable diameter. If even with the smallest flow the pipe
diameter was still greater than 4 m, than that location was not considered since there
are not any penstocks suited for it. In the case of an initial diameter smaller than
100mm, the diameter was chosen to be 100 mm. If the total head was greater than
320 m (correspondent to approximately 32 bars), that RoOR scheme location was not
considered for this analysis because the penstock pressure would be too large. A
possible solution to high heads is to reinforce the last part of the penstock (where the
pressure would be greater than 32 bars) with steel interior, however this option was

not considered for this analysis.
Turbine type

Five turbine types were considered for this project: Pelton, Francis, Kaplan,
Archimedean Screw and Cross-flow. Considering the flow and the head available at
the RoR locations a turbine type was assigned for each location. If a location did not
have a suitable turbine, the flow was modified to match the conditions of one the five
turbine types, otherwise that location was not considered for this analysis. The design
criteria for each turbine is presented in the Table 3-2. Detailed equations on the choice
of penstock diameter and turbine efficiency are presented in the Appendices
(Appendix 1.1).
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Table 3-1: Turbine selection criteria.

Type Criteria
Flow < 2 m3/s and Net Head 2 100 m
Pelton OR

Flow £ 0.5 m3/s and 50 m < Net Head < 100 m
2 m3/s < Flow < 0.5 m3/s and 100 m < Net Head < 300 m
Francis OR
0.5 m3/s < Flow < 20 m3/s and 20 m < Net Head < 100 m
20 m3/s < Flow £ 50 m3/s and 3 m < Net Head <50 m
OR
Kaplan 0.5 m3/s < Flow < 20 m¥s and 3 m < Net Head <20 m
OR
Flow <0.5 m3/s and 3 m < Net Head <50 m
I1md/s<Flow<20m3/sand 1.5 m<NetHead<5mandL <25
m®
Crossflow 0.1 m3/s < Flow £ 5 m3/s and 2 m < Net Head <40 m

Archimedean Screw

The length for the Archimedean Screw turbine is chosen to be less than 25 m because the distance

between river points is 25 m, which means that schemes where the Archimedean Screw turbine could
be installed are next to each other.

Financial potential

The costs and net present value (NPV) of each technically viable RoR scheme were
calculated. There are fourteen costs which were added up to measure the initial total
cost (turbine, generator and control costs, penstock costs, civil structures costs,
substation and transmission costs, transmission costs, access road CcOsts,
engineering costs, development costs, feasibility study costs and miscellaneous
costs). The costing methodology was based upon the work of Duncan (2012) and the
RETScreen (RETScreen, 2022) software developed for North American Hydro
projects. This approach was used since empirical cost functions are not available for
GB.

Assumptions and limitations

The RETScreen software used pricing base on the Canadian dollar so a conversion
factor for sterling pound was used based on the exchange rate for the present year
Cex = 0.58. Since the exchange rate was made for the current year, prices inflation
was not considered. Additionally, a map of the national power grid is not available, so

the distance for the transmission lines is considered 1 km for all schemes. The cost
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of Cross-flow turbine was taken as the cost of the Pelton turbine. The cost for the
Archimedean Screw turbine was considered to be 22% less than the Pelton turbine
(YoosefDoost and Lubitz, 2020). Cumulative NPV (net present value) was calculated
considering the lifespan of the RoR scheme to be 25 years (or 35 years) and the
yearly discount rate is set to 4% to determine if a scheme is financially viable. Veran-
Leigh and Vazquez-Rowe (2019) argue that ROR schemes could have a lifespan of
up to 50 years. However, electromechanical equipment can have a lower lifespan (40
years for Pelton turbines, 25 years for Francis turbines, 30 years for generators, and
30 years for transformers (Flury and Frischknecht, 2012). The lower lifespan of these
prompted the selection of a conservative lifespan for the RoR schemes. The yearly
operational and maintenance cost is set to be 3% of the initial total cost. Typical values
range from 1% to 4% (International Renewable Energy Agency, 2021).

After a preliminary financial analysis, all pico and micro RoR schemes had a negative
NPV after a lifespan of 25 years. This prompted the design of a colour system: green
RoR schemes have a positive NPV and are financially viable considering a life span
of up to 25 years and amber RoR schemes have a positive NPV considering a longer
time span of up to 35 years. Additionally, for pico and micro schemes, since they are
more likely to serve small communities or farms and local industries, the transmission
line cost is considered zero, meaning they are not connected to the national grid. A
detailed methodology for the financial potential can be found in the Appendices
(Appendix 1.2).

Net present value

The yearly income from selling electricity was calculated considering a capacity factor
of 40% and a wholesale energy price of 45 £/MWh (accurate for 2020 according to

Business Electricity Prices (2021) using the following formula:
Incomeyeqriy = Pg - (365 24) - 0.4+ 45 Eq. (3-2)

Where Py is the installed power in MW, 365 represents the days in a year, 24

represents the hours in a day and 0.4 is the capacity factor (40%).
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Realisable potential

After computing the financially viable potential, the realisable potential was calculated
next. This was determined by excluding schemes in environmentally protected
locations taken from the Natura 2000 maps (European Environment Agency, 2022).
Although the UK has exited the European Union which manages these sites, the UK
Government has decided to continue to protect these areas (Rapleys, 2021), so they
are still suitable to exclude schemes which may not be able to be built due to

environmental concerns?.
3.5 Results

The flow dataset (Bell et al., 2018) was validated against the gauged river flows from
the National River Flow Archive (National River Flow Archive, 2014). Table 3-2 shows
the R? value for percentile flows for all gauges. The simulated flows perform better for
higher and mean flows (Qso, Q1o, Q1) than for small and minimum flows. However, the
simulated dataset is good to use in the analysis with most R2 values above 0.5 (Shen
et al., 2018). Looking at the spatial distribution, R? values are mostly over 0.7, with a
few locations with a value below 0.3 (Figure 3-5showing that the simulated flows are

predicted accurately by the dataset used in this study (Bell et al., 2018).

1 In the UK, effective planning and siting are crucial for balancing development with environmental conservation.
Natural parks and Sites of Special Scientific Interest (SSIs) play a significant role in this process. These protected
areas are designated to preserve the country’s biodiversity, landscapes, and geological features (GOV UK, 2024) .
Natural parks, such as the Lake District and the Peak District, provide not only recreational opportunities but also

essential ecosystem services, including water purification and carbon sequestration (GOV UK, 2013).

SSis, on the other hand, are critical for safeguarding specific habitats and species that are of scientific interest. They
ensure that any development or land use changes within these areas are carefully managed to prevent ecological
damage (GOV UK, 2016)The integration of these protected sites into hydropower planning helps maintain ecological
integrity while accommodating sustainable development. This approach is further supported by policies and
regulations from both UK-wide and devolved administrations, ensuring a cohesive strategy for environmental
protection across the country.
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Table 3-2: R? values for the percentile flows, minimum, maximum and mean flows
considering all gauges from the National River Flow Archive

Flows R?
Qos 0.56
Q7o 0.67
Qso 0.70
Q1o 0.71
Qs 0.71
Min 0.28
Max 0.56

Mean 0.71

RZ values
° >0.7

0.5-0.7
* 0.3-0.5
e <03

Figure 3-5: R? values at each NRFA gauge. R was calculated based on the percentile
(Q5, Q10, Q50, Q70 and Q95) and min, mean and max flow values at each gauge,
comparing the simulated and observed flows.
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The total GB-wide (excluding islands) hydrological potential is assessed to be ~20
GW, with the total technical potential ~11 GW. The total financial potential, however,
is much smaller — estimated to be between 390 and 420 MW, with the total realisable
potential between 290 and 320 MW (Figure 3-6). The large drop in potential from the
technical potential to financial potential is likely due to the assumptions and limitations
of the financial criteria used in this analysis (i.e. the lifespan of 25 years (for green
schemes) or 35 years (for amber schemes), the lack of information on the national
power grid, which prompted the selection of a fixed transmission line length and not
considering the benefits of selling renewable energy to the grid). Additionally, the
present study considered a fixed wholesale electricity price of £45/MWh and that the
RoR scheme will produce electricity 40 % of the time in a year (the capacity factor
selected was 0.4). These numbers may differ as the RoR scheme may sell electricity
at higher prices during peak times and the capacity factor may change from year to
year depending on river flow availability. However, increasing the wholesale electricity
price (from £45/MWh to £70/MWh according to the latest figures from (Business
Electricity Prices, 2021) did not lead to an substantial increase in financial potential,
suggesting that price does not play an important role in determining the financial

feasibility of ROR schemes.
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Figure 3-6: GB-wide run of river hydropower potential split between the pico (< 5 kW),
micro (5 kW — 100 kW), mini (100 kW — 1MW), small (1 MW — 5 MW) and total
potential. Financial potential (green) and realisable potential (green) represent
schemes which have a positive net present value (NPV) before 25 years of operation
and financial potential (green+amber) and realisable potential (green+amber)
represent schemes which have a positive NPV after 25 but before 35 years of
operation.

While sizable hydrological and technical potential is evident for pico and micro
schemes (1.78 GW of hydrological and 1.19 GW of technical potential, respectively
for both pico and micro schemes), the financial and realisable potential from these
types of schemes is null. This is due to their smaller installed capacity (less than 100
kW) which, using this study’s financial criteria (see Methods), does not produce and
sell enough electricity to cover both the initial costs and the annual operation and
maintenance costs. Two thirds of the hydrological potential for pico and micro
schemes is technically viable. This suggests most of the pico and micro hydrological
potential could be achieved with today’s technology. On the other hand, only 42 % of

the mini and small hydrological potential is technically viable.
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3.5.1 Hydrological potential

The spatial distribution of RoR hydrological potential across the four hydropower types
(pico, micro, mini and small) is uniform for pico schemes, while the micro, mini and
small schemes are mostly located in the west of GB (Figure 3-7). The largest clusters
of RoR schemes are in the Taff Group, Mid-Glamorgan Group and Glaslyn Group
catchments in Wales and at the intersection between the Ouse, Mersey and Irwell
and Ribble catchments in England. Micro RoR schemes are similarly spread
throughout the country, with clusters in Wales and a cluster in England, in the Tyne,
Wear, Tees Group, Wyre and Lune, Kent Group, Esk Group, Derwent Group, and
Eden catchments. Mini and small RoR schemes, however, are mostly located in the
western side of the study area. Clusters are found in the Scottish Highlands for both
mini and small RoR schemes in the Loch Linnhe Group, Lochy, Beauly and Ness
catchments. The Tay catchment in Scotland has the largest total hydrological potential
at 1,250 MW (6 % of the total hydrological potential). This is perhaps expected due to
the catchment size (5,093.17 km? — the largest in Scotland), the mountainous terrain

and high annual precipitation (Met Office, 2014).
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Figure 3-7: Maps of pico (< 5 kW), micro (5 kW-100 kW), mini (100 kW — 1MW), small
(2 MW - 5 MW) hydrological, technical, financial and realisable RoR hydropower
potential. The green dots represent locations which have a positive NPV before 25
years and amber dots represent locations with a positive NPV between 25 and 35
years.
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3.5.2 Technical potential

Most of the technical potential is in the western part of the study area, with clusters
showing the largest technically viable potential to be in the same locations as the
largest hydrological potential. The technically viable pico schemes are situated in
south-eastern England (Norfolk Rivers Group, East Suffolk Rivers, Thames and
Sussex Rivers Group catchments). Other clusters are located in the west of the study
area in the Glaslyn Group and Douglas Group catchments. Technically viable micro
RoR schemes are situated in the same locations as the hydrologically viable micro
schemes. The mini and small RoR technically viable potential is in the west and north
part of the country. The largest total technically viable potential is in the Ouse
Catchment in Yorkshire (the second largest catchment in England) with a total
potential of 476 MW (5 % of the total technical potential).

3.5.3 Financial potential

Clusters of mini RoR schemes are identified in the west and south of the study area,
with the largest ones in the Dify Group, Taff Group, Mid-Glamorgan Group and
Loughor Group catchments in Wales. Small RoR schemes are situated in the west
and southwest of the country, with the largest cluster in the Taff Group catchment in
Wales. The largest financially viable potential is found in the Taff Group catchment,
with a total potential of 21 MW (4.9 % of the total financially viable potential).

Most of the small RoR plants have a positive net present value (NPV) before 25 years
of operation (green schemes), with a few having a positive NPV after 25 years but
before 35 years of operation (amber schemes). Conversely, half of the viable mini
RoR schemes are green schemes, while the other half are amber schemes. This is
because small RoR schemes reach a positive NPV earlier in their lifetime (11 years
for small RoR and 22 years for mini ROR schemes on average). This leads to a higher
NPV at the end of their lifetime compared to mini RoR plants. The median initial cost
of a financially viable mini RoR scheme is £0.92M, while the median initial cost for a
financially viable small RoR is £1.80M. However, the median NPV of a mini RoR

scheme is £0.12M, whereas the median NPV of a small RoR scheme is £1.33M.
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These results suggest that small RoR schemes are more financially viable, with the

highest NPVs, compared to mini ROR schemes.

In the case of mini RoR schemes, the most profitable schemes have a combination
of flows of 0.75 m®/s with head of 100 m and flows between 0.25 — 1 m®/s with heads
between 175 — 300 m. For small RoR plants, locations with flows between 2 — 4.5
m?/s and heads between 75 to 200 m are the most profitable considering the financial
criteria used in this analysis (Figure 3-8). The cut-off installed power above which RoR
schemes become financially viable is approximately 312 kW for mini ROR,
respectively 1001 kW for small RoR (as seen in Figure 3-8).
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Figure 3-8: Contour plots of the dependence between the year the NPV becomes
positive and the flow, head, initial cost and installed power of financially viable mini
and small RoR plants. a) and c) show the relationship between NPV, flow and head
for a) financially viable mini RoR schemes and c) financially viable small RoR
schemes; b) and d) show the relationship between NPV, initial cost and installed
power for b) financially viable mini RoR schemes and d) financially viable small RoR
schemes. The amber colour represents schemes that reach a positive NPV after 25
years of operation, but before 35 years (corresponding to the amber schemes from
Figure 3-7). The green areas represent schemes that reach a positive NPV before 25
years of operation (corresponding to the green schemes from Figure 3-7). The darker
the green colour, the sooner a scheme reaches positive NPV and the more profitable
itis.
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Regarding the initial costs (Figure S1 5), for mini RoR the largest cost is the turbine
(~18 % of the total initial cost on average), followed by the civil structures (~17 % of
the total initial cost on average). The largest initial cost for small RoR plants is the civil
structures (~ 25 % of the total initial cost on average), followed by the turbine (~19 %
of the total initial cost on average). For both mini and small RoR plants, the penstock
cost is the most unpredictable, with a standard deviation of 4.67 % for small RoR,
respectively 9.23 % for mini RoR.

3.5.4 Realisable potential

The realisable potential is similarly spread across GB as the financially viable
potential. The largest clusters are in the same regions as the financial potential
clusters, and the largest realisable potential is located in the Taff Group catchment
with a total potential of 20 MW (6.5 % of the total realisable potential).

3.6 Discussion

The methodology presented in this study aligns with recent international studies on
hydropower potential, including significant works by Zaidi and Khan (2018),
Sammartano et al. (2019), and Garegnani et al. (2018). For example, in this study,
potential hydropower values were calculated using the Q4o flows and geospatial data
techniques like GIS and remote sensing, similar with the methods used in Zaidi and
Khan (2018). The hydrological, technical, financial and realisable potentials
characteristics are similar to those in Garegnani et al. (2018) and Sammartano et al.
(2019). This contextualises our research within the broader global landscape of
hydropower assessment and strengthens the overall body of knowledge in the RoR

hydropower assessment domain.

Examining global studies (Hoes et al., 2017; Zhou et al., 2015), their assessment of
the UK's gross hydropower potential yielded figures of less than 3300
kWh/year/person, with an exploitable potential estimated at approximately 138
kWh/year/person. Considering the population of Great Britain (excluding islands) at
approximately 60 million individuals, the hydrological potential findings from the

present study are in accordance with prior research at approximately 3000
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kWhl/year/person. However, the determined realisable potential values are marginally
lower than the exploitable potential (comparable with the realisable potential in our
study). reported by (Zhou et al, 2015), standing at approximatively 47
kWhl/year/person. This discrepancy is likely attributed to methodological variations,
primarily in the selection of the design flow: our analysis adopted Q4o as the design
flow to ensure a flow sufficient for at least 40% of the year, whereas (Zhou et al.,
2015). opted for a higher design flow of Q30, consequently increasing their hydropower
potential results. Another reason for this discrepancy in results may be the inclusion
of smaller hydropower sites, which may not be feasible in their study.

Previous studies in GB have largely based their criteria for selecting and assessing
suitable locations for RoR hydropower on technical and financial viability (e.g., DECC,
2010; Duncan, 2012; Forrest, 2008; Salford Civil Engineering, 1989). However, the
present study has developed and demonstrated a framework that assess the
hydrological and realisable RoR potential alongside financial and technical potentials.
The method presented provides, for the first time, a clearer and up to date picture of
the size and location of the RoR hydropower potential across GB. Furthermore, this
study has raised important questions about the implications of the financial viability
criteria. Our study only considered the monetary value of selling electricity to the grid,
ignoring the other benefits of producing renewable energy: avoided emissions, green
jobs created, improved health benefits, etc. Not considering the financial value of

these benefits has most likely led to an under estimation of the financial potential.

The results are broadly consistent with the findings of the Salford Civil Engineering
report (1989), which determined the RoR hydropower financial potential to be 322.3
MW for the UK, although the Salford study did not consider any financial constraints
for Scotland and Northern Ireland. For Scotland, the estimated financial potential is
120 MW, less than Duncan (2012) (204 MW — 898 MW, depending on the discount
rates) and Forrest (2008) (657 MW). However, the methods used in Duncan (2012)
considered the feed-in-tariff that is no longer used and prioritised the financial viability
rather than harnessing the most available hydropower. Forrest (2008) determined the

potential for a different range of RoR sizes than those used in our analysis. For

56



England and Wales, our estimated financial potential is between 277 - 310 MW,

similar to the estimate from the The Department of Energy & Climate Change (2010).

When comparing our total financial and realisable potential results to the already
installed RoR capacity in GB (Kennedy et al., 2023), the results are similar (Figure
3-9). However, the spatial distribution of ROR schemes in this study is different than
the already installed ones. For example, most of the installed RoR schemes are in the
Scottish Highlands, but our study discovered potential RoR locations in Wales and
England (Figure 3-7).
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Figure 3-9: Comparison between the potential for RoR and the installed power in the
UK. Data from Kennedy et al. (2023)

Based on this study’s results, the following practical policy recommendations can be

proposed:

1. Financial incentives for small RoR Schemes: Recognising the financial
viability of small RoR schemes, policymakers could consider implementing
targeted financial incentives to encourage their development. These
incentives could include subsidies, tax credits, or grants for initial construction
costs, especially for schemes with optimal flow conditions (e.g., flows between
2 — 4.5 m®s and heads between 75 to 200 m), where financial viability is

higher.
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2. Streamlining approval processes: Given the smaller initial investments and
shorter planning and construction times associated with RoR schemes
compared to large hydropower schemes, regulatory bodies could streamline
approval processes to expedite project development. Expediting approvals
can contribute to the faster deployment of RoR projects, aligning with the

urgency of meeting renewable energy targets.

3. Local community engagement: Given the advantages of RoR schemes, such
as smaller inundated areas and the use of local labour and materials,
policymakers could actively promote community engagement in hydropower
projects. Establishing community-based partnerships can enhance
acceptance, address local concerns, and ensure sustainable development

practices in line with environmental and social considerations.

4. Strategic focus on technically and financially viable regions: Policymakers
could strategically focus on regions with high technical and financial potential
for RoR schemes, particularly in the western part of the study area.
Infrastructure and grid development initiatives can be targeted in these regions

to harness the available hydropower potential efficiently.

5. Research and development for pico and micro schemes: While financial and
realisable potential for pico and micro schemes may currently be limited,
policymakers should encourage research and development efforts to enhance
the feasibility of these smaller-scale projects. Funding for pilot projects and
studies focused on overcoming the challenges associated with pico and micro

schemes could pave the way for future expansion.

By incorporating these policy recommendations, policymakers can create an enabling
environment for the sustainable development of RoR hydropower projects in GB,
contributing significantly to the nation's renewable energy goals and environmental

objectives.

While robust, this method may be improved by considering the cost of connecting to
the national grid based on the spatial distribution of available substations, which was

not available for this analysis. This limitation affects the financial and realisable
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potential results that could be made more accurate by considering the actual cost of
the transmission lines (see Appendix 1). However, this only affects the viability of mini
and small schemes because pico and micro schemes were considered too small to
be connected to the grid in this analysis. In addition, while the primary function of this
study was to determine the maximum hydropower potential across GB, the methods
and tools used could also be adapted to quickly determine suitable locations for

turbines.

3.7 Conclusions

The study created a comprehensive framework to determine the potential for RoR
hydropower in GB (excluding islands), identified the total hydrological potential to be
20 GW, technical potential to be 11 GW, financially viable potential to be between 320
MW to 420 MW, and the realisable potential to be between 290 MW to 320 MW. Most
of the realisable schemes were found to be either mini or small (100 kW — 5 MW)
situated in the west and north-west parts of GB, with the largest realisable potential
in the Taff Group catchment in Wales (20 MW).

This study is one of the first attempts to thoroughly examine the RoR hydropower
potential across GB and the first to do so in the context of the drive to Net Zero. The
analysis of RoR potential undertaken here has extended our knowledge of the size
and location of hydrologically, technically, financial and realisable potential in GB and
about the impact of the financial criteria chosen. However, this study was limited by
the absence of a map of the national grid to allow for accurate transmission line
pricing, lack of updated data on penstock and turbine prices, lack of flow and river
network data for the Isle of Wight, Anglesey, Kintyre Group, Inner Hebrides, Outer
Hebrides, Orkney, and Shetland, and the use of a monthly flow time series, rather
than a daily or even hourly flow time series. Despite its limitations, the study certainly
adds to our understanding of the RoR potential in GB and offers a reliable estimate of
the amount of hydropower that can be produced and favourable RoR scheme
locations. Furthermore, the findings presented in this study offer valuable insights that
extend beyond regional boundaries. Industries involved in hydropower development

can benefit from the novel methodological framework proposed here, which can be
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applied to different regions. This adaptability makes the research relevant and
transferable, offering a valuable resource for regions to evaluate their own
hydropower potential and make informed decisions regarding renewable energy

development.

A natural progression of this work would be to analyse the effects of climate change
on RoR hydropower potential, considering the proposed lifespan of the more than 25
years of the schemes identified in this study. Climate change poses significant
challenges to hydropower systems globally, impacting both their performance and
sustainability (Marshall and Chen, 2018). Changes in precipitation patterns, increased
frequency of extreme weather events, and altered hydrological cycles are affecting
river flow dynamics, ultimately influencing hydropower generation (Seneviratne et al.,
2023). Based on future projections, in Great Britain, a reduction in river flows during
spring and summer is expected, with a marginal increase in winter flows, and varied
projections for autumn flows (e.g., Christierson et al., 2012; Kay, 2021; Prudhomme
et al., 2012). These envisaged alterations in the hydrological regime across Great
Britain are expected to alter hydropower production, particularly affecting RoR
schemes without energy storage capabilities for accommodating seasonal variations.
For example, in Scotland, mean annual flow is projected to vary between +/- 5% in
the future (2050s) (UK Centre for Ecology & Hydrology, 2023) suggesting that
hydropower potential in that area could vary from the 120 MW determined in this study
to 114 - 126 MW. A comprehensive study that incorporates up-to-date climate
projections, for example the dataset from (Hannaford et al., 2022) and considers both
annual and seasonal changes in hydropower production to provide an accurate
assessment of the potential impacts of climate change on RoR hydropower

generation may be useful.
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Chapter 4 FUTURE CHANGES ON RUN OF RIVER
HYDROPOWER IN GREAT BRITAIN

4.1 Preface

This chapter (excluding this preface) was published in the Journal of Water and
Climate Change. Numberings of chapters and figures have been adapted for
consistency of the overall thesis, and the references have been compiled at the end
of the thesis.

Corresponding publication: Golgojan, A.-D., White, C.J., Bertram, D., 2024. Future
impacts of river flow on hydropower generation in Great Britain. J. Water Clim. Chang.
15, 4840-4861.

Corresponding DOI: https://doi.org/10.2166/WCC.2024.355

Corresponding dataset: Golgojan, A. (Creator), White, C. (Supervisor), Bertram, D.
(Supervisor) (6 Feb 2025). Data for "Future impacts of river flow on hydropower
generation in Great Britain". University of Strathclyde. Data_repository(.zip).
DOI: 10.15129/bc03010f-7ff7-4678-a510-2b2581a234ad

Corresponding code: https://github.com/DianaGolgojan/Future-changes-to-RoR-

potential.qgit

This chapter directly addresses the following research questions (posed in Chapter
1.2 — Table 1-1):

RQ 2. How are temperature and rainfall pattern changes influencing river flows,
both now and in the future, including seasonality and low environmental
flows (Q95)7?

RQ 3. What are the effects of climate change on RoR hydropower schemes,
including power and energy output?

This chapter explores the impacts of climate change on run of river (RoR) hydropower
potential, emphasising the broader relevance of the findings. It integrates the

Enhanced Future Flows and Groundwater (eFLaG) dataset (Hannaford et al., 2022),
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which provides nationally consistent hydrological projections based on the latest
UKCP18 climate projections, with an existing database of RoR potential locations
from the previous Chapter 3. The goal is to elucidate the complex interplay between
anticipated climate-induced madifications in river flows and their resulting effects on
RoR hydropower potential in Great Britain. The results from this chapter are significant
for the development of new RoR systems and the modification of existing ones.
Despite potential rise in river flows during winter in some regions of Great Britain,
turbines might not be capable of utilising these increases. Consequently, if RoR
hydropower systems are not planned with consideration for climate change, their
energy production could be restricted. These insights contribute to discussions on
renewable energy transitions, climate resilience in energy infrastructure and water

resource management in a changing climate.

The methodology in this chapter was implemented using MATLAB software. New
code was written to extract flow time series from the eFLaG dataset and calculate the
available daily power for the baseline and the future periods. All the newly developed

code can be found here: https://github.com/DianaGolgojan/Future-changes-to-RoR-

potential.qit.

4.2 Abstract

Climate change is likely to alter Great Britain’s water resource availability for
hydropower generation. These changes affect hydropower production due to
uncertainty around the timing and magnitude of water availability, particularly run of
river (RoR) schemes that lack the necessary storage capacity to buffer seasonal flow
variability. This study examines the likely future changes on RoR hydropower potential
at locations across Great Britain using the eFLaG dataset of future flow projections.
Results show annual river flows are projected to increase in winter and spring but
reduce in summer and autumn. These changes have an impact on RoR hydropower
potential with projected decrease in the near (2030-2059) and far future (2050-2079)
for both summer (-19 %, -32 %) and autumn (-11%, -19%) throughout Great Britain.
Therefore, results indicate a general decrease in the annual RoR hydropower

potential in Great Britain. This study underscores the importance of incorporating
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climate change considerations in the planning and operation of RoR hydropower
schemes to ensure sustainable energy generation in Great Britain. This could be
achieved by upgrading existing turbines to handle higher flows or designing new
turbines capable of accommodating larger discharges to fully utilise the increased
river flows during winter. However, this should be done with consideration of the

technical limitations and of the opportunities for optimisations for system generation.
Keywords:

Climate change, Run of river hydropower

4.3 Introduction

Climate change is a multifaceted global phenomenon that poses a significant threat
to critical infrastructure, as evidenced by increasing occurrences of extreme weather
events.(Portner et al.,, 2022) The Organization for Economic Cooperation and
Development (OECD) emphasizes the importance of designing, building, and
operating infrastructure to anticipate and adapt to changing climate conditions, as well
as retrofitting existing infrastructure to enhance climate resilience (OECD, 2018).
Climate change is increasingly impacting global water resources through a complex
interplay of variables that are altering the hydrological cycle and water availability
(Caretta et al., 2022a). From shifting precipitation patterns to the melting of glaciers
and polar ice caps, these changes contribute to altered water availability, quality, and
distribution, posing substantial challenges to water resources worldwide (European

Commission, 2023).

In Great Britain (GB), climate change is altering river flows and water resource
availability, including changes to seasonal, spatial, and temporal patterns, and to
extreme events, leading to increasing uncertainty of water availability (IPCC, 2021;
King et al., 2023; Watts et al., 2015). Based on future projections, it is expected that
river flows will decrease in spring and summer flows, contrasted with a slight increase
in winter flows, with a mixed picture for autumn flows (Christierson et al., 2012; Kay,
2021; Prudhomme et al., 2012; Watts et al., 2015; Werritty, 2002). These projected

changes in river flows across GB are likely to impact hydropower production,
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particularly run of river (RoR) schemes that do not have the ability to store water, like
reservoir hydropower, during seasonal changes. Many regions are experiencing
altered precipitation patterns, leading to more frequent and severe droughts that
reduce water availability for hydropower dams (Paltan et al., 2021). Conversely, some
areas are seeing an increase in extreme precipitation events, resulting in high river
flows that can damage hydropower infrastructure or necessitate operational changes
to mitigate flooding risks (Kim et al., 2022). Although annual river flows may remain
largely unchanged, increased interseasonal variability may mean a lower energy
output from hydropower installations that lack storage, like RoR hydropower (Williams
et al., 2022). In the summer months, capacity factors (defined as the ratio of the actual
electrical output of a power plant to its maximum potential output if it operated at full
capacity continuously during the same period) may decrease by 15-40% due to lack
of precipitation and lower flows (Sample et al., 2015). However, in winter, even if flows
increase, the installed penstocks and turbines might not be able to take advantage of
these higher flows (Boca et al., 2022).

Although this issue has been studied using a few case studies of a few catchments
across GB (Carless and Whitehead, 2013; Dallison et al., 2021) and in other regions
of the world (e.g., Casale et al., 2020; Duratorre et al., 2020), there is a general gap
in knowledge of the effects of interseasonal variability on hydropower production,
particularly for RoR schemes, and there are no known UK/GB-wide studies that
guantify the effects of climate change on RoR hydropower. Within GB, Carless and
Whitehead (2013) and Dallison et al. (2021) assessed the potential impacts of climate
change on hydropower generation at various RoR schemes in the Severn, Conwy
and Tywi catchments Wales. These studies determined changes in monthly energy
output and changes in annual trends in the number of days with the minimum
abstraction volume required to start and the maximum permitted abstraction volume
achieved for the future. However, Carless and Whitehead (2013) used the UKCPQ9
climate projections, which are now outdated. Although the climate projections used in
Dallison et al. (2021) are the most up-to-date projections for the UK (UKCP18; Lowe
et al., 2018), this study only focuses on two catchments in Wales and determined

trends in abstraction volumes, not direct changes in hydropower production.
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Outside of GB, Duratorre et al. (2020) determined future changes in projected mean
monthly values of energy, discharge and snow melt in the Italian Alps. They concluded
that energy production would depend upon changes on a monthly scale, rather than
upon yearly flows, because of the threshold effect given by RoR scheme installed
capacity. Bocchiola et al. (2020) assessed the hydropower potential of ROR schemes
in the Himalayas using two indicators: average number of days per year with daily
energy supply below the demand (system failure) and the maximum daily energy
deficit in one year. Similar to Duratorre et al. (2020), they concluded that the changes
in snowmelt will affect the streamflow into the RoR schemes with changes to
hydropower production. Furthermore, Bocchiola et al. (2020) and Li et al. (2020) show
that some RoR schemes in Dudh Koshi Basin of Nepal, respectively in Pearl River
Basin, China may be unable to meet their energy needs for some days each year due
to insufficient storage. Carvajal et al. (2017) and Casale et al. (2020) determined the
climate change effects on both RoR and reservoir hydropower in different regions
(Ecuador and Afghanistan) using different metrics (seasonal power generation
changes and annual generation output changes). Both studies emphasise the
importance of using reliable climate projections to reduce uncertainty in future
projections. Another approach used to determine future changes in hydropower
potential are power duration curves (de Oliveira et al., 2017). This approach provides
insights into reservoir hydropower potential but fails to consider seasonal variations,
which are crucial for understanding the full extent of climate change impacts on

hydropower production.

Furthermore, climate change modelling involves various sources of uncertainty
(Eccles et al., 2019; Yalcin, 2024), such as parametric uncertainty (uncertainty
associated with key parameters used in climate models, such as climate sensitivity or
the rate of output growth), model uncertainty (climate models are simplified
representations of the complex earth system, and there are inherent uncertainties
arising from our incomplete understanding of the climate system and the need to
approximate certain processes (e.g., cloud formation, convection) due to
computational limitations), scenario uncertainty (imperfect knowledge of future
socioeconomic and technological trajectories, which determine future greenhouse

gas emissions and land-use changes) and natural variability (climate models also

65



need to account for natural fluctuations in the climate system, such as the El Nifio-
Southern Oscillation (ENSO) and other modes of variability, which can obscure long-

term trends, particularly at regional scales).

There is a need for more robust and reliable projections to accurately assess the
impacts of climate change on RoR hydropower generation. The third Climate Change
Risk Assessment (Climate Change Committee, 2021) emphasizes the impact of
climate change on water availability and, consequently, energy supply that is
dependent on water. The NAP3 (HM Government, 2023) recognizes the significance
of renewable energy, including hydropower, in contributing to climate resilience and
emphasizes the need to ensure the resilience of renewable energy infrastructure
against climate impacts. Carless and Whitehead (2013) and Dallison et al. (2021)
highlight the need for updated climate projections to minimise climate change
modelling uncertainty and understand the full extent of the effects of climate change
on RoR hydropower production across GB. Outside of GB, Carvajal et al. (2017) and
Casale et al. (2020) show that changes in snowmelt and streamflow will likely affect
RoOR energy supplies, potentially leading to insufficient storage and system failures in
some areas; this has yet to be assessed across GB. The limitations of previous
studies and lack of a GB-wide analysis suggest the need for a comprehensive study
that incorporates impacts, up-to-date climate projections, and considers both annual
and seasonal changes in hydropower production and to provide an accurate
assessment of the potential impacts of climate change on RoR hydropower

generation.

The aim of this study is — for the first time — to determine the future changes on RoR
hydropower potential across the whole of GB. Specifically, the Enhanced Future
Flows (eFLaG) dataset, offering nationally consistent hydrological projections for river
flow, groundwater level, and groundwater recharge based on the latest UKCP18
climate projections for the UK are incorporated with an existing database of RoR
potential locations (Golgojan et al., 2024a) to delineate the intricate relationship
between future climate-induced alterations in river flows and their consequential
impact on RoR hydropower potential across GB. This study is structured as follows:

Section 4.4 presents the methodology used to validate simulated future flows and to
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determine the changes in river flows and hydropower potential; Section 4.5 presents
the key findings of this study; Section 4.6 discusses the implications of the results
and compares them to previous studies; and, lastly, Section 4.7 concludes the
findings of this study and possible implications for RoR developers and operators

across GB.
The main objectives of this study are:

1. To assess the potential impacts of climate change on river flow patterns across
Great Britain.
2. To evaluate how these changes in river flow could affect the hydropower

potential of run of river (RoR) schemes.

This study seeks to answer the following research questions:

1. How are temperature and rainfall pattern changes influencing river flows, both
now and in the future, including seasonality and low environmental flows
(Qos)? (Addressed through Objective 1)

2. What are the effects of climate change on RoR hydropower schemes,

including power and energy output? (Addressed through Objective 2)

4.4 Methods

The Enhanced Future Flows and Groundwater (eFLaG) future flows dataset
(Hannaford et al.,, 2022) and an existing database of ROR potential locations
(Golgojan et al., 2024a) was used to determine the effects of climate change on river
flows and in run of river (RoR) hydropower potential across GB. eFLaG are nationally
consistent hydrological (river flow, groundwater level and groundwater recharge)
projections for the UK, based on the latest UK Climate Projections (UKCP18; Lowe et
al. (2019) considering a high emission scenario RCP8.5. The eFLaG dataset utilises

the UKCP18 dataset and applies a bias correction to its 'Regional’ 12km projections.
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These projections are then used as input for four river flow models (GRJ4, GRJ6,

PDM, and G2G) to simulate flows at 200 river catchments.

The GR4J (Génie Rural & 4 parametres Journalier) and GR6J (Génie Rural a 6
paramétres Journalier) models, part of the airGR suite for R software, offer simple yet
effective tools for hydrological modelling, with automatic parameter optimisation
facilitating their widespread application across diverse catchments. GR4J, with its four
free parameters, has been successfully utilised globally for hydroclimate research and
operational forecasting in the UK, demonstrating robust performance. On the other
hand, GR6J, a six-parameter variant, was specifically developed to enhance low-flow
simulation and groundwater exchange, gaining traction in UK water resource
applications. In Hannaford et al. (2022), both models were employed and calibrated
using the modified Kling—Gupta efficiency as the error criterion, ensuring a
comprehensive evaluation of simulated versus observed flows across the flow regime.
The calibration process included square-root-transformed flows and did not
incorporate the CemaNeige snowmelt module, relying instead on a simple snow

module to preprocess climate data based on temperature.

The Probability Distributed Model (PDM) is a widely utilised lumped rainfall-runoff
model, offering flexibility in configuring various catchment flow regimes. It
incorporates soil water storage and runoff production mechanisms, allowing for the
representation of surface and groundwater pathways. PDM employs non-linear
storage equations or linear reservoir cascades to route water, with options for
groundwater extensions and multiple hydrological response zones within catchments.
Under the eFLaG project, single-zone PDM models with a daily time step were
employed, with model initialization based on observed flow data and parameter
estimation performed using an automatic calibration procedure. Multiple parameter
combinations were systematically tested to optimise model performance, focusing on

achieving zero bias and maximizing the modified Kling-Gupta efficiency.

Lastly, G2G, which is a distributed model used to examine the spatial coherence and
variability of floods and droughts at various scales, from catchment to national was

run with initialization from observed rainfall and PET for historical and climate model-
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driven scenarios, covering periods from 1963 to 2080. The G2G dataset includes 186
of the 200 eFLaG catchments, excluding some due to geographical and technical

reasons.

The regional climate projections were created by running the Hadley Centre global
climate model (GCM) and regional climate models (HadGEM3-GC3.05 and
HadREM3-GA705) with perturbed parameters. This results in 12 high-resolution
(12km) climate projections that are consistent spatially across the UK. The projections
cover the time period of December 1980 to November 2080. For all the models,

evaluation was undertaken in two stages:

Stage 1 evaluated the performance of model simulations driven by observed climate
data against river flow and groundwater observations using various metrics(Nash—
Sutcliff efficiency (R2efficiency), Nash—Sutcliffe efficiency log flows, Nash—Sutcliffe
efficiency square-root flows, Modified Kling—Gupta efficiency(square-root flows),
Absolute percent bias, Mean absolute percent error, Absolute percent error in Q95,
Low-flow volume and Absolute percent error in the mean annual minimum on a 30day
moving average). A full description of the metrics used can be found in Table 2 in
Hannaford et al. (2022).

Stage 2 assesses the models' performance when driven by climate model outputs,
comparing statistical characteristics such as river flow and groundwater level duration
curves, low-flow/low-level metrics, and seasonal recharge values over a common
baseline period. This comparison considers the range of variability within climate
model ensembles, acknowledging that historical weather events are one realization

of natural variability.

Hannaford et al. (2022) summarised the evaluation metrics performance across all
catchments. The GR4J model showed good performance overall, though there were
some outliers in drought metrics, particularly in the southeast and London. The GR6J
model performed slightly better than GR4J, especially in low-flow catchments. The
PDM model achieved very good scores, particularly for low-flow and drought
indicators. The G2G model also performed well, but generally lower than GR and

PDM models, as it was not calibrated to individual catchments and simulates natural
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flows, whereas the other models included artificial impacts implicitly through
calibration. This calibration distinction means PDM and GR models better replicate
observed flows. The eFLaG dataset has been instrumental in providing valuable
insights into the potential impacts of climate change on river flows and groundwater
future droughts, contributing to informed decision-making and policy development
(Parry et al., 2024).

4.4.1 Data

Alongside the eFLaG dataset presented above, a dataset of RoR hydropower
schemes was used. (Golgojan et al.,, 2024a)identified potential locations for RoR
hydropower schemes across GB, providing a dataset of potential RoOR schemes that
are technically and financially feasible, and realisable. In this study, the term
technically feasible refers to RoR schemes that can have a penstock and a turbine
installed, whereas financially feasible refers to the technically feasible schemes that
are also financially viable, meaning a positive net present value at the end of a
scheme’s lifespan. Realisable schemes exclude the financially viable schemes, which
are in an environmentally protected area. The potential RoR locations (Golgojan et
al., 2024a) dataset includes details such as installed power, design flow, head, intake
and powerhouse coordinates, penstock diameter, initial cost, and net present value

for each potential RoR scheme.
Selection of run of river locations

In the present study, we use the RoR locations identified in Golgojan et al. (2024a)
that are in proximity to eFLaG gauges. The potential ROR schemes from Golgojan et
al. (2024a)are spread throughout GB; however, the eFLaG set consists of river flow
projections at limited river gauge locations (Hannaford et al., 2022). Therefore, only
the RoOR locations in proximity to those river gauges were selected for this study. The
technically feasible potential RoR locations from Golgojan et al. (2024a) were used
for this study because they provide all the information needed to carry out the

analysis.
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Firstly, maps from Golgojan et al. (2024a) were examined to identify ROR intake
locations that are close (less than 1 km radius) to the gauged stations from the eFLaG
dataset. Once these locations were determined, a database was created,
incorporating the RoR Intake characteristics (e.g., design flow, turbine type, head,
etc.). The Q4o - Qgs flow was then calculated for the eFLaG gauges and compared to
the design flow for the RoR schemes next to it. If the difference between the design
flow of the RoR scheme and the Qo - Qs flow of the eFLaG gauge was + 10%, the
RoOR scheme was selected. By following these steps, the study identified appropriate
RoOR locations that closely aligned with the observed flow patterns at the nearby
eFLaG gauged stations. Figure 4-1 shows the geographical location of the RoR

schemes and nearby eFLaG gauges.

Legend

® Pico intake locations
@ Micro intake locations By 0
 Mini intake locations

» Small intake locations
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Figure 4-1: The location of potential run of river schemes intakes. Classified by size
in pico, micro, mini and small run of river (see Golgojan et al. (2024a).
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4.4.2 Validating the simulated future flows

Although the simulated flows from the eFLaG dataset were previously validated using
various metrics (see Section 2.1), in this study, the eFLaG future river flows (simulated
flows at 200 river catchments) (Hannaford et al., 2022) were validated using the
National River Flow Archive (NFRA) observed flow dataset (NRFA, 2021) at the same
locations for a time period ranging from 1963 to 2018, matching the period suggested
for validation in Hannaford et al. (2022).

The coefficient of determination (R?) was used to determine how well the simulated
flows predict the gauged flows since this was not used prior by (Hannaford et al.,
2022). R%is the proportion of the variation in the dependent variable that is predictable
from the independent variable(s). It provides a measure of how well observed
outcomes are replicated by the model, based on the proportion of total variation of
outcomes explained by the model (Steel and Torrie, 1962). Bell et al. (2018)
recommend the comparison between simulated and observed flows should be made
using statistics over long periods of time, rather than time series. Therefore, the high
(Qs — the flows that is exceeded 5% of the time), medium (Qao, Qso0, Qs0) and low or
environmental (Q¢s) simulated eFLaG flows were compared to the observed
corresponding exceedance flows from the National River Flow Archive (NRFA, 2021)
at all the eFLaG stations for the four hydrological models: G2G, GR4J/GR6J and PDM
(see Supplementary Material). Only the predicted future flows using the hydrological

model with the highest R? values were used for the next part of the analysis.
4.4.3 Changes in future river flows

Three 30-year time-slices were analysed from the eFLaG simulations; baseline
(1980-2009); near-future (2030-2059) and far-future (2050-2079). The near-future
and far-future time-slices were compared against the baseline time-slice to assess
potential future changes in flows. The time-series of monthly mean flows were used
to derive seasonal mean flows for each time slice, using the standard seasons (winter:
December—February, spring: March—May, summer: June—August, autumn:

September—November). Percentage changes in daily, monthly, annual and seasonal
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river flows for the near future and far future were calculated relative to the baseline

period.

The design flow for RoR schemes was based on Qs and Qgs (flows with an
exceedance probability of 40%, respectively 95% (Golgojan et al., 2024a), therefore
the percentage changes in these types of flows were also calculated. Moreover,
changes in days with flows below the Qo flow and the environmental flow (Qg¢s) were
also determined. The minimum flow level needed to maintain the health and integrity
of a river and its ecosystems is known as the environmental flow, usually Qgs. This is
typically used to set requirements for maintaining environmental flow, so it's essential

to assess any changes in this flow for RoR operation.
4.4.4 Changes in future run of river hydropower potential
Baseline and future hydropower potential

Changes in future (2030-2059 and 2050-2079) hydropower potential relative to the
baseline period (1980-2009) were calculated based on annual and seasonal
differences between available power and energy. The difference between historical
and future hydropower potential was typically calculated using annual percentage
differences (Carless and Whitehead, 2013; Carvajal et al., 2017; Casale et al., 2020).
However, these do not capture the seasonality of changes or more subtle changes
such as days when the flows are too low to produce electricity. The differences
between monthly, seasonal and annual power generation w based on average power
generated during the baseline and future periods. Therefore, to get a complete picture
of changes in hydropower potential, the differences in total energy generated during

the baseline and future periods were also calculated.

RoR hydropower potential was calculated based on available daily power using the

following formula:

g P N Qpaseline " H
Pdaily_baseline = 1006896 o Eqg. (4-1)
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where, Puaiy baseiine IS the available power in kW; g is the acceleration due to gravity
and is equal to 9.81 m/s?; p is the water density and is equal to 1000 kg/m3; n is the
turbine efficiency, Qpasciine iS the daily baseline flow through the turbine and is
calculated as the simulated daily flow from the eFLaG set and H is the available head
between the intake and the powerhouse. If the daily flow was above the design flow
of the RoR scheme, the flow used to in Eq. 4-1 was the design flow (maximum flow
captured at the RoR intake). The turbine efficiency, n, differs based on the turbine
type and its efficiency curve (Dellinger et al., 2016; Pereira et al., 2021; Sinagra et al.,
2014). For the near (2030-2059) and far future (2050-2079), the available power was
calculated using the predicted future flows from the eFLaG dataset (Eq. 4-2)

Eq. (4-2)
9 p N Qpurure " H
Pdaily_future - 1000

where, Paaiy fure is the available power in kW and Qruuwre iS the average daily flow in
the future (average from all the RCMs).

For the energy calculation, the following equations were used for the baseline (Eq. 4-
3) and the future (Eq. 4-4):

Edaily_baseline = Pdaily_baseline 24 hr Eq- (4'3)

Edaily_future = Pdaily_future " 24 hr Eq. (4-4)

where, Edaiy paseline aNd Egaily future are the daily energy produced for the baseline and
the future in kWh.

The monthly power and energy for the baseline (Eq. 4-5 and 4-7) and the future (Eq.

4-6 and 4-8) was calculated using the following formula:
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X1 Paaily baseline Eq. (4-5)

Pmonthly_baseline =

n
2111 Pdaily future
Pmonthly_future = n_ Eq. (4-6)
n
Emonthly_baseline = Z Edaily_baseline Eq- (4'7)
1
n
Emonthly_future = Z Edaily_future Eq- (4'8)
1

where, Prmonthly_baseline, Pmontly_future, Emonthly_baseline @Nd Emonthiy_uture are the mean monthly
power and total energy for each month of the year and n is the number of days for
each month. The seasonal power and energy were calculated by averaging the
monthly power for each season, respectively adding the monthly energy for each

season.

The annual power and energy for the baseline (Eqg. 4-9 and 4-11) and the future (Eq.
4-10 and 4-12) were calculated using the following formulas:

Zrln Pmonthly_baseline E 4-9
Pannual_baseline = qa. ( - )
m
ZT Pmonthly future
Pannual_future = = Eq. (4'10)
m
m
Eannual_baseline = Z Emonthly_baseline Eq- (4'11)
1
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m

Eannual_future = Z Emonthly_future EQ- (4'12)
1

Where, Pannual_baseline, Pannual_future, Eannual_baseline and Eannual_future are the mean annual
power and total energy for each year for the baseline, respectively future periods and
m is the number of months per each year. The differences between the baseline and
future power and energy (daily, monthly, seasonal and annual) were calculated as
percentage differences.

4.5 Results
4.5.1 Simulated flows validation

All hydrological models evaluated in this study are found to demonstrate high
accuracy in predicting simulated flows, particularly with respect to percentile flows.
Table 4-1 provides an overview of the model performance, highlighting the overall
precision of each model in predicting flows. All models predict percentile simulated
flows with R?>0.9. However, the G2G hydrological model exhibits relatively lower
accuracy compared to the others (for the Q95 flow, R? is less than 0.7, which is

considered the upper limit for a good R? value (Moore et al., 2013).

Table 4-1: R? value for percentile flows for each hydrological model from the eFLaG
dataset

2
Hydrological model R
Qs Q20 Quo Qso Qeo Qos
G2G 0.988 0.988 0.966 0.949 0.930 0.693
GR4J 0.996 0.998 0.994 0.993 0.995 0.961
GR6J 0.997 0.999 0.998 0.998 0.999 0.993
PDM 0.996 0.999 0.998 0.998 0.998 0.993

Figure 4-2 presents a graphical representation of the simulated versus observed
percentile flows for gauge 2001 as an example. The results indicate that most models
accurately simulate percentile flows, except for the G2G hydrological model, which

shows deviations from the observed values. The performance was generally lower
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than for GRJ4, GRJ6 or PDM hydrological models because the G2G is not usually
calibrated to individual catchments, and G2G simulates natural flows, whereas the
lumped models (GRJ4, GRJ6 and PDM) were calibrated to the observations used for
performance assessment (Hannaford et al., 2022). In catchments with a high degree
of anthropogenic disturbance, G2G is less able to simulate observed flows. This is
primarily because the G2G model is designed to simulate natural hydrological
processes on a grid basis, without calibration to specific catchments. As a result, it
does not explicitly account for localised human activities that can significantly alter

natural flow patterns.

Human activities, such as urbanisation, agricultural practices, industrial water use,
and reservoir management, can greatly influence the hydrological cycle. For instance,
reservoirs can alter the timing and volume of river flows, urbanisation can increase
surface runoff and reduce infiltration, and agricultural practices can change
groundwater recharge and discharge patterns. These anthropogenic factors can lead
to significant deviations from natural flow patterns, which are not captured by the G2G

model.

In contrast, lumped hydrological models like GR4J, GR6J, and PDM are calibrated
using observed flow data from specific catchments. This calibration process allows
these models to implicitly account for the effects of human activities, as they are fitted
to match observed flows that include these influences. Consequently, the lumped
models are better able to replicate observed flows in catchments with significant

anthropogenic disturbances.

This difference in performance is particularly evident in regions with high levels of
human activity, such as the south and east of Great Britain. Here, the G2G model's
inability to simulate artificial influences results in lower performance metrics compared

to the lumped models.
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Figure 4-2: Simulated and observed flow duration curves at gauge no. 2001

4.5.2 Future changes to river flows

In the near future (2030-2059), annual river flows near RoR hydropower locations are

anticipated to decrease by approximately -4.51%, while in the far future (2050-2079),
they may decrease by approximately -4.56% compared to the baseline (1980-2009).

Seasonally, river flows are projected to increase in winter and spring. However, there

is a notable decrease in flows during the summer months, which may extend into

autumn across most regions (Figure 4-3).
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ID JFMAMJJASOND ID JFMAMJJASOND
12001 43005
14001 44002
16003 45005
17005 46005
18001 47001
18005 47009
19006 48003
21022 48005
21024 52005
22001 58005
24004 58007
25020 58008
27035 58012
27042 59001
28082 60002
29003 60006
30001 61002
33018 63001
34004 65001
34006 65007
39006 67018
39007 68003
39010 68005
39020 69007
39025 71006
39027 72005
39028 73010
39034 73011
39049 75003
39081 82001
39088 83006
39090 83010
40003 84026
40011 85003
41022 90003
41029 93001
42004 97002

[%]
<-50 -45 -40 -35 -30 -25 20 -15 10 -5 0 5 10 15 >20

Figure 4-3: Monthly percentage changes in river flows at the gauging station near
RoR schemes. The baseline flows are the flows simulated using the GR6J
hydrological model for the period 1980-2009. The near future flows are the mean for
all the RCM simulated flows for the period 2030-2059. The maps below show the
catchments where the gauges are in each column. The legend refers to percentage
change in mean monthly flows in the future from the baseline.
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The design flow (considered Qa0 in this analysis) decreases by -2.6 % in the near
future, respectively -4.70 % in the far future. Furthermore, the days where the flow is
below Q40 may increase by 3 days per year on average in the near future and by 5
days per year in the far future (Table 4-2). These changes are more significant for
environmental flows (considered Qgs in this analysis). The results show that the
environmental flows may decrease by -16.40 % in the near future and by -23.30 % in
the far future. The average number of days with flows below minimum environmental
flow level show a strong increase in the future (+21 days/year in the near future; +34
daysl/year in the far future). Regional disparities exist, with year-round decreases in

the south and increased river flows in all seasons, except summer in the north.

Table 4-2: Mean changes in the future (near future — 2030-2059; far future — 2050-
2079) from the baseline (1980-2009) of different metrics for the eFLaG gauges near
potential run of river hydropower schemes

. Change from the baseline
Metric
Near future Far future

Annual mean flow -4.51% -4.56%

Spring mean flow -3.13% +6.87%

Summer mean flow -26.34% -37.06%

Autumn mean flow -17.59% -27.43%

Winter mean flow +2.81% +9.86%

Design flow (Qao) -2.60% -4.70%

Environmental flow (Qgs) -16.40% -23.30%
Days with flow below Qa0 +3 days/year +5 daysl/year
Days with flow below Qgs +21 days/year +34 days/year

4.5.3 Future changes to run of river hydropower potential

Results show that most of the RoR locations analysed (presented in Figure 4-1have
a reduced power and energy output in the near and far future (Table 4-3). Overall, the
decrease in available power is -5.06% in the near future and almost double in the far
future (-8.46%). Despite this, some locations using RoR technology are experiencing
an increase in available power. Specifically, micro RoR location with ID 4698 is
showing a notable power output increase of 13.77% in the near future and 8.72% in

the far future. However, when looking at the corresponding eFLaG gauge (ID 63001),
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it is apparent that annual river flows are decreasing (-4.56% in the near future and -
4.23% in the far future). This suggests that the increase in power output is likely due
to seasonal increases in river flows. It is important to note that this particular micro
ROR location is the only one among the selected RoR locations with an Archimedean
Screw turbine as the technically feasible turbine solution, which has higher efficiencies
on a wider range of river flows compared to other more common turbines such as
Francis and Pelton (YoosefDoost and Lubitz, 2020). Nevertheless, seasonally, most
ROR locations may see an increase in available power in the near and far future in
winter (Figure 4-4). The exception are locations in the southern and south-easter parts
of GB, which may have a decreased power output all year compared to the baseline.
In spring and winter, there is a modest increase in power output (less than 2 %) in the
near and far future (Figure 4-5), while summer and autumn shows a significant
decrease in power output (up to -32.33 % in the far future in summer). This is due to
this type of hydropower’s dependence on river flows (Mosier et al., 2016). There is a
clear split between future available power of the north-western potential RoOR schemes
and the south-eastern ones in all seasons (Figure 4-4). In autumn, for example,
potential RoR locations in the Scottish Highlands are projected to have an increased
power output, while all other potential RoR locations are projected to experience a

decrease, with more than 50% decrease for RoR locations in south east.

Table 4-3: Percentage difference between near (2030-2059) and far future (2050-
2079) available power for the 30-year time slices from the baseline (1980-2009).

Baseline Near future Far future Difference Difference

RoR available available available near future far future
Intake ID | mean power | mean power | mean power from from

[KW] [KW] [kKW] baseline [%] | baseline [%]
22350 3.39 3.04 2.87 -10.33 -15.42
26433 3.52 3.21 3.05 -8.96 -13.32
108693 5.96 5.21 4.77 -12.57 -19.91
115426 1.66 1.61 1.57 -3.36 -5.78
2190 49.14 47.15 46.12 -4.05 -6.15
4698 44.45 50.57 48.33 13.77 8.72
5872 47.26 47.57 47.64 0.66 0.80
7126 68.78 65.53 64.01 -4.73 -6.95
8876 16.10 16.10 15.88 0.00 -1.33
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Baseline Near future Far future Difference Difference
RoR available available available near future far future
Intake ID | mean power | mean power | mean power from from
[kW] [kW] [kW] baseline [%] | baseline [%]
11592 46.22 46.58 45.79 0.77 -0.93
14619 76.60 76.23 75.97 -0.48 -0.82
17098 5.69 5.43 5.25 -4.65 -7.71
17975 55.38 51.37 50.11 -7.23 -9.52
21114 69.86 63.87 60.72 -8.57 -13.09
22243 12.19 11.10 10.57 -8.96 -13.32
22477 25.96 24.53 23.52 -5.50 -9.39
24048 60.94 53.44 51.06 -12.30 -16.21
27390 65.42 60.66 57.48 -7.28 -12.14
28249 19.55 18.36 17.42 -6.09 -10.93
30764 25.77 25.58 24.82 -0.72 -3.69
30912 80.13 77.35 74.77 -3.47 -6.69
37423 32.01 28.83 27.36 -9.93 -14.52
42834 50.12 46.68 44.53 -6.86 -11.17
43958 37.98 34.89 32.75 -8.15 -13.76
46202 6.39 5.39 5.07 -15.65 -20.57
50701 20.37 18.96 17.97 -6.93 -11.79
51679 22.47 20.96 20.65 -6.72 -8.10
53056 37.34 34.07 32.10 -8.75 -14.05
54007 43.12 39.47 37.73 -8.45 -12.49
55023 26.81 26.39 25.41 -1.58 -5.24
58075 51.30 47.04 45.23 -8.29 -11.82
59803 61.30 57.34 54.35 -6.46 -11.34
60966 44.62 42.58 41.97 -4.57 -5.94
76933 8.80 7.60 6.92 -13.71 -21.43
83774 21.11 19.84 19.00 -6.02 -10.01
85083 9.85 8.44 7.78 -14.32 -21.06
99121 9.62 9.30 9.06 -3.36 -5.90
101092 17.87 15.82 14.90 -11.43 -16.61
106546 38.52 37.78 37.30 -1.92 -3.18
131120 15.88 12.88 11.48 -18.85 -27.70
154321 41.51 38.51 37.25 -7.23 -10.26
160647 14.94 13.83 13.30 -7.42 -10.93
166579 63.75 62.12 61.46 -2.57 -3.60
209114 13.97 12.71 12.09 -9.01 -13.51
4084 295.16 286.11 279.70 -3.07 -5.24
4453 168.53 169.63 169.85 0.65 0.78
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Baseline Near future Far future Difference Difference
RoR available available available near future far future
Intake ID | mean power | mean power | mean power from from
[kW] [kW] [kW] baseline [%] | baseline [%]
4570 139.78 128.46 122.42 -8.10 -12.42
7071 153.00 146.31 143.18 -4.37 -6.42
7940 109.81 107.72 106.28 -1.90 -3.21
8170 96.39 99.49 98.09 3.22 1.77
9359 152.17 144.34 136.39 -5.15 -10.37
10792 160.28 145.37 135.54 -9.30 -15.43
12523 133.38 127.48 125.17 -4.42 -6.15
12770 228.78 230.04 225.91 0.55 -1.25
16018 129.48 119.94 115.20 -7.37 -11.03
17815 231.29 222.93 217.45 -3.61 -5.98
18458 264.61 252.88 242.86 -4.43 -8.22
19856 119.87 116.87 114.19 -2.50 -4.74
21194 167.89 148.99 140.44 -11.26 -16.35
21998 307.24 301.83 295.28 -1.76 -3.89
22118 176.52 159.18 154.27 -9.82 -12.60
23125 372.39 340.62 323.89 -8.53 -13.02
23467 419.91 395.79 377.08 -5.74 -10.20
23993 334.74 311.90 304.61 -6.82 -9.00
24111 613.05 580.89 553.87 -5.25 -9.65
24333 243.42 245.72 242.98 0.94 -0.18
25410 102.07 95.50 90.21 -6.44 -11.62
28224 507.45 512.20 498.50 0.94 -1.76
32402 632.20 590.18 555.02 -6.65 -12.21
34073 130.13 129.31 125.48 -0.63 -3.58
35184 788.67 787.30 767.47 -0.17 -2.69
45222 190.51 177.33 168.87 -6.92 -11.36
47749 117.28 105.35 99.80 -10.17 -14.90
49626 118.92 111.70 104.48 -6.07 -12.14
53277 126.11 114.98 108.21 -8.83 -14.19
54422 716.45 714.77 687.46 -0.23 -4.05
57212 172.89 164.32 161.78 -4.96 -6.43
63923 227.62 204.06 191.57 -10.35 -15.84
107208 658.60 623.36 601.17 -5.35 -8.72
113697 156.65 154.36 152.83 -1.46 -2.44
189463 312.17 304.42 291.14 -2.48 -6.74
2078 1087.13 1098.92 1099.38 1.08 1.13
2509 1326.01 1354.77 1328.94 2.17 0.22
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Baseline Near future Far future Difference Difference
RoR available available available near future far future
Intake ID | mean power | mean power | mean power from from
[kW] [kW] [kW] baseline [%] | baseline [%]
5831 832.20 854.86 869.88 2.72 453
8564 762.76 742.39 724.78 -2.67 -4.98
9988 1604.53 1522.05 1510.45 -5.14 -5.86
10911 868.42 793.33 755.10 -8.65 -13.05
11448 849.75 859.66 845.68 1.17 -0.48
18667 2831.22 2825.12 2814.03 -0.22 -0.61
18896 5316.39 5020.60 4813.32 -5.56 -9.46
18944 897.38 873.78 845.25 -2.63 -5.81
20693 1297.00 1313.19 1265.97 1.25 -2.39
22277 1397.25 1302.14 1228.24 -6.81 -12.10
25548 1885.71 1961.06 1958.68 4.00 3.87
27404 2378.79 2290.19 2238.49 -3.72 -5.90
30466 1146.18 1051.15 989.03 -8.29 -13.71
33633 1421.29 1398.71 1363.28 -1.59 -4.08
34822 5570.15 4991.19 4661.17 -10.39 -16.32
44301 1464.71 1340.68 1261.17 -8.47 -13.90
59684 1343.32 1291.19 1256.46 -3.88 -6.47
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Figure 4-4: Percentage changes in seasonal available power for the RoR schemes
selected in the near future (2030-2059) and far future (2050-2079) from the baseline
(1980-2009).
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RoOR systems can be classified by installed capacity in pico (less than 5 kW), micro
(between 5 kW and 100 kW), mini (between 100 kW and 1MW), and lastly, small
(between 1 MW and 5 MW). Looking at each type of RoR hydropower (micro, mini,

pico and small) (see Golgojan et al. (2024a), the seasonal changes differ based on

RoR scheme size (Figure 4-6). The biggest decreases in available power are in

summer for all types of RoR locations, with the biggest decrease for small RoR

schemes (-45.17 %) in the far future. However, small RoR schemes also benefit from

the biggest increase (8.54 % in the far future, 6.05 % in the near future) in winter

compared to the baseline.
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Figure 4-5: Percentage changes in seasonal available power for RoR schemes from
the baseline (1980-2009) to the near future (2030-2059) and the far future (2050-
2079). The value in red is the mean change in available power.
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Comparing future seasonal changes in flows with the seasonal changes in RoR
hydropower power output shows a clear relationship (Table 4-4). The changes in
seasonal flows and hydropower production are closely related, indicating a clear
correspondence between decreased river flows and diminished power output in
summer and autumn in both the near and far future compared to the baseline. In
spring, however, while river flows are projected to decrease in the near future, power
output is expected to increase relative to the baseline. This may be due to fluctuations
in monthly and daily flows during the spring months (March to May) (Figure 4-3). In
comparison, in winter, river flows show an increase of 9.86 % in the far future relative
to the baseline, while RoR power output shows an increase of only 1.70 %. This is
likely due to the RoR limiting characteristics, such as turbine and penstock size that
cannot take advantage of higher winter flows. The size of the turbines and penstocks
determines how much water can pass through the system and how efficiently the
energy can be harnessed from the flowing water. If the turbines and penstocks are
designed to handle lower flow rates that are typical during other seasons, they might

not be able to fully exploit the increased water flow during winter.

Table 4-4: Seasonal changes in river flows at gauges near RoR stations and seasonal
changes in available power at RoR schemes in the near future (2030-2059) and far
future (2050-2079) from the baseline (1980-2009)

Change in flows [%)] Change in available power [%]
Season Near future Far future Near future Far future
Spring -3.13 +6.87 +1.66 +1.62
Summer -26.34 -37.06 -19.82 -32.33
Autumn -17.59 -27.43 -11.6 -19.39
Winter +2.81 +9.86 +1.73 +1.7
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Figure 4-6: Boxplot of seasonal changes in available power in the near future (2030-
2059) and the far future (2050-2079) from the baseline (1980-2009) for all the RoR
schemes analysed, broken down by RoR type after Golgojan et al. (2024a).

4.6 Discussion and policy implications

This study on the impacts of climate change on RoR hydropower potential across GB
holds wider significance in the context of evolving energy landscapes and climate
adaptation globally. The anticipated decrease in summer flows observed in this study
corresponds with trends identified in various global regions (Ali et al., 2019; Van Vliet et
al., 2013), emphasising the vulnerability of seasonal water availability to climate-induced
shifts. The Organization for Economic Cooperation and Development (OECD) has
highlighted the importance of designing, building, and operating infrastructure to
anticipate and adapt to changing climate conditions, as well as retrofitting existing
infrastructure to enhance climate resilience (OECD, 2018). This policy perspective aligns
with the challenges and opportunities presented by the study's findings, highlighting the

need for a coordinated policy response to ensure that hydropower infrastructure is resilient
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to the impacts of climate change. Across GB, previous studies have indicated a decline
in summer river flows, varied patterns in autumn, and both a decrease and increase in
winter and spring flows (Christierson et al., 2012; Kay, 2021; Prudhomme et al., 2012;
Werritty, 2002). Our study broadly aligns with these observations, indicating a projected
decrease in summer and autumn flows and an increase in winter flows, along with mixed
patterns in spring. This extends to the exploration of seasonal variations in power output,
which is in accordance with the broader understanding that the seasonal dynamics of river
flows significantly influence hydropower generation (Bocchiola et al., 2020; Casale et al.,
2020). The findings of the study are in line with the priorities outlined in the UK Climate
Change Risk Assessment (CCRA) and the Third National Adaptation Programme (NAP3),
which emphasize the importance of understanding and addressing the impacts of climate
change on critical infrastructure, including water resources and renewable energy.
Several studies (e.g., Bocchiola et al., 2020; Carless and Whitehead, 2013; Carvajal
et al., 2017; Casale et al., 2020) have highlighted the effects of climate change on
hydropower potential. However, hydropower development is intricately linked to the
topographical and hydrological features of the region in which it is constructed. The
outcomes of regional or location-specific studies are often not directly comparable.
Nonetheless, the results from the present study are in agreement with those of
Carless and Whitehead (2013) and Dallison et al. (2021) that highlight future
decreases in ROR potential in summer and autumn and increases in winter and spring
in Wales. Similar to (Carvajal et al., 2017; Casale et al., 2020; Li et al., 2020;
Mutsindikwa et al., 2021), our study highlights that the river flow increases in winter
are not entirely convertible to hydropower potential as these discharges exceed the
maximum capacity of the turbines. The changing climate patterns lead to higher river
discharges, which may seem beneficial for hydropower potential. However, our
findings reveal a crucial limitation in harnessing this increased winter river flow for
hydropower generation. The increase in river flows during these periods exceeds the
maximum capacity of the turbines installed in many RoR hydropower locations.
Consequently, the excess water cannot be efficiently converted into electricity,
leading to untapped energy potential and rendering these periods less productive for
hydropower operations. This discrepancy between river flow increases and the
turbine capacity highlights the need for proactive measures to adapt hydropower

infrastructure to changing climate conditions. Upgrading existing turbines to handle

89



higher flows or designing new turbines capable of accommodating larger discharges
may be essential steps to fully utilise the increased river flows during winter. The
study's recognition of the influence of turbine technology on RoR systems has broader
implications for the global hydropower industry, emphasizing the importance of continually
improving and adapting technologies to maximize efficiency and minimize environmental
impacts. These insights are relevant not only for existing RoR locations but also for
informing the design of future hydropower installations globally. It is also crucial to
consider the broader environmental implications of altered river flow patterns. The
increased water discharge during winter could result in heightened erosion and
sediment transport downstream, impacting aquatic ecosystems and riverbank

stability.

Conversely in the future, we show that environmental flows (assumed Qgs in this
study) will decrease significantly (-16.40 % in the near future and by -23.30 % in the
far future). This has many policy implications, especially in the way Qs is determined
for hydropower production. This analysis considers that environmental flows remain
the same value in the future relative to the baseline period, but they could be amended
to reflect the change in river flows. However, this change may come with negative
effects on the water environment because different Qgs flows may not be enough to

assure river ecology (Higgins et al., 2011).

While this study contributes to the understanding of climate change's impact on RoR
hydropower across GB, there were certain limitations. The scarcity of river flow
gauges near potential RoR locations introduced uncertainties; however, this study
considers the chosen potential RoR locations spread out uniformly over the study
area and representative for all ROR types across GB. An additional uncontrolled factor
was the use of an existing future flows database (Hannaford et al., 2022), which,
although quality checked, introduced uncertainties to the analysis (i.e., only one
climate change model and emissions pathways was used). However, although the
use of multiple climate models and emission scenarios is recommended (Kay et al.,
2020; Kendon et al., 2021; Shen et al., 2018; Smith et al., 2009), our results show

good agreement between simulated and gauged percentile flows.
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Other sources of uncertainty may come from human activities, which can significantly
affect hydrological systems. Land use changes, such as urbanisation, deforestation,
and agricultural practices, can alter runoff patterns, soil infiltration rates, and
evapotranspiration, which in turn impact river flows (Eccles et al., 2019; Solanki et al.,
2024). Water abstraction for agricultural, industrial, and domestic use also modifies

flow regimes, particularly in regions with high water demand (Gosal et al., 2022).

Furthermore, the choice of a 40% capacity factor for run of river (RoR) hydropower
systems, while based on industry standards and previous studies (DUKES, 2022;
Sample et al., 2015), may not accurately represent the specific conditions of all RoR
systems analysed. The capacity factor can vary depending on factors such as site-
specific hydrology, plant design, and operational constraints. Future studies could
explore the sensitivity of the results to different capacity factor assumptions or use
site-specific data where available. Our analysis primarily focuses on the technical and
environmental aspects of hydropower generation. However, socioeconomic factors,
such as energy demand, policy changes, and market dynamics, can also influence

the development and operation of hydropower systems.

Finally, to mitigate the negative impacts of climate change on hydropower generation,
several adaptation strategies and policy recommendations can be considered:

e Improved water management: Implementing comprehensive water
management strategies, including reservoir management, water conservation
measures, and demand-side management, can optimise water resources for
hydropower generation while minimising environmental impacts.

e Infrastructure upgrades: Investing in the upgrade and modernisation of
hydropower infrastructure, including, turbines and transmission systems, can
improve efficiency, flexibility, and resilience to changing hydrological patterns

and extreme weather events.
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Ecosystem-based approaches: Incorporating ecosystem-based approaches
into hydropower planning and management, such as environmental flow
requirements, habitat restoration, and fish passage facilities, can mitigate the
adverse effects of hydropower development on aquatic ecosystems and
biodiversity.

Climate change adaptation policies: Formulating and implementing climate
change adaptation policies and regulations that integrate climate
considerations into hydropower planning, licensing, and operation processes
can enhance the resilience of hydropower infrastructure and ensure
sustainable energy generation in a changing climate.

Stakeholder engagement and collaboration: Fostering collaboration and
engagement among stakeholders, including government agencies, energy
utilities, environmental organizations and local communities can facilitate the
development of consensus-driven solutions and promote equitable and

sustainable hydropower development.

By adopting a holistic approach that combines technological innovations, policy

reforms, and stakeholder engagement, it is possible to mitigate the negative impacts

of climate change on hydropower generation and foster a more resilient and

sustainable energy future.

4.7 Conclusions

This is the first study to examine the possible effects of future river flow changes on

RoR hydropower potential due to climate change across GB. We find that river flows

(at gauges near potential RoR locations) are projected to decrease by -4.51 % in the
near future (2030-2059) and by -4.56 % in the far future (2050-2079) compared to a

1980-2009 baseline period. While flows may decrease annually, in spring and winter
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river flows may increase. These changes exhibit regional disparities, however, with
the southern regions likely to see year-round decreases, compared to northern parts
that may experience increased river flows throughout all seasons except summer.
Understanding the RoR hydropower potential across GB in the future is closely related
to changes in river flows. The corresponding results show that RoR hydropower
potential is projected to decrease in the near and far future in both summer and
autumn throughout GB, at a rate similar to the decreases in river flows. Some RoR
locations in the south-east and east of GB are projected to a have a decreased power
output all season, with decreases as low as over -50%. Conversely, RoR hydropower
potential modestly increases in spring and winter. Notably, the increases in spring
(approx. +1.60 %) and in winter (+1.70 %) are smaller than the decreases in summer
(-19 %) and autumn (-11%). As such, the results indicate a general decrease in the
annual RoR hydropower potential across GB in the future. The projected decline in
power output during the months of summer and autumn signifies potential challenges
for meeting electricity demands during peak demand periods.

The key findings from this study highlight the need for adaptive water management
strategies to mitigate the impacts of climate change on hydropower resources and
have implications for the planning of new RoR schemes and adapting already
operational schemes. Although river flows may increase in winter in parts of GB,
turbines may not be able to take advantage of any increases. Therefore, unless RoR
hydropower schemes are designed with climate change in mind at the planning stage,
their power output will be limited. Additionally, RoR schemes that were designed
considering historical river flows can use the information from this study to better
prepare for and adapt to possible future variations in river flows. The projected decline
in power output during summer and autumn emphasises the urgency of proactive
measures and adaptive strategies to ensure the sustainable and efficient utilisation of
RoR hydropower resources considering changing conditions. This study transcends
its specific geographic focus and holds relevance for global efforts in advancing
sustainable energy and adapting to the challenges posed by climate change. The
findings contribute valuable insights that can guide policymakers, energy planners,
and researchers worldwide in developing strategies that balance energy needs,

ecological sustainability, and climate resilience.
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To develop a complete picture of how climate change affects RoR hydropower
schemes, additional work is needed to minimise uncertainty in the future projections
by considering multiple climate models, emissions pathways and hydrological models.
Furthermore, this study not only highlights possible future decreases in environmental
flows but also emphasises the need for additional research to investigate the policy
on environmental flows. Given the potential impact of climate change, it becomes
necessary to explore specific risks to this type of hydropower, such as drought, which
could further exacerbate the challenges related to environmental flows. Therefore,
understanding the interactions between climate change, environmental flows, and
drought becomes essential in developing effective strategies for sustainable water

resource management and RoR hydropower generation.
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CHAPTER 5 THE EFFECTS OF CLIMATE CHANGE ON
HYDROPOWER DROUGHT: A RUN OF RIVER CASE
STUDY

5.1 Preface

This chapter (excluding this preface) was submitted to the International Journal of
Energy Research on 10 May 2024. Numberings of chapters and figures have been
adapted for consistency of the overall thesis, and the references have been compiled
at the end of the thesis.

Corresponding dataset: Golgojan, A. (Creator), White, C. (Supervisor), Bertram, D.
(Supervisor) (11 Feb 2025). The effects of climate change on hydropower drought: A
run of river case study. University of Strathclyde. Data_repository(.zip).
DOI:10.15129/ac1b30dd-2b2a-46b8-b902-648979f75dd5

This chapter directly addresses the research question (posed in Chapter 1.2 - Table
1-1

RQ 4. Is there a necessity to establish a distinct and standardised definition for
‘hydropower drought’ to comprehensively assess and address the specific
impacts of drought on hydropower generation?

RQ 5. To what extent does climate change influence the risks associated with
hydropower generation, including the emergence of the condition referred
to as ‘hydropower drought’?

The aim of this chapter is to create a novel definition for hydropower drought, focusing
on assessing the potential effects of climate change on hydropower drought
characteristics utilising data from specified case study locations. The primary
objectives are to analyse the duration, frequency, and severity of hydropower drought
events during both a 30-year baseline period (1980-2009) and a future period (2030-
2059). The investigation employs a dataset derived from the eFLaG dataset
(Hannaford et al., 2022), covering daily river flows to determine hydropower drought
events and uses four run of river (RoR) locations from Chapter 3 as case studies. The

findings presented in this chapter contribute valuable insights into the potential
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impacts of climate change on hydropower systems, informing adaptive strategies for

sustainable hydropower management.

5.2 Abstract

Climate change is amplifying the occurrence, severity, and duration of droughts in
some areas, highlighting the connection between these phenomena. While drought
impacts on various sectors have been studied extensively, the distribution of research
focus across different sectors, including agriculture and energy, varies. Hydropower
is increasingly impacted by droughts, which are exacerbated by climate change. This
study determines the observed frequency, duration and severity of drought events
relating to hydropower generation and how it may change in the future, using the UK
as a case study. Historically, the UK has experienced several severe drought events,
notably in 1975-1976, 1995-1997, and 2010-2012. More recently, the summer of 2022
underscored the country's ongoing vulnerability to drought conditions. To achieve this,
we create a novel definition for ‘hydropower drought’ focused on run of River (RoR)
hydropower schemes (that are vulnerable to drought due to direct reliance on
streamflow) using four hypothetical schemes selected across the UK. Our analysis,
based on daily power production data and river flows from the eFLaG dataset
revealed that all four RoR hydropower schemes studied experienced hydropower
drought events. These events were characterized by periods when power output fell
below a defined threshold due to reduced river flows. Specifically, our findings indicate
that the summer season consistently exhibited the highest frequency and severity of
hydropower drought events compared to other seasons.to project. Analysis shows on
an annual scale the duration of drought events is expected to increase by
approximately two days, accompanied by a 13.5% rise in both frequency and severity
of future hydropower droughts by in the future (2030-2059) relative to a 1980-2009
baseline period at the case study locations in the UK. While this study offers insights
into optimizing hydropower generation under varying hydrological conditions, it is
important to note that the findings are based on a limited scope, focusing on four
hypothetical schemes. Therefore, while the results provide a useful starting point, they
may not be universally applicable. Further research is needed to validate and extend

these findings to a broader range of scenarios and conditions. Even though the results
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are specific to the RoR schemes used in this study, a rise in drought duration,
frequency and severity due to climate change has been observed across the world.
The methods used here can be applied to analyse drought vulnerability of hydropower

facilities in other regions, informing climate adaptation planning.

5.3 Introduction

Drought is a widespread climatic phenomenon, evident across diverse climate
regimes globally (Balting et al., 2021). Unlike other climatological or hydrological
hazards that are confined to specific areas, such as floodplains or coastal regions,
droughts often exhibit extensive hazard footprints (World Health Organization, 2023).
Droughts are a widely studied hazard (e.g., Allan et al., 2020; Freire-Gonzélez et al.,
2017; Hyland and Russ, 2019), with focus often being placed on the agricultural sector
due to its vulnerability to long-term climatic events. Reduced crop production is the
primary consequence of drought, which can have significant economic and health

implications (Dolan et al., 2021).

However, other industries, including renewable energy generation and transportation,
are also impacted by extreme climate events (He et al., 2019; Perera et al., 2015).
Furthermore, impacts are often interconnected. For example, drought-induced
agricultural losses can affect transportation and manufacturing industries that rely on
agricultural products. Similarly, energy production challenges can have cascading
effects on water treatment, manufacturing, and urban infrastructure (Byers et al.,
2020). Wan et al. (2021) and Wang et al. (2020) show that prolonged dry spells can
lead to decreased water levels in reservoirs, which in turn can limit the amount of
electricity that can be generated. This has significant implications for energy
production and can affect the overall stability of power grids in affected areas, which
has been witnessed across Europe. The Po River in Italy, for example, was affected
by record low water levels in 2022 due to the absence of rainfall and snowfall in the
mountains (Montanari et al., 2023). This event was part of a long-term trend of more
frequent and severe drought in the area. The drought that hit northern Italy in 2022
was unprecedented in more than two centuries. The flow of the Po River fell to one-

tenth of its usual rate, and water levels were two meters below normal. This saw
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significant impacts on hydropower generation, with the stored energy value of Italian
reservoirs 22% lower than the average for the preceding seven years (Schroders,
2022). In the same year, there was a decrease of 44% in the amount of electricity
being produced in Spain, mirroring a similar trend to what was happening in other
places (e.g., Norway) (BBC, 2022). Electricity from hydropower dropped by 20%
overall in 2022 due to drought, providing evidence that hydropower is becoming
increasingly affected by periods of low precipitation leading to water scarcity and
droughts, with climate change exacerbating these vulnerabilities (e.g., Opperman et
al., 2022; Oxford Policy Management, 2019; Reuters, 2021).

Climate change refers to a significant change in weather or its variability over a long
period. This change could be in the average of temperature, rainfall, humidity, weather
patterns, wind, etc. (YoosefDoost et al.,, 2018). Drought is a complex natural
phenomenon that is characterized by a prolonged period of abnormally low rainfall,
leading to a shortage of water (Hasan et al., 2019). It can have wide-ranging impacts
on water security, agriculture, energy, and human health. Unlike most natural
hazards, droughts can develop anywhere, evolve rapidly within a month or slowly over
a season, and span months to decades without a clear beginning or end (Sugg et al.,
2020). Droughts and climate change are intricately connected, with climate change
amplifying the occurrence and severity of droughts, particularly in semi-arid areas that
are already grappling with substantial water scarcity (Cook et al., 2018). As weather
patterns become more unpredictable, there is growing uncertainty about the
frequency and severity of drought events. The twentieth century has seen an increase
in the extent and duration of more severe droughts, primarily attributed to rising
temperatures and reduced precipitation (IPCC, 2021). Worldwide, long-term droughts
may become three times more common from the mid-twentieth century to the end of
the twenty-first (Sheffield and Wood, 2008). Studies, such as those conducted by
Watts et al. (2015) and Gosling (2014), have investigated the link between climate
change and drought in the UK, concluding that summer droughts are projected to
increase over most of the UK. However, the specific impact of extreme events like
droughts on hydropower generation due to climate change remains uncertain
(Golgojan et al., 2024b).
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Hydropower, a renewable energy source, generates electricity from the movement of
water, directly linking its efficiency to water resources. The consistent and reliable
operation of hydropower plants heavily depends on the availability and predictability
of water sources, which are influenced by seasonal variations, precipitation patterns,
and river flows. Hydropower can be categorized into large hydropower, pumped

storage, small hydropower, and run of river.

Large hydropower, defined as having a capacity greater than 5 MW according to the
British Hydro Association (2022b), varies internationally: the US Department of
Energy defines it as above 30 MW, India as above 15 MW, and China as above 25
MW. Besides capacity, factors like size and impoundment volume also classify
hydropower plants. Pumped storage hydropower, a type of large hydropower,
generates electricity using gravity by releasing water from an upper reservoir,
previously pumped from a lower source during low demand and low electricity prices,

to drive a turbine during high demand (International Hydropower Association, 2023).

Small hydropower is defined as having a capacity of less than 5 MW (British Hydro
Association, 2022b) and typically includes run-of-river plants without artificial lakes
behind dams. These are subclassified by size into pico, micro, mini, and small
hydropower. Hydropower is a reliable, versatile, and low-cost source of clean
renewable energy (YoosefDoost and Lubitz, 2020). It complements variable
renewable sources like wind and solar through responsible water management,
offering rapid response times, flexibility, and energy storage services, thus meeting
demand when intermittent sources are unavailable (Tarroja et al., 2019). Hydropower
plants generally have higher capacity factors than wind farms and can be more
socially and environmentally acceptable in certain contexts (Sample et al., 2015).
Pumped storage hydropower acts like a green, rechargeable battery, storing excess
energy when supply exceeds demand and returning energy when needed (Jurasz et
al., 2018).

Run of river (RoR) hydropower generation — a type of hydropower that relies on
streamflow without a reservoir or impoundment — is particularly susceptible to lower

than average precipitation or snowmelt, which can immediately reduce the outflow
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through turbines, reducing energy generation (Raynaud et al., 2018). The direct
relationship between river flow and hydropower output makes RoR hydropower more
vulnerable to droughts than conventional impoundment hydropower (Golgojan et al.,
2024b). Reservoir-based hydropower schemes have the benefit of storing water
during rainy periods and utilising it during droughts, which is not possible with RoR
schemes. This research therefore focuses on RoR schemes to demonstrate their
vulnerability to droughts and climate change, as they are particularly sensitive to
changes in river flows and drought conditions (e.g., Carless and Whitehead, 2013;
Mohor et al., 2015).

Drought conditions directly affect hydropower generation by reducing water
availability. Wan et al. (2021) analysed the impact of streamflow drought on
hydroelectricity production across multiple regions and found that electricity
production by hydropower is negatively affected during drought periods, with the
severity of impact varying by location and drought intensity. In the western United
States, a region heavily reliant on hydropower, an analysis of drought impacts on
hydroelectric generation was conducted, which examined over two decades of data
from more than 600 hydroelectric plants across 11 states, provided insights into the
resilience of the western hydropower fleet to extreme drought conditions (Turner et
al., 2022hb). Qiu et al. (2023) explored how climate-driven changes in drought could
disrupt electricity systems that depend heavily on hydropower, finding that reduced
hydropower generation during drought periods could potentially increase reliance on

fossil fuel generation, leading to higher emissions and impacts on air quality.

Furthermore, climate change is expected to exacerbate the challenges posed by
drought to hydropower generation. Qiu et al. (2023) emphasized the need for ongoing
research to understand how evolving climate conditions will impact western
hydropower in the future. Similarly, Wang et al. (2020) projected that under the
SSP585 scenario (a high emissions pathway), the risk of extreme energy droughts
could increase by 88%z+1.2% compared to historical levels. These studies highlight
the need for adaptive management strategies and further research to enhance the
resilience of hydropower systems in the face of changing climate conditions and

increasing drought risks.
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Based on the previous literature, there are gaps regarding a specific definition for
hydropower drought. While the concept is discussed in various studies, a
standardised definition is not explicitly presented, with the focus being more on the
impacts and consequences of drought on hydropower generation rather than defining

the concept of hydropower drought itself.

To determine the impacts of drought on RoR schemes, it becomes imperative to
formulate a tailored definition specific to the context of hydropower. Current definitions
for drought (e.g., agricultural, hydrological or meteorological drought; Kchouk et al.,
2021) lack the specificity and context required to quantify the challenges posed by
droughts in the context of hydropower generation. Drought definitions generally fall
into two broad categories: conceptual and operational (Wilhite and Glantz, 1985).
Conceptual definitions, akin to dictionary entries, establish the conceptual boundaries
of drought, providing a generic understanding of the phenomenon. For instance, the
Encyclopaedia of Climate and Weather (Schneider et al., 2011) characterises drought
as "an extended period—a season, a year, or several years—of deficient rainfall
relative to the statistical multi-year mean for a region”. While valuable for descriptive
purposes, conceptual definitions lack the detail needed to detect the onset of drought.
In contrast, operational definitions aim to precisely identify the characteristics and
thresholds that delineate the onset, continuation, and conclusion of drought episodes,
including their severity (McEwen et al., 2021). Operational definitions serve as the
cornerstone of effective early warning systems, enabling proactive responses to
emerging drought conditions (Wilhite and Svoboda, 2000). Furthermore, they facilitate
analyses of drought frequency, severity, and duration within a given historical period.
Drought is typically defined as a prolonged period of water scarcity, caused by large-
scale climatic variability and cannot be prevented by local water management alone
(van Loon and van Lanen, 2013). A specific ‘hydropower drought’ definition would
allow researchers, policymakers, and stakeholders to focus on the unique aspects of
droughts that directly affect hydropower systems and plan better climate resilience
plans. Liu et al. (2023) introduced the concept of "energy droughts" for hydropower,
defining energy droughts as periods where daily developed hydropower potential falls
below the 20™ percentile of its long-term average. They found that energy droughts in

the Yangtze River basin are closely associated with El Nifio-Southern Oscillation
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(ENSO) patterns and that the risk of such events is projected to increase significantly
under future climate scenarios. Furthermore, the study found that the propagation
from meteorological droughts to energy droughts typically takes 4-7 days for most
plants in the region. Approximatively 31% of energy drought and meteorological
drought events occur simultaneously, highlighting the rapid response of some
hydropower systems to drought conditions. The only known definition of hydropower
drought is a “drought that causes a reduction in annual [...] generation for more than
10 percent relative to average” (Turner et al. , 2022). This definition is generally
encompassed within the broader category of hydrological drought, lacking specificity
and context (e.g., relating the loss of energy during a drought event to the installed
capacity of the hydropower scheme). Droughts that affect hydropower generation
have distinct characteristics and implications compared to other forms of hydrological
droughts, such as their direct impact on electricity generation from hydropower
facilities. By providing clarity and specificity, a hydropower drought definition could
enhance energy security and promote sustainable hydropower development in the

face of changing climatic conditions.

This study aims to understand the interplay between drought and hydropower
generation by creating a novel definition for hydropower drought and determining
alterations in the frequency, duration and severity of hydropower drought in the future.
The novel definition proposed is an operational type, allowing determination of
drought characteristics, as well as the exact onset of the drought event. We focus
primarily on RoR hydropower using hypothetical schemes selected across the UK as
a case study, as RoR hydropower is particularly vulnerable to drought due to their

direct response to changes in precipitation, snowmelt and streamflow.

5.4 Definitions and methods

The aim of this research was to address the impacts of drought on hydropower
systems by focusing on the unique characteristics of hydropower droughts and
developing a specific definition for ‘hydropower drought’ that captures the direct
effects on hydropower generation. The objectives include gathering daily river flow

data and power output from four RoR hydropower schemes during the drought period,
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using a threshold level approach to identify hydropower drought events based on
hydro energy output falling below defined levels, analysing average values to identify

patterns in the data.
5.4.1 Hydropower drought definition

Drought affects many economic and social sectors; therefore, multiple definitions of
drought exist, developed by a variety of disciplines and applications. Because drought
occurs with varying frequency in nearly all regions of the globe, in all types of
economic systems, and in developed and developing countries alike, the approaches
taken to define drought also reflect regional and ideological differences (Wilhite,
1993). Drought has, to date, largely been grouped into four predominant types as
follows: meteorological, hydrological, agricultural, and socioeconomic (Wilhite and
Glantz, 1985). Meteorological (or climatological) drought is expressed solely on the
basis of the degree of dryness (often in comparison to some normal or average
amount) and the duration of the dry period. Agricultural drought links various
characteristics of meteorological drought to agricultural impacts, focusing on
precipitation shortages, differences between actual and potential evapotranspiration
(ET), soil water deficits, and so forth. Hydrological droughts are associated with the
effects of periods of precipitation short fall on surface or subsurface water supply (i.e.,
streamflow, reservoir and lake levels, groundwater) rather than with precipitation
shortfalls (Dracup et al., 1980a). A comprehensive comparison between the existing
hydropower drought definitions and the novel hydropower drought definition proposed
in this study is presented in Table 5-1.
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Table 5-1: Comparison between existing hydropower drought definitions and the novel hydropower drought definition.

Existing drought definitions

Meteorological

drought

Hydrological
Drought

Agricultural Drought

Socioeconomic

Drought

Hydropower drought

A period of significantly

A period of below-

average water

A period of insufficient

A period when water

A period of at least five consecutive days when

Definition below-average o moisture affecting crop | shortages affect the power output from RoR hydropower schemes falls
L availability in rivers, . ) .
precipitation . production economy and society below a critical threshold
lakes, and reservoirs
Focus on Energy Production:
Relevance: Directly links drought conditions to
) _ hydropower output, providing a clear operational
o o Water flow and _ ) - Economic and social )
Focus Precipitation deficits Soil moisture deficits metric.

storage deficits

impacts

Improvement: Addresses the specific needs of
hydropower operators, unlike traditional definitions

that focus on water availability or precipitation.
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Existing drought definitions

Meteorological

drought

Hydrological
Drought

Agricultural Drought

Socioeconomic

Drought

Hydropower drought

Metrics

Rainfall amounts,

duration of dry periods

Streamflow rates,

reservoir levels

Soil moisture levels,

crop stress indicators

Water usage
restrictions,

economic losses

Threshold-Based Approach:
Relevance: Uses a critical power output threshold to
identify drought periods with significant operational
impacts.

Improvement: Provides a practical and actionable
metric for managing hydropower resources, ensuring
relevance to day-to-day operations.
Temporal Specificity:

Relevance: Incorporates a minimum duration
criterion (five consecutive days) to differentiate
between short-term fluctuations and sustained
drought conditions.

Improvement: Enhances the practicality of the
definition by focusing on periods with significant

operational implications, rather than brief anomalies.
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Existing drought definitions

Meteorological

drought

Hydrological
Drought

Agricultural Drought

Socioeconomic

Drought

Hydropower drought

Limitations

Indirect link to river flows
and hydropower
production; focuses on
precipitation rather than

operational impacts

Does not directly
address the impact
on energy production
for RoR hydropower

schemes

Does not consider
river flows or
hydropower

production; primarily

relevant to agriculture

Broad and indirect,
with a wide range of
potential impacts; not
specifically focused

on hydropower

production

Regional specificity, climate model uncertainty,
operational variability, temporal resolution
constraints, hydrological complexity, stakeholder
bias, dynamic environmental conditions, and data

availability issues

106




Hydrological droughts are often out of phase or lag the occurrence of meteorological
and agricultural droughts and can be hard to quantify. Droughts that specifically affect
hydropower have some distinct characteristics and implications compared to the
generalised definition of hydrological drought, such as their direct impact on electricity
generation from hydropower facilities. A definition for hydropower drought is needed
to quantify specific characteristics and thresholds crucial for recognising the onset,
continuation, and conclusion of drought episodes, as well as their severity. To date,
the only known attempt to use a hydropower drought definition is in Turner et al.
(2022) that defines hydropower drought as a “drought that causes a reduction in
annual [...] generation for more than 10 percent relative to average”. However, this
definition is encompassed within the broader category of hydrological drought, lacking
specificity and context (e.g., relating the loss of energy during a drought event to the
installed capacity and expected energy output of the hydropower scheme).

In this study, a ‘hydropower drought’ definition was developed with a focus on the
unigue aspects of drought that directly affects hydropower systems and the energy
they can generate. This definition was designed specifically for RoR hydropower given
their reliance on streamflows but could be extended to other types of hydropower.

Hydropower drought is defined in this analysis as:
“a period of where the available power is below a defined level”

using a threshold level approach (Yevjevich, 1967) to identify hydropower drought
occurrences or events. Using this definition, a hydropower drought event is initiated
when hydro energy output falls below a threshold (e.g., an energy deficit), and is
ended when the hydro energy output exceeded that threshold (e.g., an energy

surplus) as presented in Table 5-2.

Table 5-2: Hydropower drought type and thresholds used

Hydropower drought type Thresholds
Extreme hydropower drought no generation
Severe hydropower drought power output less than 10% of installed power

power output less than 30% of installed power, but above
Moderate hydropower drought .
10% of installed power
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Hydropower drought type Thresholds

] power output less than 50% of installed power, but above
Mild hydropower drought .
30% of installed power

5.4.2 Data and case study locations

Hydropower drought events were determined based on the definition above and daily
power produced at four RoR schemes (Figure 5-1) using daily river flows from the
Enhanced Future Flows and Groundwater (eFLaG) dataset (Hannaford et al., 2022).
The eFLaG dataset provides nationally consistent hydrological (river flow,
groundwater level and groundwater recharge) projections for the UK. This dataset is
based on the latest UK Climate Projections (UKCP18; Lowe et al., 2019) considering
a high emission scenario RCP8.5. The eFLaG projections span from 1981 to 2080,
with an accompanying observation-driven dataset providing river flow and
groundwater level/recharge simulations for 1962 (1963 for river flow) to 2018. The
future projections were fed into four river flow models (GR4J, GR6J, PDM, and G2G)
to simulate flows at 200 river catchments. GR4J and GR6J models, part of the airGR
suite for R software, are notable for their automatic parameter optimization, which
allows their application across diverse catchments. GR4J has been used globally for
hydroclimate research and operational forecasting in the UK, while GR6J, with its
enhanced low-flow simulation capabilities, has gained traction in UK water resource
applications. Both models were calibrated using the modified Kling—Gupta efficiency,

ensuring comprehensive evaluation of simulated versus observed flows.

The PDM model, known for its flexibility in configuring catchment flow regimes,
incorporates soil water storage and runoff production mechanisms, and routes water
using non-linear storage equations or linear reservoir cascades. Under the eFLaG
project, single-zone PDM models were used, initialized with observed flow data, and

optimized to achieve zero bias and maximum modified Kling-Gupta efficiency.

The G2G model, a distributed model, examines the spatial coherence and variability
of floods and droughts at various scales, using observed rainfall and PET for historical
and climate model-driven scenarios from 1963 to 2080. The regional climate

projections were created using the Hadley Centre global climate model and regional
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climate models, resulting in 12 high-resolution projections covering December 1980
to November 2080.

Model evaluations were conducted in two stages: the first stage evaluated model
performance against observed climate data using various metrics, and the second
stage assessed model performance with climate model outputs, comparing statistical
characteristics over a common baseline period. Hannaford et al. (2022) summarized
the evaluation metrics performance across all catchments, noting that the GR4J
model showed good performance overall, with some outliers in drought metrics. The
GR6J model performed slightly better in low-flow catchments, the PDM model
excelled in low-flow and drought indicators, and the G2G model, although performing
well, generally scored lower due to its lack of individual catchment calibration.

Simulated eFLaG daily flow time series (for four hydrological models: G2G,
GR4J/GR6J and PDM) and percentile flows for each gauge near the RoR scheme
were compared to the gauged and percentile flows from the National River Flow
Archive to assess the accuracy of the eFLaG dataset, using coefficient of
determination (R?) (Steel and Torrie, 1962) in Golgojan et al. (2024b). Comparison
timeseries and duration curves are presented in the Supplementary Material (Figure
S3 1 and Figure S3 2).

The statistical analyses and data processing were performed using MATLAB R2023a
(MATLAB R2023a, 2023) using built-in MATLAB functions. Spatial data processing
and visualization were conducted using a combination of QGIS version 3.22 (QGIS
Development Team, 2022) and ArcGIS 10.8 (ESRI, 2023).
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Gauging RoR RoR Type Installed Intake Intake Turbine Design Net Peak

station ID intake power [kW] Easting Northing type flow head turbine
D [m3/s] [m] efficiency
83006 2509 Small 1848 239637 613901 Francis 9.05 28.4 0.89
27035 189463 Mini 328 400527 446385 Cross-flow 3.77 15.55 0.816
28082 209114 Micro 12 455224 300961 Cross-flow 0.60 3.59 0.8186
39049 115426 Pico 15 509534 183987 Cross-flow 0.11 24 0.816
0 100 200 km
—— . % eFlaG Stations
‘ @ PicoRoR
) Micro RoR
) Mini RoR
@ Ssmall RoR
L Juk
3
‘_ \oe
. P )

Figure 5-1: Location and characteristics of the virtual run of river (RoR) schemes used
in this study. Information (RoR size, installed power, location, turbine type, design flow
and head, and peak turbine efficiency) about the RoR schemes and gauging stations
are taken from Golgojan et al. (2024a). The locations of the eFLaG gauges used in
this study are also represented next to each RoR scheme.

Four hypothetical RoR schemes across the UK (Figure 5-1) were chosen to test the
hydropower drought definition and use it to assess the potential effects of climate
change on hydropower drought. The RoR locations were taken from Golgojan et al.
(2024a), which provides the latest dataset containing potential ROR scheme locations
and characteristics (e.g., design flow, head, penstock size). The four RoR schemes
used in this study are hypothetical. These simulations were designed to be as realistic
as possible, based on established principles of hydropower generation and known
hydrological conditions (see Golgojan et al. (2024a). However, it's important to note

that while they aim to reflect actual operational conditions, there may be discrepancies
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due to the inherent limitations of any simulation. The four locations comprised a pico,
a micro, a mini and a small RoR scheme (see Golgojan et al. (2024a) for definitions),
which were selected to demonstrate various hydropower drought durations,
frequencies and severities to different sizes and locations of RoR and possible climate
change impacts (Figure 5-1). The RoR locations were chosen to ensure a
comprehensive representation of geographical diversity across the UK. This selection
spans from the north-west of England, represented by the small RoR scheme, to the
central region (mini and micro RoR schemes), and extends to the south-east of
England, as exemplified by the pico RoR scheme. The chosen RoR schemes exhibit
a diverse range of heads, varying from 2.4 m to 28.4 m, and design flows, ranging
from 0.11 m?/s to 9.05 m?/s. Notably, while the mini, micro, and pico RoR virtual
schemes are equipped with Cross-flow turbines, the small RoR scheme utilises a
Francis turbine, contributing to a comprehensive exploration of different turbine
technologies. This selection ensures a robust and representative examination of

hydropower drought vulnerability across varying geographic and technical contexts.

An important assumption was that the RoR schemes will not undergo periods of
maintenance, or that maintenance will be done in the periods when hydropower
cannot be generated. Therefore, there would be no anomalous periods of hydropower
drought generated as a result of maintenance. If plant maintenance is performed
when the RoR scheme could otherwise generate electricity, then those periods could
be interpreted erroneously as drought. It is also a requirement to ensure that a
compensation flow (also known as residual or environmental flow) is always flowing
through the river where the RoR scheme is installed. In this analysis, the

compensation flow was selected as Qgs (the flow that is exceeded 95% of the time).
5.4.3 Analytical approach

Using the above hydropower drought definition, data and thresholds, a “run-test” was
used to identify drought periods and their statistical properties (duration, frequency
and severity). However, minor droughts were excluded to ensure that statistics related
to drought are not skewed. Minor droughts are typically short in duration and have

slight deficit volumes. Different studies have excluded minor droughts in different
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ways. For example, (Zelenhasi¢ and Salvai, 1987) excluded minor droughts when
their deficit volume was less than a certain percentage of the maximum observed
deficit volume. Madsen and Rosbjerg (2008) excluded minor droughts with deficit
volumes or durations smaller than predefined percentages of the mean deficit volume
or duration, respectively. Similarly, Jakubowski and Radczuk (2004) excluded minor
droughts with drought duration shorter than a given minimum value. In this study, we
used five days as the minimum duration for a drought, similar to Wu et al. (2015). If a
drought event lasted less than five days it was excluded from the analysis, therefore
hydropower drought was only considered if it occurred for at least five consecutive
days.

Testing and sensitivity analysis

A sensitivity analysis of the key hydropower drought definition and power output was
undertaken to determine how the threshold selection influences hydropower drought
duration, frequency and severity. This approach aligns with recent studies that have
examined the sensitivity of hydropower to various drought conditions (Voisin et al.,
2020, 2016). The thresholds chosen for this analysis are (1) the duration threshold for
an event to be considered a drought and (2) the power output thresholds for the
severe, moderate and mild droughts (see Table 5-2 for definition).Sensitivity analyses
serve multiple purposes, including the identification of influential input factors in a
model output for prioritisation, gaining insights into model performance and output
behaviour (e.g., consistency), and calibrating input factors (Nogal and Nogal, 2021).
The number of minimum consecutive days for a “run-test” to qualify as a hydropower
drought event were altered from three to seven days, a range that aligns with the
drought durations observed in regional studies such as Liu et al. (2023), which found
energy droughts for hydropower lasting 2-24 days in the Yangtze River basin.
Additionally, the power output thresholds for severe, moderate, and mild drought were

modified in three intervals:

e interval 1:
o severe drought - <5% of installed power

o moderate drought — 5%-25% of installed power
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o mild drought — 25%-50% of installed power
e interval 2, which was chosen as per the definition.
e interval 3:
o severe drought - <15% of installed power
o moderate drought — 15%-35% of installed power

o mild drought — 35%-50% of installed power

The threshold for extreme drought was unchanged for simplicity.

Hydropower drought events characteristics (duration, frequency, severity) were
calculated for the 30-year baseline and future periods. Each drought event was
characterised by its duration, frequency, and severity (see Table 5-2). The duration of
each hydropower drought event was recorded, and the average hydropower drought
duration for each season was determined. The number of occurrences of each
hydropower drought type were obtained, with the hydropower drought frequency
presented as an average number of hydropower drought events for each season.
Hydropower drought severity was determined as the energy deficit (energy lost during
the hydropower drought event) for each season. Furthermore, to determine if drought
events were in a sequence or isolated, the average duration between events was also

calculated.

Table 5-3: Hydropower drought characteristics, their method of calculation and unit

Drought : Method of calculation Unit
characteristic
Total days of drought per season
Duration, D = ys of gnrp days
No.of drought events per season
F F No.of drought events
requency, = . . -
g y 30 years (time period analysed)
Severity, S S = Drought event duration - (Installed power KWh

— Actual power)

Actual power refers to the power output during the hydropower drought period
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Effects of climate change on hydropower drought

The potential effects of climate change on hydropower drought were determined using
the data and case study locations. Hydropower drought events were determined at
each RoR scheme using daily river flows for a future 30-year period from 2030 to
2059 the eFLaG projections (Hannaford et al., 2022) (Figure 5-1).

The eFLaG dataset provides nationally consistent hydrological projections for the UK,
based on the UK Climate Projections (UKCP18) under a high emission scenario
(RCP8.5). This dataset uses bias-corrected 'Regional’ 12km projections from
UKCP18 and inputs them into four river flow models (GR4J, GR6J, PDM, and G2G)
to simulate flows across 200 river catchments. The GR4J and GR6J models, part of
the airGR suite for R software, are designed for effective hydrological modeling with
automatic parameter optimization, where GR4J has been used globally and GR6J is
tailored for improved low-flow simulations and groundwater exchange. Both models
were calibrated using the modified Kling—Gupta efficiency criterion.

The Probability Distributed Model (PDM) is a lumped rainfall-runoff model that
simulates various catchment flow regimes, incorporating soil water storage and runoff
production. The eFLaG project used single-zone PDM models with daily time steps,
focusing on optimizing model performance through an automatic calibration

procedure.

The G2G model, a distributed model examining the spatial coherence and variability
of floods and droughts, was run with initialization from observed rainfall and PET for
historical and climate model-driven scenarios from 1963 to 2080. It covered 186 of
the 200 eFLaG catchments.

The regional climate projections were generated using the Hadley Centre global
climate model and regional climate models, resulting in 12 high-resolution (12km)
projections consistent across the UK for the period from December 1980 to November
2080. The models were evaluated in two stages: Stage 1 involved comparing
simulations driven by observed climate data against river flow and groundwater

observations using various metrics, while Stage 2 assessed model performance
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driven by climate model outputs, focusing on statistical characteristics of river flow

and groundwater levels.

Hannaford et al. (2022) summarised the evaluation metrics across all catchments,
noting that the GR4J model showed good overall performance, with some outliers in
drought metrics, particularly in the southeast and London. The GR6J model performed
better in low-flow catchments, while the PDM model achieved very good scores,
particularly for low-flow and drought indicators. The G2G model also performed well
but generally lower than GR and PDM models due to its lack of calibration to individual
catchments. The eFLaG dataset has been instrumental in understanding the potential
impacts of climate change on river flows and groundwater, aiding in informed

decision-making and policy development.

Changes in future hydropower drought relative to the baseline period (1980-2009)
were calculated based on annual and seasonal differences between hydropower
drought characteristics and daily power produced.

The following equations were used to determine hydropower drought characteristics
for the baseline and future periods. Let D; represent the duration of the i" hydropower
drought event. The duration was recorded for each event during both the baseline
(Dbaseliney and future (Dl.f uurey periods. The average duration (Dseqson) OF hydropower
drought events for each season was calculated by summing the durations of all events
in a season (¥; D;¢**°") and dividing by the number of events (Ngyents season) iN that

season.

season
_ Y. D;

Dseason = Eq. (5-]_)

N events,season

The number of occurrences (Nyccurencesseason) Of €ach hydropower drought type can
be determined for each season. The hydropower drought frequency (F;.qs0n) Was then

calculated as the average number of hydropower drought events for each season.
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F _ Zl Noccurences,season
season —

Eq. (5-2)

Nevents,season

The severity (Si) of each hydropower drought event was determined as the energy
deficit, representing the energy lost during the hydropower drought event for each
season. Equation 5-3 calculated the energy deficit for each day of the hydropower
drought event, summed up these deficits over the entire event duration, and
represented the severity of the drought event. The severity was determined by the
difference between the installed power and the actual power produced during the

drought event, weighted by the duration of each drought event in days, as follows:

Sseason = Ete t(Pinstalled —P)- At Eq. (5-3)
even

Where, Sseason 1S the severity of the hydropower drought event for each season,
Pinstairea 1S the installed power of the hydropower scheme, P;is the power produced

on day t during the drought event and At is the duration of the drought event in days.

The average duration (Dpeeween events) DEtWEEN hydropower drought events was
calculated by summing the durations between consecutive events (¥; Dpetween events,i)

and dividing by the number of events minus one (Ngyenes — 1).

5 _ Zi Dbetween events,i
between events —

Nevents — 1 Eq. (5_4)

The differences between the baseline period (1980-2009) and the future period (2030-
2059) for hydropower drought characteristics were calculated based on the following

equations:
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_ Dseason,future - Dseason,baseline
ADseason’% - _ " 100

Dseason,baselme

Eqg. (5-5)

Where Eseasonlfutwe represents the average duration of hydropower drought events
for each season in the future period, and Dgegson paserine FePresents the corresponding

average duration in the baseline period.

F, future — F baseli
AFseason'% — ( Seasonfu ure season,pase lne> . 100 Eq (5_6)

Fseason,baseline

Where Fieqson ruturel€presents the hydropower drought frequency for each season in
the future period, and Fseqson paselinel€Presents the corresponding frequency in the

baseline period.

ASseason,% _ (Sseason,future - Sseason,baseline) 100 Eq_ (5_7)

Sseason,baseline
Where Sgeqson, ruture represents the severity of the hydropower drought events in the

future period, and Sseqson paseline r€Presents the corresponding severity in the baseline

period.

ADbetween events,%

_ <5between events,future — Ebetween events,baseline> -100 Eq. (5-8)

Dbetween events,baseline
Where Ebetweene,,ents,futwerepresents the average duration between hydropower

drought events in the future period, and Dyepween eventspaseiine '€presents the

corresponding average duration in the baseline period.
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These equations were used for the annual differences to track the variations in

hydropower drought characteristics on a yearly basis.
5.5 Results

5.5.1 Hydropower drought definition sensitivity analysis

The threshold’s minimum number of consecutive days for a hydropower drought event
and the power output thresholds for severe, moderate, and mild drought were
modified in three intervals. The minimum number of days required for a drought event
to occur exhibits the most significant impact on drought frequency, going from approx.
four occurrences per year if the minimum number of days for a drought is three down
to one occurrence per year if the minimum number of days is seven, as demonstrated
in Figure 5-2. However, altering the intervals for severe, moderate and mild
hydropower droughts was found to have minimal impact. As would be expected,
decreasing the number of minimum days required for a drought event was found to
lead to an increase in severity, which is calculated as the average energy lost during
a drought event, due to lower thresholds including more minor drought events.
Therefore, the most important parameter when defining hydropower drought is the
minimum duration threshold. While the power output thresholds may be modified to
suit an operating programme, they do not affect hydropower drought characteristics.
Hence, the hydropower drought definition proposed in this study is solely dependent

on changes to its minimum duration threshold.
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Figure 5-2: Sensitivity analysis of the thresholds chosen in the hydropower drought
definition. The drought threshold (days) refers to the minimum number of consecutive
days with power output below the thresholds from the definition above; the drought
threshold (interval set) refers to the intervals for severe, moderate and mild drought
as follows: interval 1 refers to severe droughts threshold <5% of installed capacity,
moderate drought between 5% and 25% and mild drought between 25% and 50%;
interval 2 is the one from the hydropower definition above and interval 3 refers to
severe droughts threshold <15% of installed capacity, moderate drought between
15% and 35% and mild drought between 35% and 50%. The dots represent the values
for each hydropower drought metric (duration, frequency and severity) at each of the
four virtual RoR locations from this study. The linear trend that generated by the points
is represented by the red line.
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5.5.2 Observed hydropower drought duration, frequency and severity

Using the hydropower drought definition proposed, the duration, frequency and
severity of the drought events were determined at each of the four hypothetical RoR
schemes in the UK. During the analysed historical 30-year baseline interval (1980-
2009), periods of hydropower drought were detected at all the RoR schemes. The
average duration of a drought event was found to be 8.64 days, with an average
frequency of 0.58 (occurrences/year) and an average severity (energy lost during a
hydropower drought event) of 40 MWh.

The average drought duration was found to be similar at the four virtual RoR schemes,
ranging from 8.24 to 9.33 days annually. The longest average duration is 12 days in
spring at the pico RoR scheme, situated in the southeast of the UK. This is closely
followed by the mini and small RoR schemes (English Midlands and northwest of
England) with an average duration in of approx. 10 days in spring. The shortest
durations are recorded in winter at all the RoR schemes. Looking at each hydropower
drought type, extreme hydropower drought has the longest duration in summer — 23.3
days — at the mini RoR scheme, in the centre of England. The other types of
hydropower droughts (severe, moderate, mild) have much shorter durations, with the

longest duration of 10.71 days in spring at the pico RoR scheme.

Examining annual hydropower drought frequency, it ranged from 0.48 (approximately
1 event every 2 years) at the small RoR scheme to 0.73 (almost 1 event per year) at
the mini RoR scheme. The frequency did not vary significantly annually across the
case studies; however, there were seasonal differences among the RoR case studies.
In summer, the micro RoR scheme located in the centre of the UK had the highest
hydropower drought frequency (1.14 — see Figure 5-3), and all the other RoR
schemes exhibited high frequencies in summer, compared to other seasons.
Conversely, the lowest frequencies were observed in winter for all RoOR schemes.
Therefore, based on this case study, hydropower drought frequency appeared to be

more dependent on the season than on geographical location or system type.
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Figure 5-3: Differences between average hydropower drought metrics at all the pico
and micro run of river (RoR) schemes analysed in the future from the baseline. The

results show annual and seasonal changes for each drought metric.
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Figure 5-4: Same as Figure 5-3, for the mini and small run of river (RoR) schemes.

Hydropower severity, measured as energy lost during the drought event (refer to
Table 5-3 for details), revealed variations based on RoR scheme size. The small RoR

scheme, with the largest installed power of 1848 kW (refer to Figure 5-1 for details),
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exhibited the highest severity, with an average of 132 MWh lost over the year,
approximately a 2% reduction in the expected yearly energy output. While a 2% loss
may seem modest, in monetary terms, this equates to a £13,398 loss (considering
the wholesale electricity price of £101.5 per MWh - (Trading Economics, 2023). A
comparable yearly energy loss percentage is evident across all RoOR schemes.
Seasonally, the greatest hydropower drought severity occurred in summer for the
micro, mini, and small RoR schemes, while the pico RoR scheme experienced the
most significant energy loss during spring.

Looking at each RoR type (see Figure 5-1 for details), the pico RoR scheme (situated
in southeast UK) was the most severely impacted by hydropower drought in spring,
with an average of 143.2 kWh lost during the spring season (approximately 11%
reduction in generation). During summer, the micro and mini RoR schemes exhibited
elevated hydropower drought severity, reaching 1200 kWh and 33448 kWh,
respectively, along with prolonged hydropower drought durations averaging
approximately 11 days, surpassing the annual average. Conversely, the majority of
RoR schemes experienced relatively shorter hydropower drought durations, ranging
between 6.3 to 7.2 days, except for the pico RoR scheme, which manifested nearly

10 days of hydropower drought during winter.

When examining hydropower drought without considering the various drought types
proposed (refer to Table 5-2), the characteristics appear relatively consistent across
the four case studies. However, upon closer examination of each hydropower drought
type individually, notable variations in results emerge. Extreme hydropower drought
exhibits the longest durations and severities, with one of the highest frequencies,
followed by moderate hydropower drought. Severe hydropower drought, despite
having one of the shortest average durations, can manifest frequently, particularly at
the small RoR scheme. Mild hydropower drought demonstrates a high frequency,

accompanied by short durations and, consequently, lower severity.

On average, an event of extreme hydropower drought was found to last between 7 to
21 days in spring, 17 to 23 days in summer, 9 to 19 days in autumn, and 7 to 13 days

in winter on average at the four RoR scheme locations in the UK (Figure 5-5). Extreme
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hydropower drought occurrences were found mostly in spring, summer and autumn,
with only two of the four RoR schemes analysed encountering extreme hydropower
drought in winter. Seasonally, the extreme hydropower drought frequency and
severity were found to be highest in summer, with approximatively one event per
summer, most likely due to both high frequency and long durations of drought events
in summer. Of the schemes analysed, the mini RoR scheme (ID 189463) was found
to exhibit the longest average drought duration and second highest frequency of
extreme hydropower drought.

Severe hydropower drought is most common at the small RoR scheme (ID 2509)
compared to the other schemes, occurring every season. For the micro RoR scheme
(ID 209114), severe hydropower drought was only encountered in autumn, having an
average duration of 5 days and appearing two times in the 30-year baseline period.
Severe hydropower drought frequency differs greatly between ROR schemes
however. For example, while the small RoR schemes have at least one hydropower
drought event every spring, the other RoOR schemes have none. All ROR schemes

analysed display at least one severe hydropower drought event in autumn.

Moderate hydropower drought was encountered in three of the four RoR schemes
analysed. It lasted on average between 5 and 11 days in spring, between 5 and 8
days in summer, between 6 and 9 days in autumn and between 5 and 9 days in winter.
In spring, the frequency was found to be between 1 event every 1.5 years to 1 event
every 3.75 years. In summer, depending on the RoR scheme, moderate hydropower
drought is encountered from twice per season (for the pico and micro RoR schemes)
to once every 6 years (for the small RoR scheme). In autumn, at the pico and micro
RoR schemes, moderate hydropower drought appears once per season, and at the
small RoR scheme, it was found to appear once every 5 years. In winter, moderate
hydropower drought is encountered at the pico, micro and small RoR schemes. An
event was encountered once a year at the micro and small RoR, and once every 3
years at the pico RoR scheme in winter. While significant, the severity of moderate
hydropower drought was smaller than the severity of extreme and severe hydropower

droughts.
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Figure 5-5: Average Duration, frequency and severity for each category of hydropower
drought at all the RoR schemes in this study for the baseline (1980-2009). Duration
refers to average days per hydropower drought event, frequency refers to the average
number of hydropower drought events per season and severity refers to lost energy
during the hydropower drought event and is measured in kWh.

Mild hydropower drought was shown to last, on average, between 5 and 9 days,

depending on the season. The longest average mild hydropower drought duration

was 8.68 days in spring at the pico RoR scheme. Mild hydropower drought can appear
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in all seasons, but it was encountered in winter at all the RoR schemes analysed. This
is, however, perhaps to be expected due to the nature of this type of hydropower
drought characterised by a power output ranging from 30 to 50% of the installed
capacity. The frequency of mild hydropower drought was found to range from one
event every year to one event every 3.75 years, depending on the season and the
RoR scheme. Overall, the severity (energy lost during a hydropower drought event)
of mild hydropower drought is smaller than the other types of droughts analysed in
this study.

5.5.3 Climate change impacts on hydropower drought

The findings showed that annually drought event durations were anticipated to extend
by approximately two days at the RoR scheme locations analysed, accompanied by
a 13.5% increase in future frequency and severity (2030-2059) (Table 5-4). However,
more significant future projected changes were shown seasonally, particularly during
winter, where the average drought duration was projected to increase by four days
per drought event, and the average frequency to nearly double with an 89.4%
increment. This increase was calculated as an average value for all the four RoR
schemes analysed. Conversely, in autumn, the frequency of drought events was

predicted to decrease by half.
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Table 5-4: Comparison between the drought metrics (duration, frequency and
severity) at the four virtual RoR case studies in the future (2030-2059) from the
baseline (1980-2009). The results show annual and seasonal changes for each
drought metric

Baseline (1980-

Future (2030-

Season Drought metric Difference (%)
2009) 2059)
Duration (days) 8.64 10.66 23.44
Frequency
Annual 0.75 0.66 13.29
(occurrences/year)
Severity (kWh) 40,300 45,700 13.59
Duration (days) 10.09 11.55 14.52
] Frequency
Spring 0.67 0.78 16.80
(occurrences/season)
Severity (kWh) 54,500 48,300 -11.42
Duration (days) 10.59 11.53 8.86
Frequency
Summer 0.86 0.70 -17.86
(occurrences/season)
Severity (kWh) 50,700 53,100 4.67
Duration (days) 8.68 8.21 -5.34
Frequency
Autumn 0.42 0.20 -53.40
(occurrences/season)
Severity (kWh) 38,000 43,000 13.06
Duration (days) 7.53 11.75 56.16
] Frequency
Winter 0.24 0.46 89.40
(occurrences/season)
Severity (kWh) 31,100 36,600 17.65

The analysis of different RoR schemes demonstrated substantial variations in their

responses to future changes to drought characteristics (Figure 5-3 and Figure 5-4).

For instance, the pico and small RoR schemes exhibited minimal alterations in

drought duration, frequency, and severity on an annual basis compared to micro and

mini RoR schemes that were projected to experience almost a twofold increase in

drought event severity in the future (approximately 75% and 78% increase for micro

RoR and mini RoR, respectively). Notably, during autumn, most of the virtual RoR

schemes exhibit a reduction in drought duration, frequency, and severity. However,
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hydropower drought duration, frequency and severity show a notable increase during
winter. For instance, at the micro RoR scheme (ID 209114. see Figure 5-1 for details),
drought frequency was projected to increase by 580%, increasing from approximately

one drought event every 15 years to one drought event every two years.

A notable increase in the duration of extreme droughts was observed across all virtual
RoR systems and seasons, apart from the micro and mini virtual RoR in autumn
(Figure 5-3, Figure 5-4and Figure 5-6). Although severity was also projected to
increase significantly across all RoR schemes in the future (2030-2059), their
frequency largely decreases. Severe hydropower droughts, however, were projected
to become more variable in the future, showing a decline in severity but a rise in
frequency. As a result, projecting the future likelihood of severe hydropower droughts
was more uncertain than extreme hydropower droughts. No consistent trends of either
future increasing or decreasing moderate or mild hydropower drought were found

across various virtual RoR schemes or seasons.
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Figure 5-6: As for Figure 5-5, showing future (2030-2059) projected duration,
frequency and severity for each category of hydropower drought at all the RoR
schemes.

A slight future decreasing trend in the average duration between hydropower drought
events was found (Table 5-5). In the future (2030-2059), the mini RoR virtual scheme
experienced a nearly 50% reduction in the average duration between hydropower
drought events compared to the baseline period. Conversely, both the micro and mini

RoR schemes exhibit an increase of less than a day. In contrast, the pico RoR scheme
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showed a slight rise in the average duration between hydropower drought events,

transitioning from 39.51 days in the baseline to 42.25 days in the future.

Table 5-5: Comparison between the average duration between hydropower drought
events for all the RoR schemes analysed in the future (2030-2059) from the baseline
(1980-20009).

Average duration between hydropower drought events (days)
RoR type Baseline (1980- )
2009) Future (2030-2059) Difference (days)
Pico 39.51 42.25 2.74
Micro 40.45 39.93 -0.52
Mini 75.65 48.28 -27.37
Small 34.43 34.18 -0.25
All RoR 47.51 41.16 -6.35

5.6 Discussion

A novel definition for hydropower drought was created and tested here using four
hypothetical RoR schemes. Prior to this study, the term ‘hydropower drought’ had only
loosely been defined, often being subsumed within the broader category of
hydrological drought (Turner et al., 2022b). The absence of a clear definition of
hydropower drought has, to date, hindered the characterisation and understanding of
how drought events affect hydropower generation. This study, for the first time,
establishes a tailored definition for hydropower drought that considers the key

response of the system — i.e., the hydro energy output.

Hydropower drought — defined here as a period of minimum five consecutive days
when power output is below a certain level — uses a threshold level approach to
identify hydropower drought events beginning when the hydro energy output falls
below a threshold (i.e., when in energy deficit) and ending when the hydro energy
output exceeds that threshold again. Using our novel hydropower drought definition,
we identified the vulnerability to hydropower drought of four hypothetical RoR
schemes in the UK (see Figure 5-1 for details). Our research findings add vital
evidence that hydropower — particularly RoR systems — is highly susceptible to the

adverse effects of drought in a changing climate. These vulnerabilities are further

130



exacerbated by the influence of climate change, as substantiated by recent studies
(e.g., Oxford Policy Management, 2019; Reuters, 2021; Opperman et al., 2022;).
Furthermore, Cook et al. (2018) highlight that climate change has resulted in warmer
temperatures, which in turn have increased evaporative losses and reduced snowfall
and snowpack levels. These changes have intensified soil moisture deficits and runoff
reductions, even in the face of uncertain precipitation patterns. Similarly, Abbass et
al. (2022) underscore the global threat posed by climate change, noting its substantial
impact on various sectors, including water resources. The implications of these
findings are particularly relevant for RoR hydropower systems, which depend heavily
on consistent river flows for energy generation. As Cook et al. (2018) indicate,
reduced snowfall and snowpack levels, coupled with increased evaporative losses,
lead to lower river flows and thus directly impact the efficiency and reliability of RoR
hydropower plants.. Crucially, for the case study locations used across the UK, this
study connects the changing patterns of drought with hydropower generation,
indicating that hydropower drought event durations are expected to increase by two
days on average, together with a 13.5% rise in frequency and severity in the future.
Even though these results are specific to the RoR schemes used in this study, a rise
in drought duration, frequency and severity due to climate change has been observed
across the world (IPCC, 2021). For instance, Arnell and Gosling (2016) highlight the
broader impacts of climate change on water resources in Europe, including reduced
summer river flows which are critical for hydropower. Additionally, van Vliet et al.
(2016) discuss how decreased river flow and increased water temperatures due to
climate change will adversely affect hydropower production capacity globally,
particularly in Europe. Moreover, Prudhomme et al. (2012) present comprehensive
scenarios showing how future hydrological droughts will likely become more frequent
and severe under various climate change projections. Their research supports our
findings that hydropower systems will face increased challenges due to longer and
more intense drought periods. Furthermore, (Gaudard et al., 2013) investigate the
implications of climate change for Swiss hydropower, finding similar trends of
increased drought frequency and severity, which aligns with the projections for the
UK presented in our study. The methods used here can be applied to analyse drought

vulnerability of hydropower facilities in other regions, informing climate adaptation
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planning. Furthermore, coupling hydropower impacts with improved drought
projections from climate models may be crucial for long-term resilience planning (Kim
et al., 2022).

While the novel definition of hydropower drought focused on RoR hydropower
schemes offers several advantages, it also has certain limitations. The threshold for
defining hydropower drought is based on specific historical data (eFLaG and NRFA)
and stakeholder input (Drax, 2023; Hannaford et al., 2022; NRFA, 2023; SSE, 2023),
which may not be universally applicable across different regions or hydropower
systems. This regional specificity limits the generalisability of the definition. The future
projections of river flows and subsequent hydropower drought events rely on climate
models (Lowe et al., 2018), which are inherently uncertain, and variability in climate
model outputs can affect the accuracy of projected drought characteristics. The
definition assumes consistent operational practices and infrastructure conditions
throughout the analysis period, but changes in operational strategies, maintenance
schedules, or upgrades to infrastructure could impact the applicability of the drought
threshold and duration criteria. The definition focuses on drought events with a
minimum duration of five consecutive days, which, while helpful in distinguishing
significant droughts from short-term fluctuations, may overlook shorter yet potentially
impactful hydropower production deficits. The hydropower drought definition is based
on daily river flows and power output, which may not fully capture complex
hydrological processes and interactions, such as groundwater contributions,
upstream reservoir management, or inter-basin water transfers that can influence
river flows and hydropower generation. The definition was developed through
consultations with stakeholders, primarily hydropower operators (Drax, 2023; SSE,
2023), ensuring practical relevance, but it may introduce biases that overlook broader
environmental, social, or economic considerations. The fixed threshold for power
output may not adequately account for dynamic environmental conditions, such as
changes in sediment load, river morphology, or ecological requirements, which can
affect both river flows and hydropower generation efficiency. The robustness of the
definition depends on the availability and quality of historical river flow and
hydropower production data, making its application challenging in regions with limited

data availability. Addressing these limitations through further research and adaptive
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management strategies will be crucial for enhancing the resilience and sustainability

of hydropower systems

This study considers Qgs (the flow that is exceeded on average 95 percent of the time)
as the compensation or residual flow, which influenced the results. Although this is a
common residual flow requirement for ROR schemes, there are some RoR schemes
that have a different residual flow requirement, e.g., Qzs or one third of the mean
summer flow (Kurigi et al., 2019). Furthermore, the methodology assumes that if the
river flow is sufficient, the RoR scheme will generate power and does not consider
periods of plant maintenance. A source of uncertainty comes from the simulated daily
river flows (Hannaford et al., 2022) and the assumptions made in the daily power
calculations. In comparison with actual hydropower generation, the daily power
calculated here is not affected by socio-economic factors such as energy demand,
various water consumptions or periods of plant maintenance. Furthermore, turbine
efficiency can vary in real-world conditions. For example, turbine efficiency can be

affected by wear and tear.

An uncontrolled factor in our analysis was the use of an existing future flows database
(Hannaford et al., 2022). Although this dataset has undergone quality checks, it
introduces uncertainties into the analysis due to its reliance on a single climate change
model (UKCP18) and a single emissions pathway (RCP8.5). The use of multiple
climate models and emission scenarios is generally recommended to capture a
broader range of potential future conditions and to reduce uncertainty (Kay et al.,
2020; Kendon et al., 2021; Shen et al., 2018; Smith et al., 2009). Potential biases
stemming from the use of a single climate model and emissions pathway could affect
the robustness of our projections. For instance, the choice of RCP8.5 as the
emissions scenario represents a high greenhouse gas concentration pathway, which
might overestimate the frequency and severity of future drought conditions compared
to lower emissions scenarios. Additionally, the reliance on UKCP18 means that any
model-specific biases inherent in UKCP18, such as regional precipitation patterns or

temperature sensitivities, could influence our results.
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However, these uncertainties and potential biases do not invalidate the findings but
highlight areas for further investigation and refinement in future studies. By
acknowledging these limitations, we aim to provide a more nuanced and accurate

understanding of hydropower generation optimisation.

More broadly, while our investigation primarily focuses on RoR hydropower, it is
important to acknowledge that impoundment hydropower is also susceptible to
drought (Balting et al., 2021). Extending the application of the hydropower drought
definition proposed in this study to assess hydropower systems with reservoirs can
contribute to a more comprehensive understanding and offer valuable insights into
enhancing the reliability and resilience of hydropower generation. This is particularly
important given the rise in variable renewable generation (IEA, 2020) and the role
hydropower schemes play in balancing and ensuring energy mix balance (Mujjuni et
al., 2023). Identifying potential vulnerabilities in hydropower generation is imperative
in the context of evolving energy landscapes. The findings will be helpful for
policymakers and energy experts in devising effective strategies to mitigate the
adverse effects of drought on hydropower generation and enhance overall energy mix

balance

While our current methodology provides valuable insights into historical and near-term
drought patterns, future research could benefit from incorporating machine learning
(ML) technigues to enhance predictive capabilities, particularly for the 2030-2059
period. ML models, such as Random Forests, Support Vector Machines, and Long
Short-Term Memory (LSTM) networks, have shown promise in hydrological
forecasting and drought prediction (Dehghani et al., 2014; Fung et al., 2020). These
models could be trained on historical streamflow data, climate indices, and
meteorological variables to improve prediction accuracy (Soh et al.,, 2018). An
ensemble approach, combining multiple ML models, could provide more robust
forecasts of drought periods (Poornima and Pushpalatha, 2019). Integration of ML
techniques with the latest climate projections from UKCP18 could account for
potential changes in climate patterns during the 2030-2059 period. This ML-enhanced

approach would complement our current methodology, offering a more dynamic and
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comprehensive assessment of future drought risks for hydropower generation in the
UK.

While this study provides an important first step in defining hydropower drought and
demonstrating its use, further work is needed to validate and extend the findings of
this analysis beyond the UK, including quantifying how climate change will affect
future hydropower drought validated using additional real-life RoR and reservoir
hydropower schemes. Furthermore, understanding the characteristics and trends of
different hydropower drought types is crucial for effective water resource
management and sustainable hydropower operations. Proactive planning and
adaptive strategies are essential to address the challenges posed by extreme drought
events, especially as future projections indicate potential changes in river flow (Dilling
et al., 2023).

5.7 Conclusions

This study created a novel definition for ‘hydropower drought’ focused on RoR
hydropower schemes, which are vulnerable to drought due to their reliance on
streamflow. We demonstrated its utility using four hypothetical RoR schemes of
varying sizes across the UK to show the effects of drought on hydropower generation

in a changing climate.

A historical baseline analysis spanning 1980-2009 revealed occurrences of
hydropower drought across all four of the UK RoR schemes studied. Noteworthy
variations between hydropower drought types (Table 5-2) were also observed in
hydropower drought characteristics when considering different drought types.
Extreme hydropower drought displayed the longest durations, severities, and higher
frequencies, followed by moderate hydropower drought. Results showed that,
historically, annual hydropower drought frequency ranged from 0.48 to 0.73 across
case studies, displaying limited annual variation. The average drought duration was
8.64 days, with a frequency of 0.58 occurrences per year and an average severity of
40 MWh. In the future (2030-2059), the duration of hydropower drought events

annually was found to increase by approximately two days when compared to the
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baseline period (1980-2009), accompanied by a 13.5% rise in both frequency and

severity for the four RoOR locations in this study.

In the future, seasonal variations in hydropower drought characteristics were found to
be more substantial than annual changes, particularly during winter, where a four-day
increase in average drought duration per event and an 89.4% surge in drought
frequency was observed. Variations in scheme size and impact relationships were
observed across the four RoR schemes studied, with the pico RoR scheme found to
be most severely impacted during spring, the micro and mini RoR schemes witnessing
elevated severity in summer and shorter drought durations for the majority of RoR
schemes, except for the pico RoR scheme in winter. Severity, measured as energy
lost during drought events, varied based on RoR scheme size, with the small RoR
scheme exhibiting the highest hydropower drought severity.

This research and the defining of hydropower drought create a solid foundation for
optimising RoR hydropower generation in the face of varying hydrological conditions
including drought, supporting the transition towards a more resilient and efficient
energy landscape. Further studies can build upon these findings to develop robust
and region-specific hydropower drought mitigation approaches that ensure reliable

and sustainable hydropower generation.
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Chapter 6 DISCUSSION

6.1 Significance and wider implications of the results

As the world seeks sustainable electricity sources, comprehensive assessments of
hydropower's current state and future prospects are imperative. Hydropower
assessments are vital tools for understanding the performance, environmental impact,
and future potential of hydropower systems. Evaluations of energy yield are essential
for contributing to informed decision-making, aiding policymakers, investors, and
energy planners in optimising hydropower utilisation.

6.1.1 Run of river hydropower potential assessment

This thesis presents a comprehensive evaluation of the future trajectory of RoOR
hydropower systems using GB as a case study, with a particular focus on the effects
of climate change, and explores various dimensions, ranging from RoR hydropower
assessments to future projections and implications for both the energy sector and the
environment. The methodology employed in this thesis (Chapter 3) aligns with recent
international assessments of hydropower potential, reinforcing its robustness and
relevance. Notable works by Garegnani et al. (2018), Sammartano et al. (2019) and
Zaidi and Khan (2018) have created comprehensive assessments using
methodologies similar to those adopted here. However, they have limitations such as:
not considering financial indicators (Garegnani et al., 2018), low resolution Digital
Elevation Models (Sammartano et al., 2019) or using an approach not rooted in an
optimisation framework that may limit the accuracy of the estimated maximum
hydropower potential (Zaidi and Khan, 2018). This thesis addresses these limitations
and contributes to the broader global landscape of hydropower assessment by
introducing a novel framework to assess hydrological and realisable RoR potential

alongside financial and technical metrics.

The replicability of the methods used here mean that they could be used to determine
RoR potential in other countries that have similar net zero ambitions and similar

hydrological conditions, such as Canada, New Zealand or France (Beck et al., 2018;

137



The Guardian, 2021). This comprehensive approach (Chapter 3), a departure from
previous studies (Duncan, 2012; Forrest, 2008; Salford Civil Engineering, 1989),
primarily focuses on technical and financial viability and provides a complete
understanding of RoR hydropower potential. It addresses critical questions regarding
the implications of solely relying on financial viability criteria, exposing potential
underestimations arising from neglecting broader benefits such as emissions
reduction, job creation, and health improvements. Comparing the financial potential
results with previous studies reveals consistencies and deviations. The alignment with
the Salford Civil Engineering (1989) and Department of Energy & Climate Change
(2010) studies underscores the robustness of this work’s estimates. Methodological
differences in considering feed-in tariffs and prioritising financial viability in other
studies highlight the need for a balanced approach, considering both financial and

environmental dimensions.

The spatial distribution insights from the assessment can guide policymakers to
strategically plan for hydropower development. Assessing a GB-wide financially
viable potential of ~390-420 MW, this study supports the development of RoR
hydropower as a renewable generation source. While pico and micro schemes exhibit
significant hydrological and technical potential, their financial and realisable potential
is null. This emphasises the challenge of economic viability for smaller-scale RoR
projects, prompting considerations for policy support and innovative financing models.
The geographic distribution of potential RoR schemes, with clusters in Wales and
England where RoR hydropower potential has not been reached (Kennedy et al.,
2023), has implications for regional energy strategies. Decision-makers can use this
information to strategically plan and allocate resources, considering the varying

potential across different regions.
6.1.2 The effects of climate change on run of river hydropower potential

The RoOR hydropower potential, evaluated in this thesis (Chapter 3), lays the
foundation for anticipating and adapting to future challenges (Chapter 4). As climate
change impacts river flows, the assessed potential becomes a baseline against which

the evolving landscape can be measured. The impacts of climate change on
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hydropower are multifaceted and diverse, reflecting the complex interactions between
the climate system and water resources (Shu et al., 2018). Globally, climate change
trends project a decrease in annual river flows, with a notable decrease in summer
(Solaun and Cerda, 2019). The results from this thesis, using GB as an example,
corroborates this, emphasising the importance of seasonal variations in river flows for
RoR hydropower potential. While there is an overall decrease in available power in
both the near and far future, some RoR locations (Figure 4-4) exhibit increased power
output compared to the baseline. A clear relationship emerges when comparing future
seasonal changes in flows with changes in RoR hydropower power output. Although
this thesis identified this relationship in GB, it is evident globally (e.g., South Korea -
Jung et al., 2021; China - Li et al., 2020). The seasonal variations in power output
align with changes in river flows, emphasising the dependency of RoR hydropower
on river flow dynamics. However, spring exhibits an intriguing dynamic, with
decreased river flows coinciding with increased power output. This discrepancy is
attributed to the fluctuating monthly and daily flows during spring. However, this

discrepancy could not be found in other similar studies (e.g., Dhaubanjar et al., 2023).

The turbine sizes for each RoR location play a critical role in determining the
efficiency, environmental impact, and economic viability of RoR hydropower projects.
This thesis identifies (Chapter 4) a significant limitation in capitalising on projected
heightened winter river flows for hydropower generation. The increase in river flows
surpasses the capacity of many turbines installed in RoR hydropower locations (see
Section 4.6 ) meaning that excess water cannot be effectively converted into
electricity, leading to untapped potential and reduced productivity during these
periods. This is also supported by the wider literature (Carvajal et al., 2017; Casale et
al., 2020). Carvajal et al. (2017) presents a framework to assess the sensitivity of
hydropower generation in Ecuador to changes in water availability driven by future
climate change. The authors develop a hydrological-electricity model and apply it to
10 major hydropower stations in Ecuador, representing over 85% of the country's
capacity. The model is forced with output from 40 global climate models under the
RCPA4.5 scenario for 1971-2000 (baseline) and 2071-2100. Results show that future
annual inflows could vary from -85% to +277% depending on the climate model.

Hydropower generation is found to vary between -55% and +39% of historical levels
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when considering one standard deviation of climate model projections, mirroring the
same discrepancy between the rise in flows and the rise in future hydropower
generation (Table 4-4). Conversely, Casale et al. (2020) estimated the future potential
of small hydropower (SHP) in South Korea for the period 2021-2100, considering the
impacts of climate change. It found that the SHP potential for the near future period
of 2021-2040 showed a tendency to increase compared to present levels. The highest
increase was estimated to be 23.4% at the Deoksong SHP plant. For the longer term
periods of 2061-2100, the impacts of climate change on SHP potential were more
uncertain. But there was still a projected increase in potential compared to present
levels for most periods and plants. This is in contrast to the results from Chapter 4
(see Section 4.5.3 ), which found that the hydropower potential is projected to
decrease in the near and far future, by approx. -4.51%, respectively by - -4.56%,
compared to the baseline. However, this discrepancy is most likely due to the smaller
sample size of the Casale et al. (2020) study, which is limited at three ROR schemes.

This incongruity underscores the urgency for proactive measures to align RoR
hydropower infrastructure with evolving climate conditions. Potential strategies
include upgrading existing turbines to handle increased flows or designing new
turbines capable of accommodating larger discharges. Such adaptations are deemed
essential to fully exploit the augmented river flows in winter for optimal hydropower

operations and to limit the effects of climate change.

Looking beyond hydropower, climate change has far-reaching implications for various
renewable resources, altering their availability, efficiency, and overall viability (Solaun
and Cerda, 2019). Rising temperatures due to climate change can enhance the
efficiency of solar panels but may also lead to more frequent and prolonged
heatwaves, potentially affecting the durability and performance of solar infrastructure
(Bazyomo et al., 2016). Alterations in cloud cover and precipitation patterns can
impact solar irradiance, causing fluctuations in electricity production. Increased cloud
cover may reduce the predictability of solar power generation (Huld et al., 2008).
Climate change can influence wind patterns, affecting the consistency and strength
of wind resources. Regional variations in wind speed and direction may impact the

efficiency of wind turbines and require adjustments in the design and placement of
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wind farms (Pryor and Barthelmie, 2010). More frequent and severe weather events,
such as hurricanes and typhoons, can pose risks to wind turbines (Kulkarni et al.,
2014). Climate change influences the growth and health of biomass feedstocks.
Changes in temperature and water availability can affect crop yields and the overall
sustainability of biomass energy sources (Haberl et al., 2011). Geothermal generation
experiences common climate change impacts shared with other energy sources, such
as changes in water availability, infrastructure damages, flooding, and a rise in
ambient temperature (Solaun and Cerdd, 2019). The interconnected risks across
renewable resources highlight the need for ongoing research, innovation, and
strategic planning to ensure their resilience in the face of a dynamically changing
climate. For example, the global interconnectedness of the energy market—acutely
highlighted, for example, by the Russian invasion of Ukraine in February 2022—
predisposes energy companies to various cross-border and systemic impacts of
climate change that may be difficult to foresee and prepare for (Juhola et al., 2023).

6.1.3 The effects of climate change on hydropower drought

Aside from impacts on renewable energy and water resources, climate change has
manifested in various environmental shifts, with one notable consequence being the
exacerbation of drought conditions. Although droughts are generally well studied
(Freire-Gonzalez et al.,, 2017; Hanel et al.,, 2018), the impacts of drought on
hydropower are less understood. A knowledge gap on the definition of hydropower
drought emerged when considering the unigue challenges posed by droughts in the
context of hydropower generation (Chapter 5). Prior to the present study, the term
‘hydropower drought’ had been loosely defined, often being subsumed within the
broader category of hydrological drought (Turner et al., 2022a). Previous studies (e.g.,
Liu et al., 2023; Otero et al., 2022; Raynaud et al., 2018) that examined energy
drought have used a definition based on energy demand drought (e.g., when the
demand exceeds the supply of energy). The necessity to establish a distinct and
standardised definition for ‘hydropower drought’ is crucial for comprehensively
assessing and addressing the specific impacts of drought on hydropower generation.
This is evident from the growing climate risks associated with hydropower, as

highlighted by various studies and real-world examples. For instance, in Zambia, a
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2015 drought led to a significant decline in hydropower generation, causing national
electricity generation to drop by 40%, resulting in rolling blackouts and immense
economic disruption (Forbes, 2022). Similar vulnerabilities were observed in
California, where a historic drought led to a 40% reduction in hydropower generation,
significantly impacting the electricity supply. These examples demonstrate how
drought can reveal vulnerabilities in energy and economic systems, particularly in
regions heavily dependent on hydropower for electricity generation (Kern et al., 2020).
This thesis established a clearer definition, employing a threshold-level approach that
considers the key response of the system — i.e., the hydro energy output. By
employing the novel hydropower drought definition (Chapter 5), this thesis assessed
the drought susceptibility of four hypothetical ROR schemes within the UK (Figure
5-1), highlighting the pronounced vulnerability of hydropower, particularly RoR
systems, to the detrimental impacts of drought amid evolving climatic conditions,
corroborating evidence from recent studies (e.g., Opperman et al., 2022; Oxford
Policy Management, 2019; Reuters, 2021). The work undertaken in this thesis
connects the changing patterns of drought with hydropower generation, indicating that
hydropower drought event durations are expected to increase by around two days,
along with a 13.5% rise in frequency and severity at the case study locations in the
UK (Table 5-4). Even though these results are specific to the RoR schemes from this
thesis, a rise in drought duration, frequency and severity due to climate change is
observed across the world (IPCC, 2021).

Although this thesis focused on hydropower drought, the term ‘energy drought’ has
been mentioned in the literature (Otero et al., 2022). Energy drought refers to a
situation where the availability of energy resources, is insufficient to meet the
demands of a given region or community. This phenomenon is closely linked to
climate change, which can impact the reliability and sustainability of energy
generation (Liu et al., 2023). Changes in precipitation patterns, reduced river flows,
and altered hydrological cycles can lead to fluctuations in water resources,
contributing to energy shortages. For example, water is not only used for hydropower
generation, but for the cooling of nuclear reactors and in other generation sources,

such as geothermal energy (Qiu et al., 2023).
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In the context of decarbonising the UK energy grid by 2035, the insights from this
thesis could prove valuable. Although hydropower is not the main contributor to the
100% renewable energy grid, it could still play a role alongside other renewable
electricity sources, such as wind and solar (Jurasz et al., 2018; Sample et al., 2015;
Tarroja et al., 2019).

6.2 Assumptions and limitations

The findings contained in this thesis should be considered within the context of their
settings and methods, which have limitations broadly discussed in the individual
chapters. When assessing the RoR hydropower potential in GB, the lack of a map of
the network grid did not allow for accurate transmission lines pricing, leading to
uncertainty in the financial potential results (in Chapter 3, a fixed price for grid
connection was used — see Appendix 1.2 for details). The assumption of a capacity
factor of 40% for calculating the energy output may not reflect real hydropower
generation. Although the capacity factor is similar to the real one (DUKES, 2018), a
daily flow series would be more accurate when calculating the energy output. This
capacity factor assumption was carried through the thesis (Chapters 3, 4 and 5).
When assessing climate change effects on RoR hydropower (Chapters 4 and 5),
simulated daily river flow series (Hannaford et al., 2022) allowed for an accurate
estimation of the daily power and energy produced by the RoR schemes. However,
when determining the RoR potential (Chapter 3), the use of a monthly river flow
dataset (Bell et al., 2018), limited the accuracy of the results, especially when
calculating the energy produced by the RoR schemes. Nonetheless, the geographical
coverage of the river flow data used in Chapter 3 allowed for a comprehensive
analysis of the RoR potential in GB. Conversely, the river flow data used in Chapters
4 and 5 was available only at gauged locations in GB, therefore limiting the number
and potential locations of RoOR schemes that were used in those chapters. The work
undertaken in Chapters 4 and 5 determined the potential for RoR hydropower and the
potential impacts of climate change on it. The same simulated river flows as in
Chapter 4 was used in Chapter 5 providing continuity but also potentially carrying the

same uncertainties.
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The findings presented in Chapter 3 provide valuable insights into the magnitude and
spatial distribution of the RoR hydropower potential in GB, with the discovery of
untapped potential in Wales and England. They have formed the basis for the
determining the future changes to RoR potential (Chapter 4). In Chapter 4, the river
flow dataset focuses solely on the RCP8.5 emission scenario and a single climate
model, which could introduce some uncertainty into the calculations of power and
energy output. Nonetheless, the simulated river flows have been validated and
demonstrate a strong correlation with gauged percentile flows (Figure 4-2).

6.3 Recommendations for future research

While the research presented in this thesis furthers the understanding of the potential
effects of climate change on RoR hydropower, identifying the declining hydropower
potential in the summer and autumn seasons, coupled with the emergence of
phenomena like hydropower drought, areas for further research have been identified

as follows:

1. Further research could improve on the results from the RoR hydropower
potential assessment (Chapter 3) by using a daily flow series as an input rather
than the monthly flow series used in this thesis. Using a rainfall-runoff
hydrological model to calculate daily flows and predicted future flows could
improve on the accuracy of the results in Chapters 3, 4 and 5. Additionally, as
newer, more efficient turbine technologies become available, the technical
potential, and the financially viable and realisable potentials respectively could
be recalculated to reflect these improvements in technology.

2. Further research could investigate the possibility of using RoR hydropower
schemes in cascade on long river stretches, where the head is too high for the
available penstocks and turbines, therefore increasing the technical potential.

3. The potential to mitigate reductions in hydropower capacity caused by climate
change through the installation of larger turbines could be explored, assessing
whether this approach effectively offsets anticipated declines in energy

production determined in Chapter 4.
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4.

In Chapters 4 and 5, the eFLaG dataset (Hannaford et al., 2022) was used to
determine climate changes in river flows, and, consequently, in hydropower
generation. However, the use of this dataset limited the RoR schemes which
could be analysed (only the ones in proximity to eFLaG gauges were
considered). Future research could improve on the results from Chapter 4 by
using a rainfall-runoff hydrological model with climate forcings and creating a
dataset of river flows spanning over the UK, not just at gauged locations. This
will make the inclusion of all RoR schemes from Chapter 3 possible, therefore
improving the results coverage. Furthermore, using multiple rainfall-runoff and
climate models could remove some of the uncertainties that came from using
the eFLaG dataset.

Hydropower drought is a phenomenon that is not well understood and
researched. While the work from Chapter 5 is an important first step in
understating hydropower drought and its associated risk, there are still
multiple areas for further research. Applying the hydropower drought definition
from Chapter 5 to more real-life examples and to hydropower with reservoirs
and perhaps pumped storage hydro could improve understanding of this
phenomenon.

The impacts of hydropower drought are discussed in Chapter 5, however, a
succession of drought events could have an increased negative impact (Boca
et al., 2022). The risk for hydropower drought succession (or sequencing)
should be investigated alongside the possible impacts on hydropower
generation.

The methods used in this thesis aid the understanding of the effects of climate
change on RoR hydropower in GB. However, the methodology developed
here could be applied to other countries or regions with similar climate and
precipitation patterns, such as Canada, New Zealand or France, to gain further
knowledge of hydropower potential and risks there. Using the same
methodology over multiple regions could help create a consistent database

containing RoR hydropower potential information.
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CHAPTER 7 CONCLUSIONS

7.1 Summary of key findings

The aim of this thesis was to enhance the understanding of run of river hydropower
potential and the possible effects of climate change will have on this type of renewable
electricity generation. The research questions posed in Chapter 1.2 (Table 1-1) have
been addressed in this thesis as follows:

RQ 1. How can the potential for RoR hydropower be determined using the
latest available data and technologies?

Previous studies have determined the potential for RoR hydropower basing their
criteria on technical and financial viability, ignoring the hydrological and realisable
potentials. In this thesis, a framework that assesses the hydrological and realisable
RoOR potentials alongside financial and technical potentials for GB was presented to
address this gap (identified in Chapter 2). In Chapter 3, the integration of geospatial
data techniques such as Geographic Information System and remote sensing,
coupled with an algorithm for site selection, enabled the accurate assessment of
potential RoR sites. The methodology involved utilising Qo flows, which are usually
chosen for RoR design, and the latest available turbine technologies. Using the
methodology proposed in Chapter 3, the hydropower potential identified in GB is as
follows: hydrological potential at 20 GW, technical potential at 11 GW, financially
viable potential between 320 MW to 420 MW, and the realisable potential between
290 MW to 320 MW. This approach aligns with contemporary international studies on
hydropower potential (Garegnani et al., 2018; Zaidi and Khan, 2018), ensuring

consistency and comparability.

RQ 2. How are temperature and rainfall pattern changes influencing river
flows, both now and in the future, including seasonality and low
environmental flows (Qgs)?

The results from Chapter 4 show that annual river flows are projected to be reduced
by -5.65 % in the near future (2030-2059) and by -6.78 % in the far future (2050-2079)

across GB using future climate scenarios. Seasonally, the results indicate a small
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possible decrease in spring in the near future (-0.26 %), a significant decrease in the
summer and autumn in the near future (-26.98 % in summer, -20.14 % in autumn)
and a slight increase in winter in the near future (1.59 %). For the far future (2050-
2079), spring flows are shown to potentially increase by 4.66 %, summer and autumn
flows decrease even more than in the near future (-37.06 % decrease in summer flows
and -31.08 % decrease in autumn flows), and winter flows are likely to increase by
8.19 %. Environmental flows (Qgs) are shown to decrease by -16.4 % in the near future
and decrease by -23.3 % in the far future.

RQ 3. What are the effects of climate change on RoR hydropower schemes
which lack impoundment? How are changes in river flows affecting the
power and energy output of this kind of schemes?

The results from Chapter 4 reveal that RoR hydropower potential in both summer and
autumn across GB is anticipated to decrease, mirroring projected future declines in
river flows at the locations analysed in Chapter 4. RoR locations in the south-east and
east of GB are likely to exhibit reduced power output throughout the entire season,
with declines surpassing -50%. Conversely, RoR hydropower potential exhibits
modest increases in spring and winter, approximately +1.60% and +1.70%,
respectively. However, these increases are outweighed by substantial decreases in
summer (-19%) and autumn (-11%). Consequently, the findings suggest an overall
reduction in the RoR hydropower potential in GB in the future, which raises concerns
about the ability of hydropower to meet electricity demands, especially during peak

periods.

RQ 4. Is there a necessity to establish a distinct and standardised definition
for hydropower drought’ to comprehensively assess and address the

specific impacts of drought on hydropower generation?

Droughts have been primarily classified into four main categories: meteorological,
hydrological, agricultural, and socioeconomic (Wilhite and Glantz, 1985).
Meteorological drought, also known as climatological drought, is defined solely by the
level of dryness, often compared to a standard or average amount, and the length of
the dry spell. Agricultural drought connects various aspects of meteorological drought

to agricultural effects, with a focus on lack of rainfall, disparities between actual and
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potential evapotranspiration, soil water shortages, etc. Hydrological droughts are
linked with the impacts of periods of low rainfall on surface or underground water
resources (such as streamflow, reservoir and lake levels, groundwater), rather than
with rainfall deficits (Dracup et al., 1980b).

Hydrological droughts frequently lag or are out of sync with meteorological and
agricultural droughts, making them difficult to measure. Droughts that specifically
impact hydropower have unique characteristics and consequences compared to the
general definition of hydrological drought, including their direct effect on electricity
production from hydropower plants. A specific definition for hydropower drought was
required to quantify particular characteristics and thresholds that are essential for
identifying the beginning, continuation, and end of drought episodes, as well as their
intensity. This could enable better preparedness, risk management, and policy
development to address the vulnerabilities associated with hydropower during periods
of water scarcity and drought.

RQ 5. Towhat extent does climate change influence the risks associated with
hydropower generation, including the emergence of the condition

referred to as "hydropower drought"? (Addressed in Chapter 5)
Climate change significantly influences the risks associated with hydropower
generation, including the emergence of the condition referred to as ‘hydropower
drought’. Using the case study RoR locations described in Chapter 5, the results show
that the baseline annual hydropower drought frequency ranged from 0.48 to 0.73,
displaying limited annual variation but distinct seasonal differences, notably with
higher frequencies in summer. The duration of hydropower drought events annually
was projected to increase by approximately two days in the future (2030-2059)
compared to the baseline (1980-2009), accompanied by a 13.5% rise in both
frequency and severity for the four RoR locations in this study. The seasonal projected
variations in the future in hydropower drought characteristics are more substantial,
particularly during winter. A possible four-day increase in average drought duration
per event and an 89.4% surge in drought frequency in winter in the future highlights
the need for preparedness in managing energy resources during this critical period.

Conversely, the potential reduction in drought frequency during autumn, albeit
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accompanied by increased severity, presents a season-specific challenge that

requires targeted strategies for risk mitigation.
7.2 Concluding remarks

In conclusion, the work undertaken in this thesis made significant progress in
advancing the understanding of RoR hydropower potential and its susceptibility to
climate change impacts. By addressing the research questions outlined at the onset,
this thesis has provided valuable insights into various facets of RoR hydropower

generation and its future outlook in the context of changing environmental conditions.

Firstly, a comprehensive framework was developed (Chapter 3) to assess the
potential for RoR hydropower across GB, integrating hydrological, technical, financial,
and realisable potentials. This methodological approach, combined with geospatial
data techniques, allowed for the accurate identification of potential RoR sites, laying

the groundwork for informed decision-making in RoR hydropower development.

Secondly, the impacts of climate change on river flows and RoR hydropower potential
were investigated. The findings from Chapter 4 reveal a nuanced picture, with
projected decreases in RoR hydropower potential during summer and autumn, offset
by modest increases in spring and winter. These results underscore the importance
of considering seasonal variations and climate projections in hydropower planning

and management strategies.

Furthermore, the concept of "hydropower drought" and its implications for energy
generation was explored in Chapter 5. By establishing a distinct definition tailored to
hydropower systems, this thesis highlighted the unique challenges posed by drought
conditions and emphasized the need for proactive measures to mitigate risks and
enhance resilience. Lastly, this thesis examined the influence of climate change on
the emergence of hydropower droughts. Through a case study analysis, seasonal
variations in drought characteristics and projected future trends were identified,
emphasising the importance of adaptive strategies to ensure energy security in the

face of evolving climate patterns.
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This thesis contributes to the growing body of knowledge on RoR hydropower and
climate change adaptation, providing valuable insights for policymakers,
stakeholders, and researchers alike. By integrating the latest data and technologies,
this thesis aims to support the sustainable development of RoR hydropower resources
and facilitate the transition towards net zero. The methodology outlined in this thesis
holds promise for broader application in regions sharing comparable climate and
precipitation characteristics, such as Canada, New Zealand, or France. By leveraging
this approach across diverse geographic contexts, researchers can enhance their
understanding of RoR hydropower potential and associated risks.
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Appendix 1 — Chapter 3 Appendices

Appendix 1 has been submitted as part of the publication ‘An assessment of run of
river hydropower potential in Great Britain’ (presented as Chapter 3 in this thesis):

Corresponding publication: Golgojan, A.D., White, C.J., Bertram, D., 2024. An
assessment of run of river hydropower potential in Great Britain. Proc. Inst. Civ. Eng.
- Water Manag. 178, 42—-61, https://doi.org/10.1680/jwama.23.00056.
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Appendix 1.1 — Technical potential equations
Penstock diameter selection

An initial estimate of penstock diameter d (m) was calculated using the Manning
formula for a fully closed circular cross section, considering a head loss of 4% of the
gross head between the intake and the powerhouse using the following formula:

€2-0Q%-L
d=2.69- (%)0-1875 Eq. (A1-1)

where d is the penstock diameter in m; € is the roughness coefficient for the GRP pipe
and is equal to 0.029; Qq is the design flow which is equal to Q40-Qos in m%/s; H is the
gross head between the intake and the powerhouse in m and L is the penstock length
which is calculated using Eq. (A1-2)

L

Eq.
= \/(Xintake - Xpowerhouse)2 + (Yintake - powerhouse)2 + (Zintake - Zpowerhouse)2 (A1-2)

where Xintake, Yintake @Nd Zintake are the coordinates of the intake; Xpowerhouse, Y powerhouse
and Zpowerhouse are the coordinates of the powerhouse in m. This first estimate was
used as a starting point by setting minimum and maximum diameter limits of +10% to
determine the nominal diameter from a penstock database for available diameters.
The average water velocity V in the penstock was calculated using the flowing
formula:

4-Qq

V=" Eq. (A1-3)

The Reynolds Number Re was calculated:
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Re = — Eq. (Al-4)

where v is the kinematic viscosity of water and is equal to 1.31 x 10 m?/s. Using the
Reynolds Number, the Darcy friction factor f was calculated by solving the Colebrook

White equation:

z 2.51
da , =
37 R.-

e

1
7o —2-logyg Eq. (A1-5)

<

Using the Darcy-Weisbach equation, the head loss was calculated:

L V?
hf=f '<g'm) Eq. (A1-6)

The net head for each RoR scheme was calculated using the head loss from Eq. (Al-
6)

Hner = H — hf Eq. (A1-7)

The pressure rating of the penstock was chosen based upon the calculated surge
head that may be experienced by the penstock. Surge head, hs was calculated by
multiplying the penstock pressure wave celerity rating a in m/s and the maximum flow

velocity V.

a-V
T

Eqg. (A1-8)

The total head was then calculated:
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Hrotqr = hs + H Eqg. (A1-9)
The total head was transformed in bars and then the pressure class for each diameter
is chosen from a catalogue.
Reaction turbine peak efficiency

After a turbine was chosen, the next step was to calculate its peak efficiency to
determine the installed power. For the Francis and Kaplan turbines, which are reaction
turbines, the peak efficiency was calculated by determining the runner size and the
specific speed. Runner size was calculated using the following formula based on the

design flow Qq in m¥s:

d=k Q4" Eq. (A1-10)

where k is an empirical constant with a value of 0.46 for Q4 < 1.8 m3%/s or 0.41 for Qq
2 1.8 m®s. The specific speed nq was then calculated using the following equation
based on net head (H):

— . g—0.5
ng =kq H Eq. (A1-11)

where Kq is a constant based on the turbine type and is 800 for Kaplan and 600 for
Francis turbines. Before calculating the peak efficiency, an adjustment to the peak

efficiency énq must be calculated using the specific speed nq.

. (ng — 56) i
€na = |7 256 Eq. (Al-12)

A similar adjustment needs to be made based on the runner size d:

178



A ~ . _ . 4—0.2
éq = (0.081+¢&,,)-(1—0.789-d~%2) Eq. (A1-13)
Turbine peak efficiency e, was then calculated:
e, = (0.919 — &, + é4) — 0.0305 + 0.005 - Ry, Eq. (A1-14)

where Rn, is a turbine design coefficient which considers the characteristics of different
manufacturers and was considered 0.45 in this project. The peak efficiency flow, Q,

is less than the design flow, Qq and was calculated as follow:

Qp = 0.65 Qg - n Eq. (A1-15)

Impulse turbine efficiency

The number of jets is a key configuration for the impulse turbine. In this analysis, the
Pelton turbine was considered for this calculation. For simplicity, all Pelton turbines

analysed only have one jet. The rotational speed n was calculated:

n=31- (H -%)0'5 Eq. (A1-16)

where H is the net head in m; Qq is the design flow in m?%s; j is the number of jets.

Runner diameter d was calculated considering the rotational speed n:

g4 HO5 . j0-02
n

Eqg. (A1-17)

The turbine peak efficiency was calculated using the following formula:
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— . 40.04

The peak efficiency flow Q, is less than the design flow Qq and was calculated using

the following formula:

Crossflow turbine efficiency

Crossflow turbines are impulse turbines, which means that the rotor is spinning air
and is not fully flooded like in a reaction (e.g. Kaplan) turbine (Sinagra et al., 2014).
However, the operation is different from other impulse turbines, such as Pelton and
the efficiency does not vary as much with the flowrate. Nevertheless, the peak
efficiency is less than in a Pelton turbine and the literature around the calculation of
the peak efficiency is minimal. Considering this, the peak efficiency was taken from
experimental data as shown in Figure S1-2. The peak efficiency for this type of turbine

was 81.6% and the flow at which peak efficiency occurs was 70% of the design flow

Qu.
Archimedean Screw turbine efficiency

An Archimedean screw hydropower scheme allows transforming potential energy of
a fluid into mechanical energy and is convenient for low-head hydraulic sites. As it is
a less common technology, there are few references dealing with their design and
performance optimisation (Dellinger et al., 2016). Similar to the Cross-flow turbine,
experimental data was taken to determine the peak efficiency and flow. The peak
efficiency was found to be 82.8% and the peak flow was determined to be 78% of the

design flow (Figure S1 3).

After the peak efficiencies and flows have been calculated for all turbine types, the
power is recalculated using these new values to determine the technically viable

power.
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Appendix 1.2 — Financial potential costs
Turbine, generator and control cost

Generator costs is common for all turbine types and was calculated using the following

formula:

0.9
Pq
C, =0.82-n%%. <—H0'28> 108 - C,y Eq. (A2-1)
g

Where n is the number of turbines, in this case 1, Py is the design power in MW, Hy is
the gross head. The turbine costs are depended on the turbine type. For the reaction

turbines the following formulas were used:

For Kaplan turbines:
C;=027-n%% a7 (117 - Hy*? +2)-10° Cex g, (A2-2)
Where d is the runner diameter in m. Similarly, for a Francis turbine:

C; =017 -n%% - d**7 (13 + 0.001- H,)"” + 3] - 10°

Eq. (A2-3)
" Cox

For the impulse turbines, RETScreen provides two equations based on the installed
power to net head ratio. However, in this analysis only one of the equations was
considered for the Pelton turbine since the small Pelton turbine cost made it much
higher than the other turbines analysed. Furthermore, a 0.5 coefficient was used to

estimate the cost of a Pelton turbine and governor:
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MW,

0.5

0.44
> +0.5-10° + Coy Eq. (A2-4)
g

C, = 3.47 -n%%- (

Where MW, is installed MW/unit and has the values in Table A2-1.

Table A2-1: MWu value based on RoR scheme size

RoR scheme size MWu
Small 8.522-Q, - H,/1000
Mini 7.79 - Q, - H,/1000
Micro/Pico 7.53-Qy * Hy/1000

Q. is the design flow (maximum flow used by the generating station in m?/s

The cost of Cross-flow turbine was taken as the cost of the Pelton turbine. The cost
for the Archimedean Screw turbine was considered to be 22% less than the Pelton
turbine (YoosefDoost and Lubitz, 2020). Installation costs for the turbine, governor

and generator were obtained using the following formula:

C3=0.15-(C; + () Eq. (A2-5)

Penstock

For the hydropower schemes analysed in this study, only GRP (glass reinforced
plastic) pipes were considered for the technical potential and the financial potential.
The prices for penstock pipes were, however, difficult to find so an estimation based
upon Duncan (2012) was made for both rigidity classes considered in this project (SN
5000 and SN 10000). The prices are presented in the figure in the Supplementary

Material (Figure S1 4). The installation cost for penstock was based on its weight:

Cs =5 WO+ Ciny Eq. (A2-6)
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Where W is the penstock weight in kg.
Civil structures cost

The civil structures cost includes the weir, intake works, powerhouse and tailrace and

was calculated using the following formula:

_ Py
Ce =197 -n=004. <W> -(14+0.01-1,)
g
l Eq. (A2-7)
-<1 +0.005 H—d) +10° - Cipys
g

Where |y is the distance to borrow pits, assumed here 0.5 km, Iy is the length of the
crest of the dam, assumed to be 10 m.

Substation and transformer cost

A substation and transformer are required to increase the voltage at the generator
terminals from 1000 V to the transmission voltage. Their cost was assessed using the

following formula:

0.9

- 5 Pd
¢; =0.0025- ngen()'9 +0.002 - (ngen +1)- (m)
' Eq. (A2-8)

- VO'3 . 106 - Cinf

Where ngen is the number of generators, chosen as 1 in this case, V is the transmission
voltage, here assumed to be 33 kW. The installation costs for the substation and
transformer were calculated as a percentage of the cost of the substation and

transformer.

C8 =0.15- C7 Eq (A2_9)
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Transmission cost

Transmission cost is fixed at Cy = £ 150,091.5 considering the transmission line length
to be 1 km and it is assumed that connections will be made to primary substations
with a 33 kV busbar or to existing 33 kV lines. Connections to lines at voltages in
excess of 33 kV typically require a new substation costing in excess of £1,000,000.
For these reasons only connection at 33 kV is considered. Costs for 33 kV overhead
line is based on published utility cost data suggest a range of costs from £1,550 to
£8,715 for a 70 m span line giving a range of 22£/m to 124.5£/m (SHEPD, 2011). The
midpoint of this range gives a cost of 73.25£/m which has been taken as the unit cost
of transmission line. When connecting to an existing 33 kV line, it is assumed that a
simple tee connection can be made. This is priced at £50,000 based on the cost of
two additional sets of utility switchgear, one at the tee and a second at the hydro
scheme step up transformer. When connecting at a primary substation it is assumed
that an additional connection can be made to an existing 33 kV busbar at a cost of
£150,000 based upon the example 7A provided in SHEPD (2011). In both cases, an
additional factor of 1.25 was applied to lone costs to represent non-ideal line routing.
This gives the cost functions for substation connections which is considered in this

study to be the conservative approach.
Access road cost

Access road costs were based on the following equation:
C19=0.25-T A% 1,°7-10° Cppp Eq. (A2-10)

Where T is a cost reduction factor for unpaved roads, assumed here 0.25, A
represents access difficulty set between 1 to 6 based on the terrain, assumed here to
be 2, la is the distance to the nearest road calculated as the nearest; this method does

not consider existing water bodies or elevations.
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Engineering cost
Engineering costs were calculated using the following formula:

Py
— . 1,0.1 . . 6
Cyy =0.37-n%1-E (Hg"-?’) 10 Eqg. (A2-11)

Where E is an engineering cost factor which is 0.67 if a dam already exists at the
location and 1 if a dam does not exist, in this case it is assumed to be 1.

Development cost

Development costs were assumed to be the costs associated with obtaining the

necessary permits to allow work and they depend on the other previous costs:

11
€12 =004 ) € Eq. (A2-12)
i=1

Feasibility study cost

Feasibility study costs were calculated based on the other costs using the following

formula:

12
Cy3 = 0.032- Z C; Eq. (A2-13)
i=1

Miscellaneous costs

Miscellaneous costs represent unforeseen costs which may occur during the
construction of the project and were calculated based on an interest rate i assumed

to be 10% in this case.
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Ci4 =0.25-i-H%3%-1.1 z Ci+0.1 z Gy Eq. (A2-14)

Total costs and cost per kW installed

Total cost was the sum of all the previous costs:

14
Ctot = 2 Ci Eq. (A2-15)
i=1

Cost per kW was calculated by diving the total cost by the installed power:

_ Cior
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Appendix 1.3 — 'An assessment of run of river hydropower potential in Great

Britain’ Supplementary information
Introduction

The figures included in the Supplementary Information complement the text from the

manuscript and are referenced within.

Figures S1-1to S1-5
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Figure S1 1: An example of percentile measured and simulated flows at Gauge
1001 (includes Q5%, Q10%, Qs0%, Q70%, and Qagsu).
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Figure S1 2: Efficiency curve for Crossflow turbine. After Sinagra et al. (2014)
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Figure S1 3: Efficiency curve for Archimedean turbine. After Dellinger et al. (2016)
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Figure S1 5: Boxplots of all the initial costs considered in this analysis for the
financially viable a) mini and b) small RoR schemes.

Tables S1-1to S1-2

Table S1 1:Hydrometric areas number, name and area (National River Flow Archive,
2014)

Area No. Area Name. Area [m?]
1 Wick Group 892.68
2 Helmsdale Group 1357.20
3 Shin Group 1915.84
4 Conon Group 2183.77
5 Beauly 1077.46
6 Ness 1987.44
7 Findhorn Group 1815.15
8 Spey 2984.05
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Area No. Area Name. Area [m?]
9 Deveron Group 1560.04
10 Ythan Group 1421.26
11 Don (Aberdeenshire) 1323.94
12 Dee (Aberdeenshire) 2113.12
13 Esk Group 2021.10
14 Firth of Tay Group 1053.15
15 Tay 5093.17
16 Earn 969.18
17 Firth of Forth Group 1471.11
18 Forth 1609.55
19 Almond Group 924.30
20 Tyne (Lothian) 666.03
21 Tweed 5332.29
22 Coquet Group 2049.99
23 Tyne (Northumberland) 2929.05
24 Wear 1190.95
25 Tees Group 2235.25
26 Hull Group 2142.58
27 Ouse (Yorkshire) 11348.47
28 Trent 10398.21
29 Ancholme Group 1948.75
30 Witham and Steeping 3356.50
31 Welland 1642.03
32 Nene 2339.96
33 Great Ouse 8571.27
34 Norfolk Rivers Group 3726.29
35 East Suffolk Rivers 1598.17
36 Stour (Essex and Suffolk) 1032.61
37 Essex Rivers Group 3155.01
38 Lee 1428.60
39 Thames 10923.50
40 Kent Rivers Group 4771.37
41 Sussex Rivers Group 3086.66
42 Hampshire Rivers Group 2730.44
43 Avon and Stour 2993.57
44 Frome Group 1303.88
45 Exe Group 2249.79
46 Dart Group 1509.13
47 Tamar Group 1819.27
48 Fal Group 1567.16
49 Camel Group 1260.37
50 Taw and Torridge 2162.72
51 East Lyn Group 525.43
52 Somerset Rivers Group 2782.95
53 Avon (Bristol) 2221.40
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Area No. Area Name. Area [m?]
54 Severn 11413.23
55 Wye (Hereford) 4179.83
56 Usk 1745.86
57 Taff Group 919.15
58 Mid-Glamorgan Group 1041.16
59 Loughor Group 865.98
60 Towy Group 2067.13
61 Cleddau Group 1456.33
62 Teifi 1010.27
63 Ystwyth Group 857.65
64 Dyfi Group 1346.95
65 Glaslyn Group 1318.82
66 Conway and Clwyd 1502.53
67 Dee (Cheshire) 2127.67
68 Cheshire Rivers Group 1883.28
69 Mersey and Irwell 2699.87
70 Douglas Group 628.21
71 Ribble 1485.12
72 Wyre and Lune 1662.81
73 Kent Group 1209.81
74 Esk Group (Cumbria) 912.48
75 Derwent Group (Cumbria) 1237.49
76 Eden (Cumbria) 2403.88
77 Esk (Dumfriesshire) 1369.12
78 Annan 965.72
79 Nith 1482.17
80 Dee (Galloway) 1535.16
81 Cree Group 2050.24
82 Doon Group 1081.82
83 Irvine and Ayr 1529.80
84 Clyde 3020.58
85 Leven (Dumbartonshire) 831.58
86 Firth of Clyde Group 1001.86
87 Fyne Group 714.78
88 Add Group 822.72
89 Awe and Etive 1412.09
90 Loch Linnhe Group 1163.80
91 Lochy (Invernesshire) 1337.42
92 Loch Shiel Group 1171.75
93 Loch Alsh Group 1664.99
94 Loch Maree group 1084.19
95 Laxford Group 2226.11
96 Naver group 1961.02
97 Thurso Group 913.50
101 Isle of Wight 380.89
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Area No. Area Name. Area [m?]
102 Anglesey 714.19
103 Isle of Man 572.55
104 Kintyre Group 2299.22
105 Inner Hebrides 2993.96
106 Outer Hebrides 3098.85
107 Orkneys 1013.01
108 Shetlands 1472.65
201 Foyle 2009.29
202 Faughan-Roe 894.81
203 Bann 5405.28
204 Bush 903.58
205 Lagan-Quaille 1984.66
206 Newry-Dee 931.80
226 Upper Shannon 7.04
235 Sligo Bay-Drowes 118.59
236 Erne 1904.10
239 Lough Swilly 21.35

Table S1 2: MWu value based on RoR scheme size

RoOR scheme size

MWu

Small 8.522 - Q, - Hy/1000
Mini 7.79 - Qy * Hy /1000
Micro/Pico 7.53+Q, - Hy; /1000

Qu is the design flow (maximum flow used by the generating station in m
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Appendix 2 — Chapter 4 Appendices

Appendix 2 has been submitted as the Supplementary Information of the publication
‘. Future impacts of river flow on hydropower generation in Great Britain’ (presented
as Chapter 4 in this thesis).

Corresponding publication: Golgojan, A.-D., White, C.J., Bertram, D., 2024. Future
impacts of river flow on hydropower generation in Great Britain. J. Water Clim. Chang.
15, 4840-4861, https://doi.org/10.2166/WCC.2024.355.
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Appendix 2.1 Supplementary text - eFLaG Dataset characteristics
Catchment Selection

The catchments selected for the eFLaG dataset were chosen based on data quality,
representativeness, water industry relevance and to ensure good geographical
coverage of GB (Hannaford et al., 2022). . Metadata compiled included membership
of key national strategic networks (e.g. near-natural Benchmark (UKBNZ2;Harrigan et
al. (2018) and previous studies/datasets and recent modelling endeavours through
the Drought and Water Scarcity Programme projects; ‘Historic Droughts’, IMPETUS’
(Stevens et al., 2019) and ‘MaRIUS’ (Bell et al. (2018).

UKCP Data Processing and Bias Correction

eFLaG uses GBCP18 Regional projections created by the Met Office (Murphy et al.,
2019). They were computed using perturbed-parameter runs of the Hadley Centre
global climate model (GCM) and regional climate models (HadGEM3-GC3.05 and
HadREM3-GA705 respectively). These provide a set of 12 high-resolution (12km)
spatially-consistent climate projections over GB, covering the period December 1980
to November 2080. The UKCP18 RCM output was processed to provide both the 1km
gridded and catchment-average time-series of precipitation and potential evaporation
required for hydrological and groundwater modelling. The 1km gridded time-series of
precipitation and PE were then used to produce the time-series of catchment-
averages required for each of the eFLaG catchments. The catchment average values
were derived using the standard UK National River Flow Archive approach for
catchment average rainfalls, as described in (NRFA, 2021).

Hydrological models used

eFLaG uses four hydrological models (GR4J/GR6J, PDM and G2G), All of these

models are used to provide ‘at site’ simulations at the catchment.
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G2G

The Grid-to-Grid (G2G) hydrological model is an established area-wide distributed
model that has been used to investigate the spatial coherence and variability of floods
and droughts at catchment, regional and national scales. Model output typically
consists of natural river flows at both gauged and ungauged locations, and can be
provided as both time-series for specific locations or 1kmx 1km grids. The G2G model
has been used for climate impacts modelling of floods (Bell et al., 2012, 2009), low
flows (Kay et al., 2018) and droughts (Rudd et al., 2019) and is used operationally for
flood forecasting (Cole and Moore, 2009; Moore et al., 2006).

GR4J/GR6J

GR4J (Génie Rural a 4 paramétres Journalier) is a simple daily lumped conceptual
model with only four free parameters. GR4J has been used for hydro-climate change
research across the globe, and has demonstrated good performance in a diverse set
of catchments across GB. The model has been applied across GB for operational
seasonal forecasting, as well as for long-term drought reconstructions nationwide
(Harrigan et al., 2018; Smith et al., 2019). GR6J (Génie Rural a 6 parametres
Journalier) (Pushpalatha et al., 2011) is a six parameter variant of the GR modelling

suite that was developed to improve low flow simulation and groundwater exchange.

Recently, GR6J has increasingly been applied in UK water resources applications

(e.g. Anglian Water Drought Plan.
PDM

The Probability Distributed Model or PDM (Moore, 2007; UKCEH, 2022) is a simple,
very widely used lumped rainfall-runoff model that can be configured to a variety of
catchment flow regimes. PDM may be thought of as a toolkit of model components
representing a range of runoff production and flow routing behaviours, and with a

choice of time-step.
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Appendix 2.2 Supplementary text — Changes to future river flows across GB

Results show annual river flows reduce by -5.65 % in the near future (2030-2059) and
by -6.78 % in the far future (2050-2079) across GB relative to the baseline (1980-
2009). Seasonally, however, typical river flows are shown to increase in winter and

spring but reduce in summer and autumn

For all the eFLaG gauges, the results show a small decrease in spring in the near
future (-0.26 %), a significant decrease in the summer and autumn in the near future
(-26.98 % in summer, -20.14 % in autumn) and a slight increase in winter in the near
future (1.59 %). For the far future (2050-2079), spring flows may increase by 4.66 %,
summer and autumn flows decrease even more than in the near future (-37.06 %
decrease in summer flows and -31.08 % decrease in autumn flows), and winter flows
may increase by 8.19 %. However, these results are averaged over all the RCMs,
over all the eFLaG gauges. Putting these results in boxplots (Figure S2-2), shows the
uncertainty in the results: the spring and winter results contain a lot of outliers, but
have smaller quartiles, whereas for the summer and autumn changes in flows, the
quartiles are larger, but there are less outliers. This suggests that the decreases in
flows in summer and autumn are more likely to be all over GB, while in spring and

winter, the changes in flows will depend on location.

In the southeast region, some gauges (e.g., 38003, 38017, 39010, 39014, 39019,
39027, 39088, 39089, 39127) show a decrease in future flows all year. This is
consistent with the predicted rainfall decreases in the south of GB (Boca et al., 2022).
However, all these gauges are in the hydrometric area 39, also known as the Thames
basin, which is well served in terms of gauges and heavily impacted by human
intervention that may affect the hydrological and climate model’s ability to simulate

and predict flows.
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Appendix 2.3 Supplementary figures and tables
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Figure S2 1: Monthly percentage changes in river flows at the gauging station from
the eFLaG dataset. The baseline flows are the flows simulated using the GR6J
hydrological model for the period 1980-2009. The near future flows are the mean for
all the RCM simulated flows for the period 2030-2059. The maps below show the
catchments where the gauges are in each column. The legend refers to percentage
change in mean monthly flows in the future from the baseline.
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Figure S2 2: Seasonal changes in river flows in the near (2030-2059) and far future
(2050-2079) from the baseline (1980-2009) for all eFLaG gauges
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Figure S2 3: Monthly changes in river flows in the far future (2050-2079) from the
baseline (1980-2009) at eFLaG gauges near ROR stations
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Figure S2 4: Percentage changes in seasonal total energy output in the near future
(2030-2059) and the far future (2050-2079) from the baseline (1980-2009) at all the

RoR schemes analysed in this study.

Table S2 1: Median changes in the future (near future — 2030-2059; far future — 2050-
2079) from the baseline (1980-2009) in different metrics for all eFLaG gauges in the

dataset

Change from the baseline

Metric
Near future Far future
Annual mean flow -5.65% -6.78%
Spring mean flow -0.26% 4.66%
Summer mean flow -26.98% -37.06%
Autumn mean flow -20.14% -31.18%
Winter mean flow 1.59% 8.19%
Design flow (Qao) -2.80% -5.70%
Environmental flow (Qgs) -16.40% -23.30%

Days with flow below Qo

+3 days/year

+6 days/year

Days with flow below Qgs

+22 dayslyear

+36 days/year
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Table S2 2: Changes in total energy generated in the near future (2030-2059) from

the baseline (1980-2009)

Intake Spring Summer Autumn Winter Annual
No. D Type change change change change change
near future | near future | near future | near future | near future
1 22350 Pico -1.21 -28.17 -28.39 0.52 -11.62
2 26433 Pico -5.38 -36.55 -27.24 1.95 -10.27
3 108693 Pico -9.57 -12.92 -21.92 -15.57 -13.83
4 115426 Pico -2.64 -12.66 -4.36 1.80 -4.75
5 2190 Micro -1.75 -13.46 -9.71 0.36 -5.43
6 4698 Micro 28.19 -18.20 4.39 19.80 12.42
7 5872 Micro -2.45 -8.94 3.65 2.50 -0.79
8 7126 Micro -1.94 -5.66 -16.76 -2.30 -6.10
9 8876 Micro 3.47 -21.53 -3.88 8.99 -1.45
10 11592 Micro 4.69 -22.90 -3.14 7.09 -0.68
11 14619 Micro -2.20 -2.48 -2.41 -0.57 -1.92
12 17098 Micro 0.62 -13.26 -14.04 -0.67 -6.03
13 17975 Micro -3.49 -13.97 -15.90 -1.59 -8.57
14 21114 Micro 0.20 -33.04 -17.98 1.39 -9.89
15 22243 Micro 0.88 -32.00 -27.51 1.05 -10.27
16 22477 Micro 2.29 -27.07 -11.45 3.57 -6.86
17 24048 Micro -3.80 -32.12 -30.00 -0.99 -13.57
18 27390 Micro 1.85 -32.41 -14.80 3.75 -8.62
19 28249 Micro -1.96 -5.70 -19.52 -4.83 -7.45
20 30764 Micro 7.96 -20.61 -6.82 6.89 -2.15
21 30912 Micro -1.67 -6.52 -10.91 -1.46 -4.87
22 37423 Micro -2.48 -18.92 -30.97 -1.51 -11.23
23 42834 Micro -1.67 -14.39 -22.07 -0.36 -8.21
24 43958 Micro -0.51 -27.24 -21.57 0.47 -9.47
25 46202 Micro -2.17 -54.29 -41.38 1.11 -16.87
26 50701 Micro 1.47 -21.61 -21.94 0.09 -8.28
27 51679 Micro -5.64 -13.90 -16.07 0.20 -8.07
28 53056 Micro -1.21 -14.40 -26.25 -3.31 -10.07
29 54007 Micro -3.14 -9.63 -26.42 -4.67 -9.77
30 55023 Micro 2.56 -27.18 -5.69 11.47 -3.00
31 58075 Micro -3.64 -12.44 -25.96 -2.38 -9.62
32 59803 Micro -0.34 -15.54 -19.81 -1.35 -7.81
33 60966 Micro -3.26 -9.65 -10.89 -0.51 -5.95
34 76933 Micro -9.27 -14.00 -22.62 -14.55 -14.96
35 83774 Micro -0.42 -12.89 -22.90 0.41 -7.37
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Intake Spring Summer Autumn Winter Annual

No. D Type change change change change change
near future | near future | near future | near future | near future

36 85083 Micro -1.10 -36.85 -42.88 -1.25 -15.56
37 99121 Micro -1.33 -17.57 -7.30 4.79 -4.75
38 101092 Micro -2.32 -27.01 -29.20 -1.56 -12.71
39 106546 Micro -2.27 -3.84 -5.87 -1.40 -3.33
40 131120 Micro -8.85 -23.48 -35.81 -14.61 -20.02
41 154321 Micro -2.99 -8.90 -18.63 -4.59 -8.57
42 160647 Micro -1.19 -19.16 -26.61 0.59 -8.76
43 166579 Micro -1.86 -6.26 -7.81 -0.25 -3.98
44 209114 Micro -0.84 -23.30 -21.63 -1.04 -10.33
45 4084 Mini -1.87 -9.33 -8.20 -0.05 -4.47
46 4453 Mini -2.45 -8.88 3.62 2.50 -0.80
47 4570 Mini -0.68 -39.90 -14.78 5.97 -9.42
48 7071 Mini -1.98 -5.13 -15.43 -2.20 -5.75
49 7940 Mini 2.17 -23.33 -3.08 3.71 -3.32
50 8170 Mini 9.14 -24.04 -2.44 13.25 1.73
51 9359 Mini 5.39 -37.26 -13.15 7.05 -6.51
52 10792 Mini 2.46 -39.48 -21.74 3.69 -10.61
53 12523 Mini -1.88 -12.30 -11.99 -0.23 -5.81
54 12770 Mini 4.48 -22.38 -3.21 6.63 -0.90
55 16018 Mini -1.41 -20.97 -18.75 -0.11 -8.71
56 17815 Mini 0.85 -39.71 -8.88 10.74 -5.00
57 18458 Mini 2.10 -25.41 -10.09 5.25 -5.82
58 19856 Mini 117 -12.15 -9.01 1.13 -3.91
59 21194 Mini -0.71 -30.25 -33.49 -0.99 -12.54
60 21998 Mini 2.94 -16.74 -6.06 212 -3.18
61 22118 Mini -3.32 -13.06 -26.20 -5.26 -11.13
62 23125 Mini 0.30 -33.47 -18.09 1.59 -9.85
63 23467 Mini 3.02 -24.45 -17.47 191 -7.11
64 23993 Mini -3.82 -31.86 -9.93 7.90 -8.17
65 24111 Mini 4.42 -29.97 -11.98 4.21 -6.62
66 24333 Mini 6.34 -24.70 -3.76 11.11 -0.51
67 25410 Mini 3.04 -32.59 -22.25 2.04 -7.79
68 28224 Mini 9.71 -20.41 -5.10 4.18 -0.52
69 32402 Mini 4.61 -48.31 -14.44 6.29 -8.00
70 34073 Mini 8.14 -20.76 -6.81 7.10 -2.06
71 35184 Mini 3.86 -12.51 -5.34 3.04 -1.62
72 45222 Mini -1.58 -15.08 -22.76 -0.15 -8.26
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Intake Spring Summer Autumn Winter Annual
No. D Type change change change change change
near future | near future | near future | near future | near future

73 47749 Mini -2.49 -20.38 -32.59 -1.35 -11.47
74 49626 Mini 4.46 -24.16 -24.84 0.34 -7.42
75 53277 Mini -1.11 -14.63 -26.64 -3.36 -10.14
76 54422 Mini 4.41 -27.92 -4.96 13.47 -1.68
77 57212 Mini -3.46 -10.37 -11.62 -0.52 -6.33
78 63923 Mini -0.78 -26.97 -28.75 -0.08 -11.65
79 107208 Mini -0.46 -22.17 -11.92 0.78 -6.72
80 113697 Mini -2.19 -3.45 -4.73 -1.17 -2.88
81 189463 Mini 5.87 -26.31 -11.78 5.57 -3.89
82 2078 Small 4.35 -15.20 -0.29 5.49 -0.37
83 2509 Small 9.43 -30.80 -1.50 10.32 0.69
84 5831 Small 4.44 -8.41 3.43 2.76 1.24
85 8564 Small -2.21 -32.52 -6.87 12.87 -4.08
86 9988 Small -3.02 -41.58 -7.83 4.00 -6.51
87 10911 Small -0.58 -46.80 -15.70 6.82 -9.97
88 11448 Small 6.23 -29.09 -3.24 8.12 -0.29
89 18667 Small -2.17 -2.85 -1.27 -0.30 -1.65
90 18896 Small -0.39 -31.34 -10.99 7.49 -6.93
91 18944 Small -0.10 -34.39 -3.78 145 -4.04
92 20693 Small 8.55 -24.01 -5.72 9.82 -0.22
93 22277 Small 4.46 -33.05 -21.24 2.57 -8.16
94 25548 Small 6.68 -8.40 2.28 6.48 2.50
95 27404 Small -2.18 -33.70 -7.23 9.15 -5.12
96 30466 Small 1.98 -50.42 -15.56 5.74 -9.62
97 33633 Small 1.70 -14.58 -5.93 221 -3.01
98 34822 Small 2.05 -49.12 -26.49 2.62 -11.69
99 44301 Small 2.57 -50.61 -17.45 6.86 -9.79
100 59684 Small -0.02 -14.24 -10.25 0.63 -5.27

Table S2 3: Changes in total energy generated in the far future (2050-2079) from the
baseline (1980-2009)

Intake Spring Summer Autumn Winter Annual

No. D Type change far change far change far change far change far
future future future future future
1 22350 Pico -1.53 -36.52 -43.56 -0.77 -16.64
2 26433 Pico -6.85 -45.03 -37.80 1.54 -14.57
3 108693 Pico -13.92 -18.89 -31.82 -24.16 -21.07
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Intake Spring Summer Autumn Winter Annual
No. D Type change far change far change far change far change far
future future future future future
4 115426 Pico -1.91 -18.82 -9.96 2.15 -7.14
5 2190 Micro -0.99 -19.19 -14.40 0.36 -7.50
6 4698 Micro 30.84 -40.09 -6.03 19.80 7.43
7 5872 Micro -2.89 -18.53 4.57 2.50 -0.65
8 7126 Micro -1.96 -7.18 -23.75 -2.30 -8.29
9 8876 Micro 5.30 -33.36 -5.49 8.99 -2.75
10 11592 Micro 8.29 -37.15 -6.88 7.09 -2.36
11 14619 Micro -2.23 -2.65 -3.21 -0.57 -2.25
12 17098 Micro 0.55 -18.50 -20.60 -0.67 -9.05
13 17975 Micro -3.98 -16.98 -20.73 -1.59 -10.82
14 21114 Micro 0.33 -44.00 -28.29 1.39 -14.34
15 22243 Micro -0.68 -41.08 -38.02 1.05 -14.57
16 22477 Micro 3.26 -39.08 -18.63 3.57 -10.70
17 24048 Micro -5.04 -39.12 -38.65 -0.99 -17.42
18 27390 Micro 231 -46.01 -24.26 3.75 -13.41
19 28249 Micro -2.83 -9.38 -29.88 -4.83 -12.21
20 30764 Micro 9.94 -34.26 -11.18 6.89 -5.08
21 30912 Micro -2.01 -10.72 -18.60 -1.46 -8.04
22 37423 Micro -3.00 -24.57 -44.06 -1.51 -15.76
23 42834 Micro -2.64 -20.33 -33.99 -0.36 -12.45
24 43958 Micro -1.25 -40.68 -34.67 0.47 -15.01
25 46202 Micro -3.41 -67.07 -52.45 1.11 -21.72
26 50701 Micro 0.83 -30.39 -34.46 0.09 -13.06
27 51679 Micro -5.29 -15.14 -20.37 0.20 -9.42
28 53056 Micro -2.11 -21.46 -38.99 -3.31 -15.29
29 54007 Micro -3.40 -13.02 -37.58 -4.67 -13.75
30 55023 Micro 3.60 -43.08 -11.21 11.47 -6.60
31 58075 Micro -3.66 -15.99 -36.31 -2.38 -13.10
32 59803 Micro -1.48 -24.63 -30.54 -1.35 -12.62
33 60966 Micro -3.43 -11.01 -14.68 -0.51 -7.30
34 76933 Micro -14.05 -20.36 -32.94 -14.55 -22.56
35 83774 Micro -0.80 -18.10 -35.32 0.41 -11.31
36 85083 Micro -2.59 -49.01 -60.44 -1.25 -22.21
37 99121 Micro -0.49 -23.91 -13.15 4.79 -7.25
38 101092 Micro -3.11 -34.42 -43.34 -1.56 -17.81
39 106546 Micro -2.36 -4.52 -8.79 -1.40 -4.58
40 131120 Micro -12.87 -32.64 -49.00 -14.61 -28.74
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Intake Spring Summer Autumn Winter Annual
No. D Type change far change far change far change far change far
future future future future future
41 154321 Micro -3.22 -11.49 -25.39 -4.59 -11.55
42 160647 Micro -1.65 -24.91 -36.68 0.59 -12.21
43 166579 Micro -1.89 -7.47 -10.74 -0.25 -4.99
44 209114 Micro -1.74 -30.59 -32.43 -1.04 -14.76
45 4084 Mini -1.43 -14.95 -12.69 0.00 -6.60
46 4453 Mini -2.89 -18.45 4.52 9.75 -0.67
47 4570 Mini 0.55 -54.69 -23.25 7.26 -13.68
48 7071 Mini -2.01 -6.41 -21.95 -3.21 -7.77
49 7940 Mini 2.08 -35.46 -5.34 8.70 -4.61
50 8170 Mini 11.60 -40.07 -4.24 16.66 0.30
51 9359 Mini 5.86 -55.64 -22.08 8.17 -11.67
52 10792 Mini 0.85 -55.68 -32.94 3.87 -16.66
53 12523 Mini -1.32 -16.40 -16.66 -0.11 -7.51
54 12770 Mini 7.89 -36.37 -6.96 8.16 -2.68
55 16018 Mini -1.08 -28.92 -26.99 -1.01 -12.32
56 17815 Mini 5.43 -57.36 -14.28 13.52 -7.34
57 18458 Mini 2.67 -37.52 -16.54 6.31 -9.54
58 19856 Mini 2.15 -17.09 -15.07 1.09 -6.11
59 21194 Mini -0.96 -39.86 -47.96 -1.88 -17.56
60 21998 Mini 3.31 -26.30 -9.44 3.41 -5.28
61 22118 Mini -3.38 -14.88 -34.03 -7.47 -13.87
62 23125 Mini 0.47 -44.46 -28.44 1.88 -14.28
63 23467 Mini 3.24 -34.46 -27.92 141 -11.50
64 23993 Mini -2.25 -43.85 -13.44 11.51 -10.31
65 24111 Mini 5.52 -44.38 -19.95 5.17 -10.96
66 24333 Mini 10.77 -37.98 -5.79 13.72 -1.62
67 25410 Mini 3.15 -48.11 -35.24 1.74 -12.90
68 28224 Mini 10.23 -35.33 -9.48 5.80 -3.18
69 32402 Mini 5.13 -66.19 -26.46 7.38 -13.48
70 34073 Mini 10.18 -34.50 -11.18 9.03 -4.97
71 35184 Mini 5.66 -24.24 -9.57 3.55 -4.09
72 45222 Mini -2.68 -21.25 -35.04 -0.90 -12.64
73 47749 Mini -2.99 -26.49 -46.03 -3.56 -16.13
74 49626 Mini 3.64 -37.58 -40.96 -0.55 -13.41
75 53277 Mini -2.04 -21.84 -39.47 -5.87 -15.43
76 54422 Mini 5.54 -45.22 -10.73 16.44 -5.43
77 57212 Mini -3.66 -11.86 -15.67 -0.78 -7.78
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Intake Spring Summer Autumn Winter Annual
No. D Type change far change far change far change far change far
future future future future future
78 63923 Mini -0.75 -36.90 -43.15 -1.13 -17.05
79 107208 Mini 0.28 -31.09 -19.84 0.83 -10.04
80 113697 Mini -2.27 -3.93 -7.06 -2.19 -3.85
81 189463 Mini 7.11 -42.72 -20.20 6.39 -8.09
82 2078 Small 4.89 -27.53 -0.29 13.30 -0.33
83 2509 Small 12.70 -46.71 -5.41 12.69 -1.23
84 5831 Small 6.60 -16.07 5.39 10.02 3.02
85 8564 Small 1.36 -50.47 -11.06 16.69 -6.35
86 9988 Small -0.71 -47.63 -10.92 4.92 -7.22
87 10911 Small 0.90 -63.28 -24.42 8.21 -14.31
88 11448 Small 10.62 -46.04 -7.24 9.96 -1.92
89 18667 Small -2.17 -3.57 -2.10 -0.30 -2.04
90 18896 Small -0.35 -45.51 -17.07 9.31 -10.77
91 18944 Small -1.33 -58.08 -13.70 7.52 -7.17
92 20693 Small 11.13 -44.38 -11.32 11.67 -3.81
93 22277 Small 4.78 -46.37 -33.82 1.96 -13.37
94 25548 Small 7.71 -20.88 2.29 13.34 2.37
95 27404 Small 2.69 -50.61 -12.22 11.90 -7.26
96 30466 Small 2.55 -67.48 -27.40 6.86 -14.96
97 33633 Small 3.28 -25.46 -10.00 2.61 -5.47
98 34822 Small 0.81 -64.93 -40.13 2.71 -17.53
99 44301 Small 3.35 -68.59 -28.94 8.20 -15.14
100 59684 Small 0.79 -20.61 -16.16 0.65 -7.82
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Appendix 3 — Chapter 5 Appendices

Appendix 3 has been submitted as the Supplementary Information of Chapter 5
submitted as :Golgojan, A.-D., White, C.J. & Bertram, D. (2024). The effects of climate
change on hydropower drought: A run of river case study, International Journal of
Energy research, in review
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Appendix 3.1 Supplementary figures
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Figure S3 1: Comparison between simulated and observed percentile flows at each
gauge near the virtual RoR schemes. The simulated flows are taken from the eFLaG
dataset (Hannaford et al., 2022) and the observed flows are taken from the National
River Flow Archive (NRFA, 2021)
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Figure S3 2: Time series of gauged flows vs simulated flows at the eFLaG stations
near RoR schemes
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