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Our-chance for-a-sustainable future
will comeonly from collaborative,
innovative and holistic thinking.

© MICHAEL YAMASHITA (LEFT); KARINE AIGNER (ABOVE)

Prologue

As our global population exceeds 9 billion people, the
world will continue to look to rivers. We will look to
rivers to support the rising needs of agriculture and
industry. We’ll rely on them for more drinking water,
and we’ll harness them to meet our energy needs.

Rising demand for energy, along with global targets
for low-carbon electricity, is driving major expansion
in renewables. Hydropower currently offers nearly
twice the energy generation of all other renewables
combined, and its contributions will grow as the world
commits an estimated nearly US$2 trillion of invest-
ment between now and 2040.

But on this path to economic growth and keeping

the climate within safe boundaries, we are faced with
complex tradeoffs. The International Union for the
Conservation of Nature IUCN), for instance, has
rated dams for hydropower and other uses as a leading
challenge to freshwater biodiversity due to impacts on
river flows and fragmentation—threatening freshwater
fisheries that provide food security to hundreds of
millions of people.

So what is the answer? How do we reconcile the world’s
needs for what free-flowing rivers provide and what
developed rivers provide?

In our 2015 report, The Power of Rivers, we illustrated
how a system-scale solution we call Hydropower by
Design (HbD) could help keep tens of thousands of
river kilometers free-flowing compared to what would
occur through a business-as-usual approach—all while
allowing energy generation to meet global targets.

Giulio Boccaletti, PhD
Chief Strategy Officer and

Global Managing Director, Water
The Nature Conservancy

Of course, we recognize that to realistically deliver

on that potential, we must also illustrate the value of
HbD beyond environmental gains. In this latest report,
The Power of Rivers: A Business Case, we examine
arange of economic, social and financial benefits
available to nations who move beyond a project-by-
project approach and consider implications to the

full river system.

HbD is guided by the integration of water-manage-
ment, environmental, energy and financial models.
These models not only identify ways to realize
broader financial efficiencies, but also reduce the

risk of conflicts, cost overruns and time delays due to
environmental and social impacts—all of which could
undermine hydropower’s potential to contribute to
arenewable energy future.

At The Nature Conservancy, we draw from more than
60 years of science-based conservation to help people
and nature thrive together. By working with govern-
ments, industry and other stakeholders, we believe it’s
possible to identify realistic development pathways to
advance the world’s resource needs while also protect-
ing our vital underlying natural systems. For hydro-
power, this means keeping thousands of kilometers of
free-flowing rivers intact while providing clean energy
sources to people around the world.

I think we can all agree that reducing climate risk,
boosting economies and standards of living for billions
of people, and maintaining and restoring the value of
river systems are all critical for people and the planet.
Considering any of these great challenges in isolation
means we fall short somewhere. Our chance for a
sustainable future will come only from collaborative,
innovative and holistic thinking.



Executive Summary

Hydropower by Design can identify strategic and
sustainable hydropower systems that deliver economic
value to countries, financial value to developers,

and greater environmental values from rivers.

KEY POINTS

4

System-scale approaches to planning

and managing hydropower—what we call
Hydropower by Design (HbD)—can produce
significant economic benefits for countries,
while reducing environmental impacts,
social conflict and investment risk.

Through a series of case studies we demon-
strate that Hydropower by Design can result
in improved environmental performance for
similar levels of energy generation, along
with economic gains of 5 to more than 100
percent in other important river services.

While the strategic planning required to
achieve those balanced outcomes has often
been equated with delayed implementation
or associated with projects that are not
financially attractive, we used in-depth
financial and energy system modeling to
show that the risk-management and en-
gineering optimization benefits of Hydro-
power by Design can result in projects that
are: one, financially competitive; and, two,
strategic and low impact.

In effect, the strategic economic and
environmental benefits of system planning
can be “paid for” by the financial benefits of
Hydropower by Design. The potential global
economic benefits of widespread adoption
of Hydropower by Design are large: even a
5 percent improvement in other water-man-
agement resources in river basins where
hydropower plays, or will play, a major role
would produce up to US$38 billion per year
in benefits, a sum comparable to average
annual investment in hydropower.

The Power of Rivers: A Business Case

Hydropower will be an important contributor to
low-carbon energy systems, representing near-

ly US$2 trillion of investment between now and
2040. In river basins across the world, hydropow-
er development and management will have poten-
tial positive and negative impacts on other uses
of water resources valued at between US$285 and
US$770 billion per year.

¢ To maintain the climate within safe boundaries,
the world must rapidly decarbonize its energy
systems, including a tripling of generation from
low-carbon sources of electricity. Alongside the
dramatic expansion of solar and wind, hydropower
will likely remain a key technology, both to balance
grids and to add capacity (Figure 1).

e Forecasts that assume the world meets its climate
commitments suggest global hydropower capacity
will increase by at least 50 percent by 2050, from
1,200 GW to approximately 2,000 GW (Figure 2).
Based on average investment costs, this represents
a total investment pool of US$2 trillion. Asia will
see the largest total increase, while Africa will ex-
perience the largest proportional increase.

¢ Hydropower development and management
occurs in river basins with other diverse demands
for water resources. Hydropower that is planned
and operated as part of a larger system (such as
ariver basin, power grid, or jurisdiction) has the
potential to increase the benefits from these
resources. However, hydropower that is not con-
sidered part of a system will tend to miss out on
opportunities to benefit other demands and can,
at times, even conflict with them. Within hydro-
power-influenced basins (HIB) the total economic
value of water-management services is very large
(Figure 2), estimated to be between US$285 and
US$770 billion per year:

© ERIKA GRIFFIN (J. STROM THURMOND DAM RELEASE. SAVANNAH RIVER, GEORGIA, USA)

180 million hectares of irrigated land, providing
between US$100 and US$410 billion in annual
economic value.

660 million people and 145,000 square kilometers
at risk of flooding within urban areas; annual
flood damages within the HIB range from US$20
to US$40 billion and can be interpreted as the
potential value of flood management.

88,000 million cubic meters (MCM) of reservoir
storage for water supply, sufficient to support
approximately 600 million people with drinking
water, with an estimated economic value between
US$160 and US$320 billion.

FIGURE1

Projected increases in sources of low-carbon energy required to
meet 2040 climate objectives, at which point renewables would
represent over half of electricity generation.!

INCREASE
TOTAL RENEWABLE:
18,000 TW
+475%
15,000 terawatt hours per year
+300%
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1 IEA, 2014



FIGURE 2

Hydropower influenced basins;
blue shading indicates those with
abundant water; dark blue are
“mature” in terms of development
(“current development”) and light
blue have most development in the
future. Orange shading indicates
area where water is more scarce;
dark orange are "mature” (“current
development”) and light orange
have development in the future.
Solid dots are existing hydropower
dams, gray dots are hydropower
dams under construction and open
circles are planned or potential
hydropower dams. Case study
basins are highlighted.

The bar charts in the lower left
reflect levels of water supply
storage, people at risk of flooding
in urban areas, and hectares of
land irrigated by surface water
compared across the four types
of hydropower influenced basins
("future" = "future development"”;
"current" = "current development";
"abundant" = "water abundant”;
"scarce" = "water scarce").
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However, this expansion of hydropower must be
done right. If planned in isolation (e.g., at the
project scale and/or without incorporating objec-
tives for those other resources) hydropower proj-
ects will generally fail to achieve their full poten-
tial for providing multiple benefits. They could,

in fact, cause significant negative impacts on more
than 300,000 kilometers of rivers and their asso-
ciated environmental and social values.

¢ Development based strictly on single-project
financial criteria can result in hydropower projects
that provide generation but do not contribute to
broader energy goals—such as integrating inter-
mittent renewables onto the grid—and, by occupy-
ing an advantageous site, can even make it harder
to achieve those goals.

¢ Poorly planned hydropower, along with missed
opportunities to achieve broader benefits, have
contributed to social conflicts around hydropower
development and operation. For existing projects,
conflicts can lead to litigation and compulsory ret-
rofits or changes to operation. For projects in the
planning or construction stages, conflicts can con-
tribute to delays, cost overruns and cancellations.
Hydropower projects are often large, complicated
projects that are very site specific and thus a wide
range of factors can contribute to these problems.
However, social and environmental conflicts can
be major factors and the significant impacts of
some hydropower no doubt contribute to the fact
that hydropower projects have higher delays and
overruns compared to other large infrastructure
projects. These, in turn, contribute to perceptions
of risk and uncertainty that can affect the flow
of investment. High-profile recent examples of
delayed, suspended or cancelled projects—includ-
ing Myitsone (Myanmar), HidroAysen (Chile), Sao
Luis do Tapajos (Brazil) and Belo Monte (Brazil)—
provide compelling examples of how incomplete
consideration of environmental and social impacts
during planning and site selection can lead to
significant challenges to developers and investors.
The first three of these projects represent an aggre-
gate of US$1.3 billion in stranded investment and
18 GW of undeveloped capacity.

¢ The environmental and social costs of this
expansion of hydropower could be enormous.
Negative impacts on ecosystems and people from
hydropower are well-documented through both
actual and modeled outcomes, such as a projected
40 to 60 percent decline in migratory fish biomass
in the Mekong River basin from full development
of mainstem dams. Within high-income countries,
dams are already a leading cause of extinction of
freshwater species and the decline of freshwater
ecosystem services. The projected levels of devel-
opment of new hydropower, largely in lower- and
middle-income countries, could impact more
than 300,000 kilometers of free-flowing rivers,
with the majority of those impacts occurring in
rivers that provide the greatest benefits to rural
communities through food production and live-
lihoods. For example, river basins with the most
projected expansion of hydropower currently
support at least 6 million tons of fish harvest,
enough to be the primary source of animal protein
for 130 million people.

Governments confront an apparent dilemma:
system-scale planning and management can
reduce these negative environmental and social
impacts and ensure that hydropower achieves its
full potential contribution to a country’s strategic
objectives for energy and water, but governmnents
often believe that system-scale planning is associ-
ated with implementation delays and projects

that are less attractive financially.

e Strategic planning has often been equated with
long and cumbersome processes and a government
may be concerned that this approach will identi-
fy projects and management options that are in
the country’s strategic interest, but which are not
financially attractive to developers and investors,
inhibiting the flow of investment to meet develop-
ment needs. From this viewpoint, selecting strate-
gic development pathways would come at a cost of
delaying or inhibiting investment.

¢ Onthe other hand, projects selected primarily
due to financial attractiveness to developers may
encourage investment, but result in projects with
higher impacts and that contribute less effectively
to broader strategic goals, such as economic value.

e What’s needed are processes and tools that can
identify development and management options
that are: one, strategic and low impact; and, two,
financially competitive.

2 Migratory fish represent the most important part of the current fishery, valued at US$11 billion per year and the primary source of protein and livelihood for tens of millions of people.
3 Note that freshwater fish harvests are generally under-reported, so the actual totals are likely considerably higher.

Executive Summary 9



Hydropower by Design can be broadly defined as
a comprehensive and system-scale approach to
hydropower planning and management that fully
integrates other sectors and environmental and
social issues from the earliest stages to promote
sustainability and optimize delivery of benefits.

Hydropower by Design’s integration of perspec-
tives and models makes it is possible to capture
two key sources of financial value: one, system
design optimization; and, two, improved risk man-
agement to reduce delays and cost overruns due

to environmental and social impacts. Hydropower
by Design (HbD) can identify portfolios of proj-
ects that have superior Internal Rate of Return
(IRR) values. These superior returns can “pay
for” economic, social or environmental objectives.
Through the application of HbD—which generates
a pipeline of strategically compatible projects that
also have competitive IRRs—countries can afford
to be strategic.

¢ Hydropower is often developed through a set
of disconnected project-level decisions. The sin-
gle-project approach misses opportunities to capi-
talize on system-scale financial value because each
individual project, built to meet expectations of a
single developer, changes the physical context in
the basin (e.g., flows, transmission lines and other
infrastructure) for all future development oppor-
tunities. The HbD approach to project selection—
guided by the integration of water-management,
environmental, energy and financial models—
embeds decisions about individual projects
within a system optimization, identifying a set
of projects that capture system-level financial
efficiencies. This results in a portfolio of individual
projects with greater average financial perfor-
mance than project-by-project, “business as usual”
(BaU) approaches.

10 The Power of Rivers: A Business Case

A second source of financial value compared to
BaU arises through improved identification and
management of risks, which can inform site selec-
tion and design and contribute to reduced conflicts,
cost overruns and time delays due to environmen-
tal and social impacts. Delays can cause significant
reductions in projects’ IRR, as each month a proj-
ectis delayed is a month of additional expenditures
and foregone revenues. By bringing water resource
management and ecosystem models into the selec-
tion and design process for new projects, project
risks can be assessed more realistically and risk
projections can be incorporated into investment
return models. This results in a portfolio of proj-
ects with lower risks, improving the distribution of
projects’ IRR compared to the BaU approach.

By capturing these sources of financial benefit,
projects selected under a Hydropower by Design
approach in a case study from Colombia could
meet energy objectives with 66 percent less social
impact and 5 percent fewer environmental impacts
when compared to a BAU approach, while at the
same time achieving a greater average IRR (22
percent versus 13 percent; Figure 3) and a superior
NPV ($5.3bn versus $2.4bn).

© TIM LAMAN/NATIONAL GEOGRAPHIC CREATIVE (LAMBIR HILLS NATIONAL PARK, SARAWAK RIVER, MALAYSIA)

FIGURE 3

A comparison of the modeled distribution of Internal Rate of Return (IRR) for a set of individual projects selected through Hydropower by Design
(“risk optimization") and through Business as Usual approaches for the Magdalena River in Colombia.
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Hydropower by Design (HbD) can identify
options that provide similar levels of generation
as business-as-usual (BaU) approaches, but do so
with lower environmental impacts and achieve
improvements from 5 percent to more than

100 percent for other water management values,
such as irrigation and migratory fish habitat.

12

Hydropower by Design offers the potential for
broad economic benefits to countries. In a set of
modeled case studies, HbD approaches to planning
and management were able to increase the level of
other economic values by 5 percent to more than
100 percent compared to BaU, generally with no

or limited reduction in energy generation and, in
some cases, an increase in generation. In basins
where water is scarce and reservoirs tend to have
multiple purposes, these other economic values
included irrigation, water supply, flood manage-
ment and floodplain livestock. Within basins where
water is abundant, hydropower dams are often
single purpose, though flood management and
water supply were also improved in some of these
basins. In nearly all of the basins, environmental
performance could be improved (Figure 4). These
improvements are highly basin-specific due to the
complicated nature of interacting economic, social,
infrastructure and biophysical systems.

For many resources, larger improvements are
possible when Hydropower by Design is imple-
mented at the planning stage and can influence
site selection.

River basins are inherently complex with site-spe-
cific combinations of resources, constraints and
opportunities. For example, while performance for
some resources may be positively correlated in one
basin, they may be negatively correlated in anoth-
er. Thus, extrapolating from a set of case studies to
a global perspective confronts substantial chal-
lenges. Nevertheless, it is instructive to consider
the potential global scope of improved economic
performance that could arise from widespread

use of Hydropower by Design. For example, if
system-scale approaches to hydropower planning
and management could achieve a net improvement
of even 5 percent in other water management
services, then that would result in increased global

The Power of Rivers: A Business Case

economic value of approximately US$14 to US$38
billion per year, a number that is comparable to
average annual investment in hydropower. This
underscores that countries and development
organizations should be motivated to promote
the planning, decision-making, financing and
regulatory processes necessary to secure these
potential gains. The realization that greater than
5 percent improvement may be possible in many
areas should further motivate implementation.

The Way Forward: Hydropower by Design can be
implemented in ways that are practical, affordable
and timely.

Through new modeling tools and a process that
bring together diverse objectives, data sources
and families of models, Hydropower by Design
can deliver useful insights about development and
management options in a relatively short period
of time. Rather than delaying decisions or invest-
ments, these system-level tools and approaches
may reduce project-level uncertainty and delay,
thereby reducing investment risk.

Hydropower by Design is not an entirely new
process, but rather its principles and tools can be
integrated into existing planning and regulatory
processes, ranging from generation options assess-
ments to basin master plans or strategic environ-
mental assessments.

A number of mechanisms can be used to promote
the system planning and balanced outcomes
described in this report:

A project preparation facility that: one, includes
upstream planning capabilities to help govern-
ments select project sites based on system-scale
HbD principles; and then, two, prepares the sites
with midstream project preparation work. This
type of facility could assist development banks’
access to a high-quality pipeline of pre-selected,
bankable projects that also meet the host country’s
broader strategic objectives.

* Based on a strategic planning process, govern- « Environmental agencies can incorporate
ments can use auctions to identify developers the mitigation hierarchy into environmental
for pre-selected strategic projects, making those review, licensing processes and mitigation
projects more attractive by offering access to requirements. Additionally, the permitting pro-
power purchase agreements, payments for firm cess for pre-selected projects can be fast-tracked,
energy, or guaranteed feed-in tariffs. as there will be more comprehensive information
available on the project and system objectives at

*  Access to development bank loans, green bonds
an early stage.

and other preferential sources of capital can be
made easier for projects selected through a
strategic planning process.

FIGURE 4

Economic and environmental improvement possible through application of Hydropower by Design in case studies from nine river basins. In each
case, a Hydropower by Design (HbD) scenario was compared to a Business as Usual (BaU) scenario with comparable financial cost and/or compa-
rable economic cost. Basins were categorized based on their development status (current or future) and water availability (abundant or scarce).
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Global challenges for climate, energy and rivers

Hydropower is a low-carbon source of energy that is
expanding rapidly to meet growing global demands for
electricity. Experts project global hydropower capacity
will increase by at least 50 percent by 2050, particularly
within future scenarios that assume the world takes
the necessary steps to meet climate objectives.!
Hydropower will play a key role in the transition to

a decarbonized energy system, but hydropower dams
can cause significant negative social and environmental
impacts. Further, although hydropower investments
can contribute to broader economic development
goals, projects planned in isolation often fail to achieve
that potential. These missed opportunities and envi-

ronmental and social impacts contribute to conflict
and uncertainty, which increase risk for investors and
developers, reduce political support for hydropower
and constrain hydropower investment and operations,
including in ways that could undermine hydropower’s
potential to contribute to a renewable energy future.

1 IEA (2014) suggests capacity will increase by about 50 percent from current level by 2050; World Energy Council and PSI (2013) consider two possible scenarios, one that is fairly similar to

the IEA and one that would be closer to 100 percent increase from current capacity.

Thus, hydropower development and management

face anumber of social, environmental, economic and
financial risks. The world urgently needs solutions that
lower these risks and produce broader benefits. Infra-
structure decisions and policies made today will shape
countries’ economies and strongly influence whether
the world succeeds in maintaining a stable climate.
These decisions will also determine what kind of world
we will live in after meeting those development and
climate goals. The world’s rivers and the diverse values
they provide to people depend on sustainable solutions
for energy and infrastructure.

(Photo Above) Global
demand for electricity
is projected to more
than double between
today and 2050.

DATA PROVIDED COURTESY OF CHRIS ELVIDGE (NOAA NATIONAL GEOPHYSICAL DATA CENTER).

© NASA EARTH OBSERVATORY IMAGE BY ROBERT SIMMON, USING SUOMI NPP VIIRS
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Chapter 2 examines the role of hydropower as a
provider of energy and energy services and its projected
global growth, driven in part by climate objectives.

To understand other drivers of dam development and
management, this chapter also quantifies global levels
of other water-management services within basins
where hydropower is, or will be, important.

Chapter 3 describes the full range of other social,
economic and environmental values that occur within
hydropower influenced basins—and how hydropower
development and management can negatively impact
those values, leading to social conflict, uncertainty and
risk for investors and developers.

Chapter 4 introduces HbD and summarizes how it can
produce economic value for countries and financial
value for developers and investors.

Chapter 5 is composed of nine quantitative case studies
encompassing 13 river basins that demonstrate those
economic and financial values of Hydropower

by Design.

Chapter 6 describes how Hydropower by Design
can be implemented through a range of existing
mechanisms and explores some new mechanisms to
promote its uptake.

Chapter 7 provides a summary and conclusions.

Appendix A provides greater detail on the framework of
Hydropower by Design (principles, features, tools).

Appendix B summarizes a comprehensive implementa-
tion of HbD within Colombia’s Magdalena River basin.

Appendix C provides greater depth on environmental
and social impacts from hydropower.

Appendix D discusses how Hydropower by Design can
increase resilience to climate change.

Appendix E provides the full methods behind the case
studies and global roll-up of economic values.

Hydropower by Design

A range of studies and real-world examples demon-
strate that those sustainable solutions will likely
require the emergence and replication of system-scale
approaches to the planning and management of hydro-
power and other energy and water-management infra-
structure. In this report, we use the term Hydropower
by Design to describe a framework of best practices for
sustainable hydropower. Hydropower by Design (HbD)
can be broadly defined as a comprehensive and sys-
tem-scale approach to hydropower planning and
management that fully integrates other economic
priorities and environmental and social issues from
the earliest stages to promote sustainability and
optimize delivery of benefits.

In using the term, “Hydropower by Design,” we are not
implying that the hydropower sector fails to consider
design. In fact, rigorous design guides hydropower
development at multiple levels and has notably im-
proved the sustainability of individual dams. However,
anumber of major impacts from hydropower cannot be
mitigated effectively at the scale of a single dam.
Further, project-level sustainability cannot address
the complex issues posed by multiple hydropower
developments across a river basin or region. These
issues extend beyond managing environmental and so-
cial impacts. The limitations of project-level approach-
es also include missed opportunities to optimize how
infrastructure systems provide water-management
and energy benefits to people. Through HbD, we pro-
pose principles that integrate best practices at both
the project and system scales to promote sustainability
and deliver broader development benefits.>

In the 2015 report, The Power of Rivers, we showed
that widespread adoption of Hydropower by Design
could allow the world to meet 2040 hydropower gen-
eration targets with far lower impacts on rivers than
would occur through Business as Usual (BaU) planning
and management.® Our modeling results suggested
that, if river basins across the globe were developed
using HbD approaches, approximately 100,000 kilo-
meters of rivers would remain free-flowing compared
to what would occur through BaU approaches. Though
that result is promising, achieving that potential will
require broad uptake within the hydropower sector.
Hydropower is developed and managed in an impres-
sively complex context, driven by a set of economic,
financial and political drivers. Catalyzing broad uptake
will require that diverse decision makers see value in
HbD beyond environmental gains.
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Note that much of what we discuss and recommend in this report could pertain to all dams, not just hydropower dams. We focus on hydropower for several reasons. First, hydropower is a
primary driver of new dam construction in many important river basins, such as the Mekong and Amazon. The World Commission on Dams (2000; Table 1.2) estimated that 60 percent of
global investment in dams in the 1990s was for hydropower. Second, nearly all large, multipurpose dams include hydropower.

Opperman et al. 2015a

The Power of Rivers: A Business Case

The Business Case for HbD

In this report, we explore those values and develop a
“business case” for Hydropower by Design and sus-
tainable hydropower practices more broadly. Through
a series of case studies we illustrate how HbD can offer
arange of economic benefits to countries, increasing
the ability for infrastructure investments to deliver
development and environmental gains. Achieving those
benefits depends on investment actually flowing. To
ensure this occurs, infrastructure options identified
through HbD must be financially competitive, which is
why this report also explores the financial benefits to
developers and investors.

This report is not about whether hydropower dams
should be built. Deciding whether and how much
hydropower to build and what type is a critical ques-
tion facing many countries today, one based on a broad
range of considerations that vary by geography and
time. We do not try to recommend a specific level of hy-
dropower development—in a country or in the world—
but, instead, focus on the potential for more sustain-
able outcomes across a range of development and
management pathways. The world faces a number of
intertwined challenges: avoiding systemic harms from
climate change; providing sufficient energy to support
economics and allow billions of people to increase their
standard of living; and, to maintain and restore the
diverse cultural, economic and environmental re-
sources from rivers. The system-planning approaches
we describe here will give the world a better chance to
achieve success across those challenges.

ENERGY SYSTEMS “BY DESIGN"

Although this report focuses on hydropower by design, we
would like to emphasize upfront that hydropower planning
and management should be embedded within a broader
planning and management framework for meeting energy
and climate objectives. Hydropower by Design should be
nested within an integrated planning approach for determin-
ing the right mix of generation sources to meet energy and
climate goals, with a comprehensive assessment of the costs
and benefits of different energy sources (economic, social
and environmental) and how sources work together to meet
the needs of an economy and society. This integrated ap-
proach can identify pathways that work for energy systems,
ecosystems and communities (see case study on Sarawak in
Chapter 5). From this integrated process will emerge specific
targets for hydropower, in terms of capacity and generation,
as well as functions within the system, such as load follow-
ing. Hydropower by Design can then be used to find the best
ways to meet those targets and roles.

Further, by exploring a “business case” we are not
suggesting that all protection or restoration of social or
environmental resources must be justified on the basis
of financial or traditional economic analyses. Although
this report frequently compares alternatives where
energy or cost are key decision variables, there remains
aneed for projects focused on conserving or restoring
ecosystems and their social and cultural values, even if
their positive economic benefit cannot be quantitative-
ly demonstrated. For example, the protection of a cul-
turally important river does not need to be justified by
traditional cost-benefit analysis. However, this report is
focused on demonstrating that, in many cases, this en-
vironmental improvement can occur through projects
and programs that will appeal to those focused on the
financial and economic bottom line, thus expanding the
total implementation of environmental conservation
and restoration. We believe that demonstrating this
business case—and spurring greater uptake and ex-
perimentation with the types of solutions we describe
here—can make an important contribution to achieving
aworld with a stable climate, prosperous societies and
healthy rivers.
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In this chapter, we review hydropower as a source of
renewable energy services. We also describe the other
water-management purposes that hydropower dams
can provide or influence. Collectively, these energy and
water-management benefits are the drivers of hydro-
power dam construction and the context within which
dams operate. In the second part of the chapter, we
estimate the global value of water-management bene-
fits within river basins in which hydropower exerts—
or will exert—a major influence on how rivers and
water are managed.

Hydropower as a source of energy services

Hydropower (hydroelectric power) provides approxi-
mately 16 percent of electricity worldwide, although in
some countries the proportion is much higher, includ-
ing countries with high GDP (hydropower accounts for
98 percent of Norway’s electricity) and with low GDP
(Laos with 97 percent of its electricity from hydro-
power).* Nearly all forms of hydropower require the
construction of adam across ariver (see Box 2.1). More
than 58,000 “large dams” have been built globally and
less than 25 percent of these have hydropower as a pur-
pose.” The full number of dams, including small dams,
exceeds a million.°

Rising demand for energy in emerging economies,
along with the specific demand for low-carbon electric-
ity globally, is driving a major expansion in hydropow-
er, with more than US$50 billion in annual investments
and approximately 65 GW of capacity added globally

in the past two years.” To maintain the climate within
safe boundaries, the world must rapidly decarbonize
its energy systems, including a tripling of generation
from low-carbon sources of electricity.? Hydropower is
currently the largest source of low-carbon generation.’
As of 2012, renewable sources of electricity generation
produced 4,800 terawatt hours (TWh), representing

21 percent of total global annual electricity generation.
Of that renewable total, hydropower provided just over
75 percent (3,670 TWh) and approximately six times
more than wind and solar combined (Figure 2.1).2°

CHAPTER 2 KEY POINTS

. Driven in part by policies to reduce
emissions of greenhouse gases, global
hydropower capacity is projected to
increase from approximately 1,200 GW
to 1,850 GW by 2050.

. Within river basins, hydropower planning
and operations interact with a range of other
water-management services, including
storage for water supply, irrigation or flood
management. These other services influence
the demand for new infrastructure and
hydropower management can have positive
or negative impacts on these services.

. Within river basins that are, or will be, in-
fluenced by hydropower, the total economic
value of other water-management services
is very large, estimated to be between
US$285 and US$770 billion per year.

FIGURE 2.1

The projected growth of various sources of low-carbon and
renewable electricity to meet climate goals. In this projection,
total renewable generation would reach just over half of global
generation by 2040."
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International Commission on Large Dams which defines a “large dam” as “A dam with a height of 15 metres or greater from lowest foundation to crest or a dam between 5 metres and 15 metres

The IPCC estimates that life-cycle emissions from hydropower are five percent that of natural gas and three percent that of coal (Schlémer, et al., 2014), though note that certain types of

reservoirs, particularly in the tropics, can have significant emissions and reservoir emissions are a topic of ongoing research (Deemer, et al., 2016).

10 IEA, 2014
1 IEA, 2014
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In addition to providing electricity, hydropower also
provides a set of ancillary energy services that benefit
an electrical system.!? By storing water upstream of
turbines—both in traditional reservoirs on rivers and
in pumped storage reservoirs (Box 2.1)—hydropower
reservoirs store water as potential energy that can
quickly be converted to electrical energy and thus can
contribute to load following and peaking, and thus

grid stability. Storage in hydropower reservoirs pro-
vides the primary means of storing electricity (nearly
100 percent) on the planet and plays an important role
in “firming up” variable sources of energy such as wind
and solar.’® Through this role, hydropower can facilitate
greater penetration of variable renewables into an en-
ergy system.* Denmark’s high proportion of wind-gen-
erated electricity (42 percent in 2015, with a stated goal
of 84 percent by 2035) is made possible in part because
of grid interconnections with Norway and the ability of
hydropower to quickly provide Denmark with elec-
tricity during periods of low wind. Conversely, during
periods of high wind, Norway can “store” wind power
by buying electricity from Denmark and reducing flow
from its hydropower reservoirs, thus increasing the
potential energy stored in its reservoirs.?

Hydropower thus has two important contributions in
mitigating climate change: providing a direct source of
low-carbon energy; and facilitating a larger proportion
of renewables in an energy grid than would otherwise
have been possible. Forecasts that assume the world
meets its climate commitments generally project a con-
tinuing important role for hydropower. For example,
IEA’s energy scenario for achieving the objective

of limiting global temperature increase to less than

2° C envisions renewable energy generation reaching
17,970 TWh (51 percent of global generation) by 2040
with much of that increase coming from a tenfold
increase in wind and a thirtyfold increase in solar. Even
though this projection forecasts a much lower relative
increase for hydropower, it still has hydropower as the
largest single source of renewable energy, providing

40 percent of the total renewable energy generation—
nearly a doubling of 2012 generation to 6,940 TWh
(Figure 2.1).

A similar projection from the International Energy
Association forecasts hydropower generation will rise
to well over 7000 TWh by 2050. To achieve that level of
hydropower generation indicates an increase of global
hydropower capacity from 1,250 GW today to approx-
imately 1,900 GW (Figure 2.2).1° Based on average
investment costs, this represents a total investment
pool of nearly two trillion US$.”” More than half of that
capacity growth is projected to occur in Asia. Africa

is forecasted to experience the greatest percentage
increase, with capacity anticipated to nearly triple from
34 GW to 88 GW by 2050. Other projections have sug-
gested that global hydropower capacity in 2050 could
reach nearly 2,500 GW.?® Although this increase in
capacity will require thousands of new dams, note that
there are two ways to increase hydropower generation
without new dams. First, existing hydropower dams
can be upgraded with new turbines and/or increased
capacity leading to increases in generation.” Second,
turbines can be added to previously non-powered
dams, such as the addition of more than 300 MW of
capacity added to navigation dams on the Ohio River.?
The U.S. Department of Energy reported that 12 GW of
capacity could be added to non-powered dams in the
United States, a 15 percent increase to the country’s
conventional hydropower fleet.?

12 For example, voltage control and the ability to provide a “black start,” which refers to restarting generation following a power outage without requiring an external source of power.
13 Though note that other mechanisms for storage, such as batteries, are growing faster than anticipated (Cardwell, 2017); sources such as Bloomberg's New Energy Outlook 2016 forecast a
growing role for batteries providing grid-scale balancing for a projected large growth in variable renewables, particularly solar.

14 Montero and Perez, 2009.
15 Akhmatov, et al., 2007.

16 Note that IEA (2012) states that a global forecast for 2050 of 1950 GW but their breakdown by continent sums to 1850. In Figure 2.2 we show 1850 because we wanted to show projected

growth by continent.

17 Assuming investment costs averaging 2.5 million US$ per MW of installed capacity; For example, Sovacool, et al., (2014) reviewed 61 hydropower dams with US$271.5 billion in construction

costs constituting 114 GW, which is an average of 2.4 million US$ per MW.
18 World Energy Council and PSI, 2013.
19 HydroWorld, 2008.
20 Runyon, 2016.
21 U.S. Department of Energy, 2012.

22 Data for 2016 capacity are from International Hydropower Association (IHA). In this report, Asia encompasses Australia, Oceania and Russia, while Turkey is grouped with Europe. Latin Amer-
ica includes Mexico, Central America and South America. Current capacity includes both conventional and pumped storage (PS) hydropower to facilitate comparisons with 2050 projections

that include PS.
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FIGURE 2.2

Global installed capacity of hydropower in 2016 was 1,246 GW.?2 Based on an energy model that assumes a higher proportion of low-carbon energy
sources, global installed hydropower capacity is projected to reach 1,850 GW (IEA, 2012; see footnote 16).
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Types of hydropower projects

Hydropower projects can generally be classified into either “storage”
dams—those that impound water for use during other times of the
year—and “run-of-river” dams, in which reservoir storage is held
constant and outflow equals inflow. “Pumped storage” is a third type of
hydropower project which actively pumps water to store its potential
energy and is primarily used for load balancing in energy systems.

Dams with storage reduce the variability of flows that otherwise can
vary dramatically within a year, such as between a wet season and a
dry season, and allowing a more consistent flow of water through the
turbines (Figure 1). Large reservoirs are capable of storing water across
years and can thus reduce variability between wet years and dry years.
Storage reservoirs give hydropower managers the ability to release
water into the turbines when energy is most needed or valuable, such
as during the season of highest demand. Within a day, hydropower
managers can release water into turbines to respond to rising demand
or variable supply, a mode of operation known as “load following,” or to
meet short-term peaks in demand, known as “peaking.”

Run-of-river dams are generally considered to have a lower impact on
rivers systems because they don't alter the overall flow pattern, but the
actual operation associated with the term “run-of-river” can differ by
region, resulting in very different impacts. In some regions, run-of-river
balances instantaneous outflow and inflows from dams. However, in
other regions, run-of-river can refer to a project that stores water within
a day, and inflow equals outflow on the basis of the daily average. This
mode of operation can allow the storage of water for, say, twenty hours,
with no or minimal flow release below the dam, and then a release of
high flow for four hours during periods of peak demand. Although the
daily average flow would be the same above and below the dam, the
river below the dam experiences 20 hours of near-drought conditions
followed by four hours of near-flood conditions each day.

Pumped storage is an energy storage system in which water is pumped
uphill during periods when energy is readily available and inexpensive.
The higher-elevation reservoir then stores the water as potential energy
that can be dispatched when needed by allowing the water to flow back
downhill through turbines. Pumped storage is the most important type
of energy storage in energy grids worldwide. Overall, the pumped-stor-
age process is 70-85 percent energy efficient. The environmental
impacts of this pumping and rapid fluctuations can be minimized by
siting the pumped-storage system between two reservoirs, or even
completely off-stream, as opposed to an upper reservoir drawing from,
and then discharging to, a river.

Hydropower dams can also be differentiated as being single purpose,
in which energy is the only major management objective of the dam,
and multipurpose, in which the dam is managed for other objectives,
including water supply, irrigation and flood-risk management—a set
of functions that require the dam to provide storage of water. A recent
analysis of a database of the International Commission on Large Dams
reported that of the approximately 10,000 hydropower dams globally,
60 percent are single purpose and 40 percent are multipurpose.?®
However, it should be noted that dams which are managed with power
as their only major objective (single purpose) can and do have addition-
al functions and effects on the local economy such as tourism, fishing
and even flood attenuation. The useful contributions of hydropower

to the efficiency of a transmission system such as the rapid ability

to start and stop generating mean that almost all hydropower is
managed with the objective of improving grid stability, not solely
maximizing generation.
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Global assessment of water-management services
within hydropower influenced basins

In addition to energy services, hydropower projects
often serve multiple other purposes, including provid-
ing water storage for drinking water supply, irrigation
and flood-risk management (see Box 2.1).2* Interac-
tions with these water-management services does not
apply only to multipurpose dams. Even single-purpose
hydropower projects are planned for, or operate within,
river basins with demands and expectations for these
water-management benefits. Hydropower develop-
ment is thus influenced by demands for these other ser-
vices and hydropower operations interact with these
other sectors in ways that can be negative, neutral, or
positive for these sectors.

To understand the potential scope of these interac-
tions, we quantify water-management services within
all those river basins in the world where hydropower
does—or will—strongly influence water use and river
functions. Within this global set of “hydropower-influ-
enced basins” (HIB) we provide quantitative estimates
of the values of water supply, irrigation and flood-risk
management services. This global roll-up provides an
estimate of the scope of economic values that could be
impacted negatively by hydropower (e.g., through dams
not planned in coordination with broader basin objec-
tives; Chapter 3) or, conversely, the scope of economic
values that could benefit by system-scale planning and
management of hydropower and other infrastructure
(Chapter 4).

To derive a set of HIB, we used a global data source
where the Earth’s surface is divided into 1,342 river
basins and sub-basins? and two global databases of
dams: one that provided existing hydropower dams;?®
and one of hydropower dams that are either currently
under construction or in the planning process (“future
hydropower dams”).?” For the purposes of identifying
HIB, we combined current hydropower dams with fu-
ture hydropower dams and selected those basins where
hydropower either does, or will, exert a major influence
on rivers and water within the basin.?®

Branche, 2015.

Branche, 2015.

Lehner and Grill 2013

Global Reservoirs and Dams (GRanD); see Lehner et al., 2011.

Zarfl et al., 2015.

A combination of total MW, fragmentation and alteration of flows; see Appendix E.
See “Global spatial analysis” within Appendix E.

Note that navigation is a purpose of some dams in the Amazon.

Among the 1,342 basins, 441 were classified as HIB. For
illustrative purposes, we placed these 441 basins within
four categories, based on two basic characteristics
(Figure 2.3):%

¢ Level of development, ranging from basins where
all hydropower development is in the future to
those where all hydropower development that will
happen has already happened.

Level of competition for water, ranging from basins
with abundant water year-round to basins where
water is scarce and/or flows are highly irregular.
In the former basins, hydropower will more likely
be single purpose and in the latter, the need for
storage (e.g., for irrigation) will tend to be greater.
In water-scarce basins, dams with hydropower will
often be multipurpose, and single-purpose hydro-
power dams will exist within a system of infra-
structure that includes storage and management
for multiple purposes.

Based on these two axes, the four categories are:
1. Current development, water abundant

2. Current development, water scarce

3. Future development, water abundant

4. Future development, water scarce

The economic drivers, constraints and opportunities
are all likely to vary among those four basic categories.
For example, strategic planning and management can
influence dam siting and design far more easily within
“future development” basins. Within “current devel-
opment” basins, design can only be influenced through
retrofits and location can only be influenced through
dam removal. Within “water abundant” basins, there
may be limited or no pressure for hydropower dams

to contribute to storage for irrigation and the primary
tradeoffs and opportunities to manage may revolve
around environmental and social resources. For exam-
ple, dams in the Amazon are generally single purpose
hydropower dams and thus the primary tradeoffs
include environmental values, such as fisheries, and
social values, such as indigenous land.*® In water-scarce
basins, on the other hand, dams—either as an individu-

al project or as an overall system of infrastructure—are
more likely to provide a broad range of services, includ-
ing hydropower, flood-risk management and storage
for water supply and irrigation.

Chapter 2



CATEGORIES OF BASINS
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Hydropower influenced basins; blue shading indicates those with
abundant water; dark blue are “mature” in terms of development
(“current development”) and light blue have most development in
the future. Orange shading indicates area where water is more scarce;
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have development in the future. Solid dots are existing hydropower
dams, gray dots are hydropower dams under construction and open
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are highlighted.
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Environmental and social values will also be part of
this complex set of management expectations. The case
studies in this report all fall within this categorization
(Figure 2.3 and Figure El in Appendix E).

The HIB encompass 1,200 GW of current installed ca-
pacity of hydropower. Dams under construction and in
the planning pipeline could bring that total to approx-
imately 2,000 GW (Figures 2.4 and 2.5).* The “current
development, water scarce” basins have the highest
human population (nearly 1.5 billion), followed by the
“current development, water abundant” basins with
1.1 billion. The two categories of “future development”
basins encompass similar total human population
(approximately 800 million people each).

We then used global databases to quantify the total
levels of the following water-management services
within these four broad types of basins:

Water-management services
» Irrigation: Hectares of irrigated land.

e Water supply: Volume of water stored in reservoirs
for water supply (for domestic and industrial uses).

e Flood-risk management: Within urban areas, the
number of people and extent of real estate at risk
of flooding; we focused on urban areas because
although rural areas can suffer from damaging
floods, rural areas may also include people who
benefit from river flooding (e.g., floodplain fisheries
and flood recession agriculture).

The total economic value of water-management
services within HIB is very large, estimated to be
between US$285 and US$770 billion per year:*?

e 180 million hectares of irrigated land (Figure 2.6),
providing between US$100 and US$410 billion in
annual economic value.

* 660 million people and 145,000 square kilometers
at risk of flooding within urban areas (Figure 2.7);
annual flood damages within the HIB range from
US$20 to US$40 billion and can be interpreted as
the potential value of flood management.*

e 88,000 million cubic meters (MCM) of reservoir
storage for water supply, sufficient to support
approximately 600 million people with drinking
water, with a potential economic value between
US$160 and US$320 billion (Figure 2.8).3

FIGURE 2.4

Hydropower capacity within the four types of basins. Blue rep-
resents existing hydropower; orange is future (under construction
and planned). The text GW label in each quadrant represents
total capacity if all under construction and planned dams were
completed and added to existing hydropower dams.

ABUNDANT WATER, ABUNDANT WATER,
LOW EXISTING HYDRO HIGH EXISTING HYDRO
EXISTING
262 GW 583 GW
40 GW
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537 GW
SCARCE WATER, SCARCE WATER,
LOW EXISTING HYDRO HIGH EXISTING HYDRO
40 GW 366 GW
— 142GW
34 GW

31 Note that the “future” dams database undoubtedly contains many dams that will ultimately not be built and does not include many dams that may get built. It can be viewed as a sample of

where dams are likely to be built.

32 See “Estimating Economic Value" within Appendix E for how these levels and economic values were estimated.
33 Here we assume that this annual damage represents the potential pool of economic value possible through flood-risk reduction management actions.

34 Assumes an average use of 200 liters per day per person.
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FIGURE 2.5

Hydropower influenced basins shaded to reflect basin capacity of existing hydropower dams (top) and total basin capacity after completion of
under-construction and planned dams, adding to existing capacity (bottom). Because the basins encompass a broad range of geographic area,
capacity was divided by area and is reported in MW per thousand square kilometers of basin area.
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FIGURE 2.6 FIGURE 2.8

Hydropower influenced basins shaded to reflect the proportion of their area equipped for irrigation from surface water sources. Hydropower influenced basins shaded to reflect extent of storage for water supply within reservoirs. Because the basins encompass a broad range
of geographic area, storage was divided by area and is reported in MCM per thousand square kilometers of basin area.
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. risk of flooding are greatest within the two categories investments that can provide significant water and
'.. of “current development” basins, with roughly similar energy benefits to support development goals and
e & levels. As expected, there is relatively limited irrigation =~ economic activities. However, the dams and reservoirs
. ° . % acreage within the “water abundant” basins. Among necessary to generate these benefits can also cause
) . the “water scarce” basins, the “current development” considerable negative impacts to social and environ-
. o . . P .
® . g, basins have considerably more irrigated acreage than mental resources.®® Ensuring that hydropower devel-
n ‘ : the “future development” basins. Thus, between the opment is done in a way that achieves balanced and
R g y four categories of HIB, there appears to be roughly sim-  equitable outcomes across these benefits and resources
e’ @ P ilar demands for water supply and flood management is the focus of the rest of this report.
s ° within both types of “current development” basins,

while demand for irrigation storage is primarily within
the “water scarce” basins.
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In the previous chapter, we highlighted the energy ben-
efits that hydropower provides and the water-manage-

. . . ) CHAPTER 3 KEY POINTS
ment services that interact with hydropower planning

. River basins that are, or will be, influenced

(BOCAS DE BARBACOAS, MAGDALENA RIVER, COLOMBIA)
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and management within river basins. Demands for
these energy and water benefits are spurring the major
expansion of dams around the world, including a pro-
jected increase of approximately 600 GW of installed
capacity in hydropower by 2050. While hydropower
expansion and operation contribute to meeting import-
ant development and economic goals, if not done care-
fully they can lead to a wide range of interacting risks.
Hydropower dams can cause considerable negative
impacts on social and environmental resources. Eco-
nomic risks arise where these environmental and social
impacts degrade resources that underpin food, liveli-
hoods and other resources valued by people. Economic
risks also arise through infrastructure decisions that
meet a narrow set of objectives but miss opportunities
to provide broader benefits to a country. Finally, these
negative impacts and missed opportunities can lead to
social conflict and regulatory uncertainty—and added
costs for mitigation requirements—posing financial
risk for developers and investors. This chapter reviews
these various forms of risk.

by hydropower support a range of
important environmental and social
resources, including:

o At least six million tons of fish
harvested from rivers (83 percent of
global harvest of riverine fish), enough
to feed at least 130 million people
and employ 50 million people.

o More than half of all freshwater
fish species on Earth.

o The majority of flood-recession
agriculture.

Hydropower can cause negative impacts to
these and other environmental and social
resources. While project-level sustainability
has improved, many of these impacts are
difficult or impossible to mitigate at that
scale. A large majority of future hydropower
expansion will occur in river basins with
highest fisheries productivity and highest
diversity of fish species.

If not carefully planned and managed,
infrastructure investments and water-
management operations—including hydro-
power—can interfere with each other. Fur-
ther, without a system approach, hydropow-
er investments may not fulfill their potential
to contribute to other strategic energy and
water needs.

Due to these impacts and missed opportuni-
ties, hydropower can trigger social conflict,
contributing to delays and cost overruns

and sometimes cancellations. Hydropower
has a higher frequency and magnitude of
delays and overruns compared to other large
infrastructure projects.

In the past five years, environmental and
social concerns have contributed to several
high-profile project cancellations, repre-
senting an aggregate of 1.3 billion US$ in
stranded investment and 18 GW capacity
not developed.



Environmental and social resources

The projected buildout of hydropower dams could
negatively impact more than 300,000 kilometers of
river channel worldwide.?® These impacts include
conversion of river channel to reservoir, fragmentation,
sediment trapping and flow alteration. Hydropower’s
environmental and social risks, and their associated
economic impacts, have been well documented else-
where® and we provide a summary of those issues in
Appendix C. Here, we explore the scale of environ-
mental and social resources at stake within hydropow-
er-influence basins (HIB), similar to the analyses for
water-management services in the previous chapter.
Below we provide estimates for the level of fish produc-
tion, fish species diversity and flood-recession agri-
culture within basins influenced by hydropower. For
environmental and social resources, we were able to
quantitatively estimate global levels for:

Fisheries: The HIB support 6 million tons of fish
harvested each year, which is 83 percent of global
harvest from rivers. This harvest can provide sufficient
protein for more than 130 million people (Figure 3.1).
Additionally, inland fisheries provide livelihoods for
approximately 60 million people (both in harvest and
processing), with 55 percent of that number composed
of women.? Scaling that to the proportion of global fish

harvested, this suggests that river fisheries within the
HIB provide employment for 50 million people.

Biodiversity: At least 7,150 species of fish, more than
half of all freshwater fish species on the planet, occur
within HIB (Figure 3.2).

The fisheries harvest estimate is almost certainly an
underestimate. The data we used are based on coun-
try-reported harvests to the Food and Agricultural
Organization (FAO) and freshwater fish harvests are
generally known to be underreported. For example, the
country-level data for countries in the lower Mekong
basin (LMB) is less than one-third of the level that
studies from the Mekong River Commission have found
when they have sought to be more comprehensive than
typical market measures of harvest or sale.* These
studies report a total of 2.3 million tons from capture
fisheries in the LMB with an estimated economic value
of US$11.2 billion, with 5 million people taking part in
fisheries activities.*® Other regions of the world also un-
derreport production. If we conservatively assume that
actual production is 50 percent higher than reported,
then the HIB would support at least 9 million tons of
fish providing protein to at least 195 million people.

36 Opperman, et al., 2015a.

37 WCD, 2000; Scudder, 2005; Postel and Richter, 2003; Ligon, et al., 1995; Vérosmarty, et al., 2010.

38 UNEP, 2010.

39 FAO country-level data for lower Mekong are 714,000 tons and are based on registered landings of fish harvest. The Mekong River Commission uses consumption data and estimates fish

production at approximately three times greater, 2.3 million tons.
40 MRC, 2015.
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FIGURE 3.1

Hydropower influenced basins shaded to reflect estimated amount of fish harvest from rivers and their floodplains.
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FIGURE 3.2

Hydropower influenced basins shaded to reflect species richness of fish.
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Global data on flood-recession agriculture, or flood-
based farming, do not exist. However, estimates suggest
that there are 25 million hectares of flood-recession
agriculture in Africa alone, and this form of food
production is also very important in many countries

in Asia, including Bangladesh, Cambodia, India, Laos,
Myanmar, Nepal and Vietnam.* Most of the rivers that
are commonly highlighted as being important for
flood-recession agriculture are within the set of HIB

in both Asia (e.g., Ganges, Irrawaddy and Mekong) and
Africa (e.g., Niger, Omo, Senegal and Tana) and most of
these are in basins where hydropower is projected to
expand. Thus, it is likely that the majority of important
areas for flood-recession agriculture are within the
HIB and most of those mentioned above are within the
future development basins. Similarly, about 70 percent
of new hydropower expansion is expected to occur in
those river basins that support the highest diversity

of fish species*? and 75 percent of all new hydropower
is projected for the river basins within the top two
quintiles in terms of fish productivity (Figure 3.3).

Thus, the large majority of future hydropower growth
will occur in those river basins that have the greatest
linkage between healthy rivers and people’s food and
livelihoods and that support the highest richness of
aquatic species.

In addition to the ecosystem services described above,
hydropower development and management have
impacts on a wide range of social values and resources.
Many of these are positive, as projects contribute to
employment, improved roads and electricity services,
local taxes and royalties as well as other benefits. Mul-
tipurpose projects can have major socio-economic ben-
efits in the form of water supply and flood-risk man-
agement. However, while some groups benefit, other
groups may experience negative impacts. Negative im-
pacts are most likely to affect traditional rural societies
and indigenous communities that depend on rivers for
livelihoods and food as well as those who are displaced
by dams or reservoirs. Displacement can be physical,
such as inundation of a community, or economic, such
as the loss of livelihoods due to altered downstream
fisheries and/or flow patterns. The poorest people are
most likely to depend on access to land and natural
resources, such as fisheries and riverbank gardens, and
are most vulnerable to social change.*® In high income
countries, common environmental and social concerns
include the loss of wilderness, free-flowing rivers or
cultural landscapes, and impacts to associated biodi-
versity, aesthetic and recreational values. However,
even in higher income countries, river restoration can
promote social, cultural and economic resources
valued by indigenous people, such as the planned re-
moval of four hydropower dams on the Klamath River
(California, USA)** and the dam removal that has
already occurred on the Penobscot River (Maine, USA;
see case study in Chapter 5).

FIGURE 3.3

The amount of under-construction and
planned hydropower within each quintile of
fish fishery production among hydropower
influenced basins (with one being the lowest
and five the highest harvest). Nearly half of all
future hydropower is projected to occur within
the basins that are in the highest quintile of
production; three-quarters of future develop-
ment is within the top two quintiles combined.
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41 Spate Irrigation Network Foundation.
42 Opperman, et al., 2015a.

43 Scudder, 2005.
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Challenges with addressing environmental and social
impacts at the scale of individual dams

While some of the environmental and social impacts
described above (and in Appendix C) can be addressed
through site-specific actions, many cannot. A wide va-
riety of constraints can limit the ability for restoration
or mitigation to occur at the scale of a single dam and
some impacts are nearly impossible to mitigate at that
scale. For example, techniques for passing sediment
through a reservoir, or mitigating downstream effects
of sediment capture, are very difficult and expensive
and generally require ongoing management.*® Tall
dams generally create long reservoirs and most sedi-
ment the size of sand or larger is deposited at the head
of the reservoir, far from the dam and the downstream
reach of flowing river. Moving that sediment through
such reservoirs is only possible with extremely expen-
sive solutions, such as dredging and barging, although
sediment below a certain size can be moved through a
slurry pipeline.

Effective fish passage can also be extremely difficult

or impossible to achieve with dams above a certain
size, or for certain species of fish. Many commercially
important fish species do not use fish ladders and even
for those species that do, dam passage can impose
stress and increase mortality of migrating fish.*¢

Flow alterations can be addressed through the release
of environmental flows.*” In Cameroon, a dam on the
Logone River, forming Lake Maga in 1979, had nega-
tively impacted floodplain-dependent communities

by diminishing the extent of annual flooding. The dam
released experimental floods intended to re-inundate
the floodplain and restore economic activities such as
grazing and fishing.*® In the area flooded experimental-
ly, cattle numbers increased 260 percent.*

However, for existing dams, physical constraints of the
dam, such as the size of outlets, can often limit the abil-
ity to release flows necessary to maintain downstream
ecosystems (e.g., a flood pulse capable of inundating
floodplain wetlands). Further, the economic purposes
for which the dam was built can also limit the range of
environmental flows that can be released, for example,
where the release of environmental flows would result
in too much water being “spilled” and not passing
through turbines leading to excessive loss of revenue
for the dam operator.

Water quality impacts can also be addressed through
dam operations but, again, for existing dams, this re-
quires that the dam design be capable of these opera-
tions. For example, multi-level outlet structures can
allow dam operators to manage the temperature of the
water they release.*® However, if the dam were not built
with this capacity, mitigating temperature impacts can
require an expensive retrofit (e.g., US$80 million for a
multi-level outlet structure retrofit on Shasta Dam on
the Sacramento River, California, USA).5!

The constraints on single-project mitigation are
perhaps most obvious for environmental impacts. But
social mitigation can also be ineffective at the level of
the individual project. There can be cumulative im-
pacts from several projects that can only be effectively
addressed through a regional development strategy.
Social conflicts can arise easily if displaced people move
into unprepared or antagonistic host communities and
encounter difficulty reestablishing livelihoods.

These potential limitations of and constraints for miti-
gating impacts at the scale of an individual dam suggest
three observations:

¢ Dam design is critically important for its envi-
ronmental and social performance. For example,
variably sized turbines may allow hydropower
dams to operate more efficiently over a wider range
of discharges, thereby providing greater flexibility
to release variable environmental flows with lower
impacts on generation and revenue.*? Other im-
portant design considerations include oversizing
outlet capacity and multiple-level outlets that can
provide greater management flexibility for water
quality and temperature. These design solutions
are almost always far more affordable during origi-
nal design than as a retrofit.

45 Kondolf, et al., 19

46 Agostinho, et al., 2008.
47 harme, 2003.

48 Loth and Acreman, 2004.
49 Moritz, et al, 2010.

50 Cassidy, 1989.

51 Sherman, 2000.

52 Balc and Zdankus, 2007.
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¢ Thelocation of a dam is generally the most import-
ant influence on how it will impact environmental
and social resources. In a 2003 World Bank report,
Ledec and Quintero emphasized that good site
selection is by far the best “mitigation” strategy for
dam development: avoiding or minimizing impacts
through comprehensive site selection can greatly
reduce the need to mitigate impacts through de-
sign and operation.®®* Comprehensive site selection
can ensure that new dams avoid locations that will
have the greatest impact on resources such as mi-
gratory fish or sediment transport.* Site selection
can also help new reservoirs avoid locations where
upstream land use will contribute nutrient load-
ings that lead to high rates of methanogenesis in
the reservoir.>®

¢ Moving toward a system scale may reveal a broad-
er set of solutions for overcoming constraints,
achieving meaningful environmental benefits and
balancing the objectives of energy, water manage-
ment and environmental health. As illustrated by
the case studies later in this report, the benefits of
a system-scale approach pertain to both planning
of new dams and “re-optimizing” existing dams or
systems of dam—as well as looking more broadly
across options to deliver energy and water services
to identify non-dam solutions.

Hydropower's interactions with other water-
management sectors

Hydropower is a major user of water and, particularly
in arid environments, can also be a major consumer of
water through evaporation from reservoirs.*® Major
rivers in arid climates, such as the Colorado, Nile and
Zambezi, may lose 10-20 percent of their water to res-
ervoir evaporation.”’” As a user and consumer of water,
hydropower interacts with other water-management
sectors in a river basin. Further, individual hydropower
projects are often built as multipurpose infrastructure
to deliver other water-management services includ-
ing water supply, irrigation, navigation and flood-risk
reduction.

Dams can be described as being “single purpose” or
“multipurpose” (Box 2.1). Many hydropower dams
have the single purpose of energy generation, although
regulations can require dams with an initial sole man-
agement purpose of hydropower to also manage for

environmental health and recreation. Single purpose
hydropower dams are most common in high elevation,
mountainous river reaches. Very large dams with stor-
age are often multipurpose. For example, the largest
dams in the US were built by agencies with a primary
purpose of either water supply (e.g., the U.S. Bureau of
Reclamation and the California Department of Water
Resources (DWR)), or for navigation and flood control
(dams built by the U.S. Army Corps of Engineers). The
largest of the dams built by these entities are generally
multipurpose and include hydropower, such as Hoover
(Reclamation), Oroville (DWR) and Grand Coulee

(the Corps) dams. In many cases, the revenue gener-
ated by hydropower is used to subsidize multipurpose
dams that provide benefits, such as water supply and
flood management, that do not provide direct

revenue streams.

Within multipurpose dams, the various uses can
compete with each other for the allocation of storage
and for flow releases at various times. For example,

the ability to manage floods improves with decreasing
reservoir levels, with the empty storage space available
to capture and attenuate incoming flood flows, whereas
full reservoirs reduce risk of drought for water-supply
functions. Hydropower generation is a function of flow
and head and so a full reservoir, with greater head,
generates more energy. However, full reservoirs tend
to “spill” more water (water that passes over spillways
and thus does not go through a turbine), so hydropower
managers try to manage reservoirs to minimize spill.
Within multipurpose reservoirs, climate change has
the potential to increase the conflicts between the
multiple purposes (described in more detail in
Appendix D).%8

These multiple purposes can interact and compete at
the scale of a single dam or within a system of infra-
structure in a river basin or region. In the absence of
strategic planning, major infrastructure investments,
including dams, may even interfere with each other,
compromising performance of individual investments
(see Box 3.1). The developers of the two large projects
on the Madeira River in Brazil have been in conflict
because a high water level in the lower Santo Antonio
reservoir can impact generation from the upper Jirau
project.®® The expansion of irrigated agriculture in the
Great Ruaha basin, upstream of Tanzania’s main hy-
dropower projects, has led to reduced flows and major
challenges for power supply security in Tanzania.*®®

53 Ledec and Quintero, 2003.

54 Opperman, et al., 2015a.

55 Deemer, et al., 2016;

56 Mekonnen and Hoekstra, 2012.

57 See SADC-WD and Zambezi River Authority, 2008; U.S. Department of the Interior Bureau of Reclamation, 2016.

58 Lee, et al.,, 2009; Branche, 2015.
59 Hartmann, et al., 2013.
60 McCartney, et al.,, 2007.
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In addition to direct conflict between projects, devel-
opment not guided by strategic planning can result

in projects that fall short of their potential to meet
broader goals or even increase the challenge for meet-
ing those goals. For example, developers may propose
arun-of-river dam rather than a storage dam (because
run-of-river are generally easier to fund and build) at a
site where water storage would provide significant ben-
efits to a country (e.g., water storage for irrigation or
for energy services). Once that site has been developed
for a run-of-river project, the country may then need
to find a different site for storage and find investment
for an additional project. Meanwhile opportunities for
synergies were missed and, potentially, some advanta-
geous options have been foreclosed.

We note that there are several reasons why develop-
ment decisions within countries may underperform in
terms of achieving broader strategic purposes. These
include lack of budget or capacity within government
agencies, governance issues, or simply the extreme
urgency for meeting electricity demand coupled with a
perception that strategic planning is slow. As described
in the next chapter, this report provides suggestions
and examples of how new modeling tools can increase
the speed of strategic planning and how the integration
of various tools can facilitate the identification of devel-
opment options that are both economically strategic
and financially attractive.

We also emphasize that we are not suggesting that, to

be strategic, hydropower investments should always be
multipurpose and/or include storage. Adding additional
purposes to adam primarily to gain political support, not
because the project is the most effective means to deliver
those purposes, also erodes the strategic value and ben-
efits of infrastructure investments. For example, adding
flood management responsibility into a hydropower
project can reduce annual generation and thus should
not be added unless a system-planning approach has
demonstrated the strategic value of adding that purpose
(see Box4.4).

As described below, system-scale planning and man-
agement can reduce conflicts and maximize synergies
between water-management services. Planning can
seek to optimize infrastructure investments to achieve
multiple benefits from a system while, even within a
well-planned system, ongoing management (e.g., with-
in areservoir or cascade) may be needed to continue to
balance objectives.

:{0) @c |
Competition Between Water-Management
Objectives in the Maipo River in Chile

An example for the complexities of water re-
sources management is the Maipo River in Chile,
the major source of water for seven million peo-
ple in the Santiago metropolitan area, as well as
for 136,000 hectares of high-value irrigation, a
growing hydropower sector, and other water-re-
lated activities such as kayaking and rafting.
Droughts and high turbidity contribute to the
challenges of regional water management. Siting
and design of the latest hydropower project, the
531 MW run-of-river Alto Maipo project, has
aimed to reduce the impacts on other sectors,
but has also shown that some water uses in the
basin are not compatible with each other. For
example, plans by the water supply company to
draw drinking water from a high-altitude reser-
voir would reduce the power generation poten-
tial and peaking power generation may impact
on water users downstream. In the absence of an
overall basin development plan, the assignment
of water rights and the planning and permitting
of infrastructure projects has proceeded in a
piecemeal manner, with some bilateral deals
between water rights holders but also legal
conflicts. And in the absence of a country-wide
hydropower masterplan, the developer chose a
project close to Santiago instead of a project in

a more remote region with fewer water resource
complexities.

© RICHARD NOWITZ/NATIONAL GEOGRAPHIC CREATIVE
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Impacts and missed opportunities lead to conflict
and investment uncertainty

These environmental and social impacts can contribute
to conflicts that delay projects or even lead to cancella-
tion. In the past five years, several high-profile projects
have been suspended or cancelled, including Myitsone
in Myanmar (6 GW; suspended after US$800 million
had been invested), ® HidroAysén in Chile (2.75 GW;
US$320 million invested),*? and Sao Luiz do Tapajos in
Brazil (8 GW, US$150 million invested). These are es-
timates of “sunk investment costs,” but estimates may
be contested by various parties and full economic and
financial costs may be far greater than lost investment
(see Box 3.2). In India, multiple projects have been
delayed or suspended over a variety of reasons. For
example, in 2016 the National Green Tribunal ruled

to suspend the environmental license for the

780 MW Nyamjang Chu project, over concern for pro-
tected black-necked crane.%® Project cancellations can
occur for good reasons, but it is obviously preferable to
find out about such reasons before major investment.

Beyond these high-profile examples, hydropower
projects have been reported as having more delays and
cost overruns than other large infrastructure projects.®
From a sample of 61 hydropower dams with US$271.5
billion in construction costs constituting 114 GW of
installed capacity, Sovacool, et al., found that hydro-
electric projects experienced a mean cost escalation
of 71 percent, representing a total of US$150 billion in
cost overruns. Their analysis shows that cost overruns
affected 75 percent of projects. Hydropower dams also
had the longest mean construction time (118 months),
largest total cost overrun (median of US$100 mil-

lion per project) and time overrun (43 months) of all
examined projects, including nuclear, wind, solar and
thermal energy.?”

Similarly, a study by the consulting firm EY found that
the large majority of hydropower projects (80 percent)
experienced cost overruns, an average overrun of

60 percent—with both proportions being the highest
among infrastructure “megaprojects” (including coal,
nuclear and gas power plants, offshore wind projects
and water projects; Figure 3.4). Further, they found
that 60 percent of hydropower projects experienced
delays with an average delay of 2.5 years—among

the highest for megaprojects.®® While some in the
hydropower sector have questioned whether these
studies used sufficiently representative samples—

FIGURE 3.4

Among types of large energy and infrastructure projects, the proportion
of projects with cost overruns and the average cost overrun.
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and, no doubt, many hydropower projects are complet-
ed on time and within budget—there does appear to

be a pattern in which hydropower projects tend to

have more delays and cost overruns than other large
projects, and environmental and social risks contribute
to these tendencies.

From these studies, the extent to which environmen-
tal and social issues contributed to the delays and

cost overruns is not clear. Hydropower projects are
very site-specific with high upfront capital costs and a
range of risks and uncertainties, including geotechni-
cal problems, currency fluctuations, and contractual
and labor issues. However, the fact that hydropower
projects, particularly large ones, often create major
impacts on communities and ecosystems—and some-
times get suspended over such impacts—does suggest
that environmental and social issues are contributing
to cost and schedule challenges. Better management of
environmental and social issues could help hydropower
from an investment perspective (lowering risk, increas-
ing flows of investment) and not just from the perspec-
tive of meeting sustainability aspirations. Anecdotal
evidence, statements from hydropower developers

and financiers, and detailed reviews of projects (for
example, published Protocol assessments and project

61 lves, 2017.

62 Howard, 2014.

63 Koshy, 2016.

64 Braeckman and Guthrie, 2076.
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68 EY,2016.
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BOX 3.2

Costs of Project Cancellations

Project delays and cost overruns receive an increasing amount of
attention, but there is also another risk: total cancellation, or at least
long-term suspension.

In some cases, that may be a good thing. After all, developers and gov-
ernments should be selective. The environmental impact assessment
may show unexpected impacts, an alternative energy source emerges
as preferable, or the political risks increase because of a change in
government. There are many good reasons to drop a project and a
stage-gate process with rigorous evaluation of risks at each decision
gate may help in avoiding high-risk projects.

However, in many cases this decision is made late, after considerable
resources have been spent and, in some cases, construction has begun.
In this chapter, we provide several high-profile examples from the past
five years, including Myitsone (Myanmar), HidroAysén (Chile), and Séo
Luiz do Tapajés (Brazil), representing an aggregate of approximately
US$1.3 billion in stranded investment. At these advanced stages of proj-
ect preparation or initiation, a number of banks, contractors, govern-
ment agencies and other stakeholders have also invested significantly.

Sunk costs are but one way to look at the losses from cancelled proj-
ects. Another perspective is to consider the foregone revenue or profits.
The expected financial net present value of the project, at the time of
cancellation, may be a much larger loss. Also, there may be penalties
for contractual breaches, as well as reputational damages. A track
record of good project selection and management builds a reputation
as smart investors, good risk managers and reliable business partners.
It is difficult to demonstrate to the market that lessons have been
learned from a cancellation, business practices have been changed and
to demonstrate that a similar problem is unlikely to occur again. All of
these issues may contribute to a significant loss of value for the
project company.

Even that, however, is only part of the story. After all, the project was
going to be built for a purpose: to deliver power and, possibly, other
water and energy services. From an economic perspective, the reduced
supply of power may increase power prices or, even worse, lead to
black-outs. The cost of “unserved power”—the drop in economic output
due to blackouts—is very high, much higher than the cost of almost

all power supply options.®* The projects described above, along with
the 780 MW Nyamjang Chu project in India, represent nearly 18 GW
of capacity that will need to be replaced by other projects. And, if the
cancelled project was also supposed to provide flood control, irrigation
or other secondary benefits, these also must be delivered in a different
way, quite possibly at higher costs.

The reason a project was cancelled may of course be that it had
unacceptably high negative externalities. In that case, the cancellation
indeed had a net benefit for the economy. Surely, it would have been
better if the project had been discarded earlier. It is quite possible that
people and businesses already made decisions thinking that the project
would go ahead: buying or selling land, or investing in other businesses
(such as a shop, or a downstream irrigation system). The uncertainty of
multiple delays and suspensions for those who were relocated, or are
facing relocation, can lead to severe psycho-social anxiety in affected
communities.®® In the future, other local and foreign investors will look
at the cancellation decision and demand a higher risk premium for
investing in the country. In summary, there are many costs to pursuing
the wrong projects, other than the funds already spent before they

are cancelled.
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completion reports from development banks), support
this link. In fact, a recent review of hydropower stated:

“The significant increase in hydropower capacity over
the last 10 years is anticipated in many scenarios to
continue in the near term (2020) and medium term
(2030), with various environmental and social concerns
representing perhaps the largest challenges to continued
deployment, if not carefully managed...”*

Conclusions

Alack of strategic and system-scale planning and man-
agement for hydropower creates numerous risks—not
just of greater environmental and social impacts but
also conflict, delays and cancellations leading to in-
vestment risk and a risk to countries that hydropower
investments will not achieve their potential to address
national energy and water needs. For these reasons,
the hydropower sector (regulators, developers and
funders) should strive for improved processes for plan-
ning and management that can address shortcomings
and maximize strategic values.

As discussed in Chapter 2, the estimated economic val-
ue of other water-management services in HIB ranges
from US$285 to US$770 billion per year. Further, the
basins provide sufficient fish protein to support at least
130 million people per year, fishing-based livelihoods
for 50 million people and habitat for more than half of
all fish species on earth.

These impressive numbers underpin a primary mes-
sage of this report: with hydropower development and
management, the global scope of potential harm to other
resources is dramatic, but so is the scope of potential
benefit from better practices.

Within “current development basins,” river ecosystems
and their services can be restored through dam remov-
al, retrofits, reoperation (e.g., environmental flows) and
coordinated operations of infrastructure. These in-
terventions can often yield positive economic benefits
for countries. Within basins where development lies
mostly in the future, planners and stakeholders have
the chance to “get it right the first time.” There are far
more degrees of freedom within these basins to plan,
site and design projects and coordinate management—
all within a framework that can reduce impacts and
strive to produce broader benefits.

Underpinning these opportunities—and inspiring the
need for collaborative solutions—is the reality that
hydropower-influenced basins encompass nearly
three-quarters of a trillion US dollars of other wa-
ter-management values each year, more than half the
fish species in the world and more than 80 percent of
riverine fish harvests. Best practices in planning and
management, for hydropower and other water-man-
agement infrastructure, have the potential to minimize
impacts to those services and resources and deliver im-
proved performance on those economic values. In the
next chapter, we focus on the potential for system-scale
planning and management—what we call Hydropow-
er by Design—to promote these more-balanced and
better-performing outcomes. We also demonstrate that
pursuing Hydropower by Design makes business sense
for investors and developers and can deliver broader
economic benefits to countries and their citizens.

69 Kumar, et al., 2011; emphasis added
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In Chapter 3, we reviewed a range of intertwined
risks that confront hydropower development and
management, spanning social, environmental,
economic and financial dimensions. In this chapter,
we explore how comprehensive and system-scale
approaches to planning and management—what we
call Hydropower by Design (HbD)—can help manage
and reduce these risks and produce better outcomes
across those dimensions.”

Recommendations for system-scale planning and
management are not new. Many countries have con-
ducted master planning for energy systems and river
basin development, particularly during the 1950s

t0 1970s. In more recent decades, system-scale ap-
proaches based on concepts such as Integrated Water
Resources Management and Integrated River Basin
Management have been proposed to guide sustainable
development.” However, successful implementation
of these concepts has proven difficult (note, however,
that there are examples and we highlight several in
this report). Thus, we acknowledge the burden of proof
required to differentiate the present recommendation
for system-scale approaches and to describe how it
can overcome constraints, address current needs and
concerns and, in general, prove feasible.

The development and management of infrastructure
and ecosystems within river basins is decidedly compli-
cated. Due to this complexity, planning and management
are often fractured into distinct institutions—each with
their own information, modeling tools and objectives—
that typically have little interaction - and that interac-
tion tends to occur at moments that are more prone to
conflict than constructive problem-solving.

CHAPTER 4 KEY POINTS

Hydropower by Design focuses on
integrating diverse groups and sectors—
along with their objectives, data and
models—at an early stage of management
and planning decisions.

Integration of the diverse modeling
types used by different groups, within

a system-scale framework, can more
effectively identify potential common
ground across groups and also reveal
areas of increased financial value relative
to project-by-project approaches.

These financial benefits include system
design optimization as well as improved
risk management, reducing risk of delay
and cost overruns.

Through a quantitative case study of
hydropower development decisions on the
Magdalena River in Colombia, we show that
these benefits can translate into superior
internal rates of return (nine percentage
points higher) for projects developed
through a Hydropower by Design approach,
compared to business as usual—and the
projects are part of an overall system that
has lower impacts and provides greater
economic benefits to the country.

In a set of 9 case study basins, HbD
approaches increased the level of other
economic values by 5 percent to more than
100 percent, compared to business-as-usual
approaches, generally with no or limited
reduction in energy generation, and, in some
cases, a considerable increase in generation.
These other economic values include

water supply, flood-risk management,
irrigation and habitat for migratory fish

and biodiversity.

70 Appendices A and B go into much greater detail about the principles and processes of HbD.
71 WCD, 2000.
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The challenges of bringing together these groups, along
with their models and objectives, at a more construc-
tive stage in the planning process arise from both tech-
nical constraints and perceptions. For example, differ-
ent groups will use distinctly different modeling tools
that do not easily “talk” to each other (see Table 4.1).
The technical constraints of non-integrated planning
approaches are exacerbated by perception. Strategic
and system-scale planning has often been equated with
time-consuming processes and delayed implementa-
tion. A government may be overly concerned that it will
identify projects and options that are not financially
attractive to developers and investors, inhibiting the
flow of investment to meet development needs.

For countries to realize potential economic gains from
system-scale approaches, investment needs to flow
toward those strategic projects and management
options. Thus, the projects and management options
identified through Hydropower by Design must not
only be strategic but also financially competitive. They
may be financially superior outright, which will make
them much easier to implement, or they may require
subsidies or higher power rates to become attractive
to investors.

In this chapter, we explore both the multiple benefits
that can be achieved through HbD and how to integrate
the models and information across different groups
and institutions to demonstrate, at least at a proof-of-
concept level, how model integration facilitates HbD.
In the next section, we examine the models used by
different groups involved with basin and energy plan-
ning and management, and explore how to integrate
those models to identify development options that
achieve broader economic goals while being financially
competitive. Through an example from the Magdalena
River, we show how the financial benefits of Hydropow-
er by Design can, in effect, be used to “pay for” the more
strategic outcomes that the process can identify.

In the second section, we explore a broader set of
economic, environmental and social values that can
benefit from Hydropower by Design, illustrating that
HbD can generally result in economic improvement for
one or more other important value or resource, often at
little or no cost in terms of generation.

TABLE 4.1
Hydropower Functional Modeling Categories

Model Type/Objective Function Typical User

Water Management River basin authorities

Multi-Objective Simulation

Purpose

. Decision support tools for water allocation decision based on
budgeting principles between inflows, consumptive uses, &

Academics "
non-consumptive uses
NGOs . ) o
. Can include environmental and social implications of water
management
. Traditionally not linked in integrated fashion to energy sector
. Examples: WEAP, HYDRA, HBV
Capacity Expansion Energy planners . Explores buildout scenarios to optimize investment decisions

Minimize Investment Cost or
levelized cost of energy (LCOE)

State-owned utilities

among a set of available generation & transmission projects

. Useful for examining impacts of power sector policies or alterna-
tive technology/fuel trajectories on generation & capacity

. Examples: ReEDS, TIMES, OPTGEN, Plexos

Production Cost ISOs (market operators)
Minimize Operational Cost Utilities

Project developers

. Uses pre-determined capacity mix to simulate decisions on
economic unit commitment and dispatch among available
power units such that operational cost is minimized. Time
resolution of daily/hourly

. Can be used to simulate future market system generation
and pricing
. Examples: EMPS, ProdRisk, Plexos, SDDP

Investment Return
Maximize IRR, NPV

Project developers
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. Optimizes developers' decision making on sequence of plants
to be built and contracts to be signed

. Examples: OptFolio, RETScreen

Integrating perspectives and models to capture
financial and economic value

Hydropower by Design strives to overcome a funda-
mental challenge in the development, management
and conservation of river basins and their resources:
different groups—developers, government agencies and
various stakeholder groups—have different objectives
and use different criteria and models for making deci-
sions (e.g., financial vs. economic, with more-or-less
priority applied to diverse environmental and social
resources). Particularly in regions undergoing new
development, these differences are also reflected in
different approaches to decision making, that vary with
the group that—either by default or by design—plays
aproactive role in setting the development direction.
The approaches exert a strong influence on which
projects are selected and how well they meet various
expectations. For example, depending on the approach,
project selection may result in projects that are finan-
cially competitive but may not meet broader strategic
goals, or projects may be environmentally sustainable
but not financially viable. How those determinations
are made depends on who is leading the decision-
making process:

1. Developer-driven approach. As many energy
markets have been privatized and de-regulated,
developers have been asked increasingly to propose
projects to governments, sometimes in response to
government bid requests. This leads to a predict-
able cherry-picking of easiest, least-cost projects,
which may not deliver some broader economic
benefits. Further, although developers may seek
to avoid obvious environmental or social impacts,
they often underestimate the risks associated with
some impacts or may miss other impacts altogeth-
er due to inadequate scoping during the Environ-
mental Impact Assessment phase. A project-driven
approach also rarely accounts for system-level or
cumulative impacts, resulting in projects that tend
to miss opportunities and underestimate econom-
ic, social, environmental and financial risks.

2. A public energy-planning approach relies on
government master plans and focuses on delivery
of arange of energy services that the country will
need (e.g., firm generation, peaking capacity,
spinning reserve, black start capability, etc.)

3. A multi-objective approach relies on water-resource
management models to address needs beyond the
energy sector with analyses that identify econom-
ic costs and benefits that are relevant for various
stakeholders. However, this approach generally
does not consider financial cost and revenue
perspectives and so is also susceptible to identify-
ing financially unviable options. In some cases,
the government can afford to finance preferred
strategic options, but, in cases where external
investment is needed, a disconnect between stra-
tegic systems and financially viable projects can
inhibit the flow of investment.

Although these different planning approaches will
generally lead to the identification of different sets of
projects to meet the varying objectives, there is likely
more common ground than these differences would
suggest. In other words, although different institutions
are optimizing based on different criteria (financial,
economic, environmental and social), constructive
engagement at early stages has the potential to identi-
fy options that will produce more overlap in terms of
benefits with fewer conflicts.

The pursuit of this constructive engagement is made
more difficult by the fact that the groups tend to use
different models. The development and management of
hydropower implicates energy, water resources man-
agement and conservation of environmental and social
resources. Due to this complexity, it is not surprising
that different groups have developed specific modeling
methodologies to help optimize for their respective
interests. These models can be organized into the
following four functional categories (Table 4.1
provides further detail):

1. Water-Resource Management models, which offer
tradeoff comparisons between different water us-
ers and are typically used by river basin authorities,
academics and NGOs;

2. Capacity Expansion models, which are tradition-
ally the purview of government planners and
regulators, are designed to find least-cost solutions
for reaching energy targets;

3. Production Cost models, which create the weekly,
daily and hourly dispatch rule sets and are most
relevant to market operators and developers; and

4. Investment Return models, which define project
rate of return characteristics for developers
and investors.
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These models feature a diverse array of objective
functions, meaning that a problem’s optimal solution
differs from model to model. This is important, as the
objective function represents a proxy for the interest
of the model user and, to the extent that these models
do not talk to one another, these differences in models
and objective functions serve as barriers to effective
communication and collaboration across groups.

Each of the decision-making approaches described
above (developer-driven, etc.) relies on models from

a distinct functional modeling category (Figure 4.1a),
illustrating the technical challenge that exacerbates
the inherent differences in objectives. A key principle
of HbD is that early integration of objectives, data

and models will increase the likelihood of finding
outcomes that satisfy a range of stakeholders’ interests
(Appendix A). Within that general theme of integra-
tion, early model integration will allow stakeholders
and decision makers to have a common foundation of
analysis, delivering results to each group that provide
meaningful information and a basis for evaluation.
Though some basic differences in objectives inevitably
persist, this common foundation provides a much more
effective platform for constructive dialogue and an
improved opportunity to identify projects that can
meet a range of expectations: financially competitive,
economically strategic and lower impact on environ-
mental and social resources (Figure 4.1b).

Importantly, the integrative approach inherent to HbD,
including model integration, can yield insights that
would not emerge through isolated perspectives. These
insights contribute to the potential for finding balanced
outcomes and are key to both the economic and finan-
cial business cases explored in this report. In the next
section, we show how HbD can provide financial value
to developers and investors and explore how model
integration can identify strategic, low-impact systems
composed of financially competitive projects.
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Financial value revealed through integrated approaches

Hydropower by Design’s integration of perspectives
and models (Figure 4.1b) makes it is possible to capture
two key sources of financial value: one, system design
optimization and, two, improved risk management to
reduce delays and cost overruns due to environmental
and social impacts.

Benefits derived from system design optimization

The first financial benefit generated by HbD arises
from approaching investment decisions in abasin as a
long-term financial optimization problem, as opposed
to the developer-driven model which looks at invest-
ment decisions through single-project criteria and can
emphasize relatively short-term financial targets

(i.e., Business as Usual or BaU). This may result in
developers cherry-picking the easiest and lowest-cost
projects, but not necessarily those that will work
together most effectively as a system. The single
project approach misses opportunities to capitalize on
system-scale financial value, because each individual
project, built to meet expectations of a single developer,
changes the physical context in the basin for all future
development opportunities. This is perhaps most obvi-
ous in terms of changing flows, the fuel for downstream
power stations, but also applies to catchment manage-
ment, sediment, dam safety, access roads, transmission
lines, available land for displaced communities, fish
passage and many other issues where single-project
decisions can result in the cascading effects of per-
formance and financial inefficiency. An integrated
approach to modeling, which embeds decisions about
individual projects within a system-optimization
approach, can identify a set of projects that capture
system-level financial efficiencies. This results in a
portfolio of individual projects with greater average
financial performance than the BaU approach.

FIGURE 4.1

(a) Different groups and how they use four functional modeling categories that provide information relevant to HbD.
Note that here, “water-management” models can integrate many environmental and social issues as sub-models or linked models;
(b) a conceptual illustration of how HbD can provide a platform for integrating these functional modeling categories.
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Benefits derived from social and
environmental risk reduction

The second source of financial value results from
improved risk management which can inform site
selection and design and contribute to reduced cost
and time delays associated with environmental and
social impacts. Delays can cause significant reductions
in projects’ internal rate of return (IRR), as each month
aproject is delayed results in a month of additional
expenditures and foregone revenues. As discussed pre-
viously, hydropower has among the highest rates and
levels of both time delays and cost overruns. Though
there are numerous sources of risk that contribute to
delays and overruns, social and environmental issues
(described in Chapter 3 and Appendix C) are rela-
tively common and have contributed to some of the
most high-profile delays, overruns and cancellations.
Hydropower by Design strives to identify development
options that minimize those impacts. By bringing water
resource management and ecosystem models into the
selection and design process for new projects, project
risks can be assessed more realistically and risk projec-
tions can be incorporated into investment return mod-
els. This results in a portfolio of projects with a lower
percentage that will encounter significant delays and
cost overruns due to environmental and social risks,
improving the distribution of projects’ IRR compared
to the BaU approach.

In countries with strong regulatory structures, envi-
ronmental and social risks are usually identified during
the licensing process and stakeholders’ disagreements
can translate into significant regulatory delays. In a
strong regulatory environment, application of the
principles of HbD can lower regulatory uncertainty and
potentially result in streamlined review and licensing,
reducing the time and cost of that step in the develop-
ment process (see Box 4.1).

These sources of value can produce incremental
financial benefits which could be shared among various
parties. While investors could achieve greater returns—
and, indeed, ensuring that systems are composed of
financially attractive projects is one of the benefits of
this integrative approach—government decision mak-
ers could also decide to put this incremental financial
value to use, in effect using it to “pay for” more strategic
outcomes. Financial benefits could be channeled back
to society in various forms, including lower energy tar-
iffs, incorporation of strategic multipurpose functions
into hydropower dams, or alternative siting to avoid
social and environmental impacts.
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Improved Internal Rate of Return through

Hydropower by Design

To explore these sources of financial value, we exam-
ined multiple buildout scenarios for the Magdalena
River basin in Colombia, using a combination of
water-management, investment return and produc-
tion cost models (see full case study in Chapter 5). The
buildout scenarios applied different decision criteria to
select projects to meet a generation target, including:

1. Business as usual - designed to mimic a “cherry
picking” approach, projects were selected in a
sequence determined by the Net Present Value of
each individual project.

2. System optimization - projects were selected based
on financial criteria that considered system-scale
efficiencies, optimizing site selection and project
sequencing based on the Net Present Value for the
long-run of the overall basin.

3. System optimization and risk management - proj-
ects were selected using the system optimization,
as above, and improved consideration of environ-
mental and social risks, intended to reduce the
likelihood of associated delays and cost overruns.

4. Hydropower by Design - projects were selected
using system optimization and improved consider-
ation of risks and also included criteria intended to
achieve high performance for specific conservation
goals (e.g., maintain connected river systems for
migratory fish).

We found that the scenario that incorporated system
optimization and risk management identified a port-
folio of projects with improved average Internal Rate
of Return (IRR) compared to the BaU (Figure 4.2).
Through the BAU approach, each project “locks in”
alocation and flow regime that is advantageous to the
project, but a sequence of these decisions collectively
falls short of the financial potential of the basin.

This financial benefit could be used to “pay for” the
strategic outcomes pursued in the Hydropower by
Design scenarios.

:{0) @ N|
Streamlined Regulatory Review for Renewable Energy

Although focused on a different generation source, an example from
solar development in the southwestern US provides some general
insights into the benefits of system-scale planning for streamlining reg-
ulatory review for renewable energy. In 2009, the American Recovery
and Reinvestment Act catalyzed a boom in utility-scale solar energy
development on public lands in the Mojave Desert. Despite the popular
image of a wasteland, these areas are incredibly rich in biodiversity
(e.g., rare plants, desert tortoise, bighorn sheep, etc.). The rush of
projects was uncoordinated, often overwhelming the agencies tasked
with processing them and creating many conflicts that led to litiga-
tion from environmental groups. In response to this dynamic, the US
Department of Interior undertook an unprecedented landscape-scale,
conservation- and development-planning approach to identify upfront
low-conflict zones for utility scale solar energy development across six
southwestern states (Nevada, California, Arizona, Utah, Colorado and
New Mexico). The 2012 plan, called the Solar Programmatic Environ-
mental Impact Statement (Solar PEIS), established 17 Solar Energy
Zones across the six states where development would be focused and

expedited. The success of the approach was demonstrated first in

the Dry Lake Solar Energy Zone (SEZ) on public lands near the city of
Las Vegas. In June 2014, the US Bureau of Land Management held a
successful auction to lease the 23 square kilometer site for solar devel-
opment. In June 2015, the three projects inside the Dry Lake SEZ were
permitted by the BLM. While the average licensing time for a solar proj-
ect is 21 months, the licensing times inside the Dry Lake SEZ were cut
to 10 months. In addition, the mitigation requirements for the projects
were determined in advance of the licensing, creating certainty for both
the developers and conservation projects. The economic benefit of the
approach is reflected by the fact that the first project to be built at the
site, a 100MW solar project by First Solar, set a national record for the
lowest cost solar energy in the country.”? Overall, the success of the Dry
Lake Solar Energy Zone—from economic, regulatory and environmental
perspectives—stands as testimony to the value of a comprehensive and
system-scale approach to infrastructure siting and licensing.

FIGURE 4.2.

IRR Probability Distribution across potential hydropower projects in the Magdalena Basin, compared between Business as Usual

and Risk Optimization scenarios.
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Applying Hydropower by Design to promote
sustainable outcomes and economic benefits
Hydropower by Design can be applied across the full
lifecycle of infrastructure: from planning the expan-
sion of hydropower dams in a river basin or region, to
the reoperation of individual dams or cascades, to the
strategic removal of dams that have outlived their in-
tended purposes. Applications of HbD will vary by the
level of development in a basin and the range of other
resource objectives and constraints imposed by other
sectors. Here, we explore the application of HbD in the
four types of basins described in Chapter 2. Note that
these categorizations are primarily illustrative: river
basins, infrastructure systems, ecosystems and energy
systems are all quite complex and so the actual con-
straints, opportunities and relevant interventions will
vary greatly within the four broad categories. However,
there are likely to be certain interventions that will
tend to be more relevant in certain basin types and we
feature those here.

In the case studies, we modeled application of HbD ap-
proaches” to planning and /or management challenges
and found that the levels of environmental values

and the economic values of other water-management
services could be increased by 5 percent to more than
100 percent, generally with no or limited reduction in
energy generation and, in some cases, a considerable
increase in generation (Figure 4.3). These improve-
ments are highly basin-specific due to the complicated
nature of interacting economic, social, infrastructure
and biophysical systems. Within the case studies,
options could often produce improvements for mul-
tiple values but the cases also illustrate that tradeoffs
emerge in scenarios where improvements in two or
three values come at the cost of a reduction in another.
Such tradeoffs are common in water management—and
economic development in general. While Hydropower
by Design cannot escape this reality, it can help make
those tradeoffs quantified or otherwise clear to stake-
holders and decision makers.

The applications of Hydropower by Design varied
across the types of river basins and with the important
services and resources within individual basins. In each
case, a HbD scenario was compared to a BaU scenario
with comparable financial cost and/or comparable
economic cost, except where noted.”™ Full case studies
are found in Chapter 5.

Future development, water abundant.

¢ Inriver basins with primarily single-purpose
hydropower dams, the case studies focused on
hydropower generation and migratory fish habi-
tat. We found that the extent of connected habitat
for migratory fish could be increased by 20 to 300
percent, often for similar levels of generation and
investment (Kouilou-Niari, Amazon, Irrawaddy
and Mekong basins.)”

¢ With the Yangtze case study, we focused on a
reallocation of reservoir storage within a proposed
cascade of hydropower dams. By reducing the
flood storage allocation we found that hydropow-
er generation and revenue could be increased by
10 percent. Investing a portion of that increased
revenue in reducing flood risk in the floodplain
downstream would result in an overall reduction in
flood risk. This change in reservoir storage and op-
erations also improved the flow regime for a Native
Fish Reserve. This case illustrates that the system
approach of Hydropower by Design, and the search
for options that perform well across multiple ob-
jective, can be expanded to include management
of floodplains.

Current development, water abundant.

¢ The Penobscot case study, based on an implement-
ed project, illustrates the potential for strategic
removal of old hydropower dams. Two dams were
removed and a third dam was bypassed with a
nature-like fish passage, resulting in a 450 percent
increase in the length of river and stream channels
accessible to migratory fish. In two years since
dam removal, several species have responded with
dramatic increases. River herring populations, for
instance, are 135 times greater after dam removal
than before (Figure 4.4). Due to operational and
equipment changes at remaining dams, the hydro-
power system in the basin after dam removal will
produce slightly higher generation than it
did before.

¢ The Savannah River case also considered a
reallocation of flood storage (similar to the Yangtze
above). We found that a partial reduction in flood
storage, coupled with downstream mitigation
actions, could result in a 10 percent increase in
hydropower and improved water supply and
environmental flows.

73 One case study, the Penobscot, describes the results of an implemented project that balanced river restoration and energy generation.

74 Business as Usual cases were defined based on: one, actual management decisions; two, government plans; and, three, modeled as a set of decisions focused on maximizing performance for
individual projects, but not an overall system. Chapter 5 provides more details on the case studies.

75 Note that the Mekong, Irrawaddy and Amazon are not shown in Figure 4.3 because those case studies did not include financial or economic analyses.
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FIGURE 4.3

Economic and environmental improvement possible through application of Hydropower by Design in modeled case studies from nine river basins.
In each case, a Hydropower by Design scenario was compared to a Business as Usual scenario with comparable financial cost and/or
comparable economic cost.
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FIGURE 4.4 Future development, water scarce. Summary of economic improvement

In Chapter 3, we estimated that the economic value
of other water-management services within hydropow-

The removal of Veazie Dam on the Penobscot (top) and river herring spawning in Blackman Stream, a tributary to the Penobscot now accessible . In two basins, the Blue Nile and Myitnge, the

to migratory fish after dam removal (bottom).

TOP: © JOSH ROYTE/TNC; BOTTOM: © SEAN FITZPATRICK/TNC
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Hydropower by Design approach offered a better
balance between hydropower generation and irri-
gation, with improvements related to irrigation of
15 to 50 percent for comparable generation. In the
Blue Nile, the HbD approach offered considerable
improvement in environmental flows (a 60 percent
reduction in flow alteration). In the Myitnge, how-
ever, the environmental performance (measured in
terms of potential fish productivity) did not differ
between HbD and BaU (i.e., there was no improve-
ment in environmental performance possible while
providing similar energy generation).

Current development, water scarce.

¢ The Mokelumne is a third case study that consid-
ered reallocation of flood storage coupled with
downstream floodplain management. In this case,
hydropower was increased by 10 percent and both
water supply and the ability to release environ-
mental flows were also improved.

e  With the Tana River, there was little room for
improvement under the rules set by the existing
Power Purchase Agreements. Relaxing those agree-
ments allowed for a 6 percent increase in gener-
ation along with improved performance of flood-
plain resources, including fisheries (15 percent)
and floodplain grazing (11 percent).

er-influenced basins (HIB) was considerable—between
US$285 and US$770 billion per year—and these basins
also encompass the majority of the world’s freshwater
fish species and riverine fish harvest. All of these
economic values and resources can be negatively im-
pacted by hydropower development and operation,
but through a set of interventions described in this
chapter, the application of system-scale approaches

to planning, siting, operation and even strategic
removal can result in lower impacts or even restoration
of environmental resources and improved economic
performance. The case studies showed potential
improvement ranging from 5 percent to more than

100 percent for various water-management services
and environmental resources.

River basins are inherently complex with extremely
site-specific combinations of resources, constraints
and opportunities. For example, while performance

for some resources may be positively correlated in one
basin, they may be negatively correlated in another.
Thus, extrapolating from a set of case studies to a global
perspective is quite difficult and we will not try to make
specific, geographically based predictions or quantifi-
cations of global economic gains that would be possible
through widespread application of Hydropower

by Design.

However, it is instructive to consider the potential
global scope of improved economic performance that
could arise from widespread use of Hydropower by
Design. For example, if system-scale approaches to
hydropower planning and management could achieve
anet improvement of even 5 percent in other-water
management services, that would result in increased
global economic value of US$14 to US$38 billion per
year—a number that is comparable to average annu-

al investment in hydropower. This underscores that
countries and development organizations should be
motivated to promote the planning, decision-making,
financing and regulatory procesess necessary to secure
these potential gains (see Chapter 6 for discussion of
mechanisms to promote uptake of HbD). The reali-
zation that far greater than 5 percent improvement
may be possible in many areas should further motivate
implementation. In general, HbD can offer greater po-
tential for improved performance across a wider range
of resources if it is implemented earlier in the planning
process (Box 4.2).
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BOX 4.2

Benefits of early implementation of HbD

The importance of implementing HbD as early as possible in the
development process is clearly illustrated by hydropower in the
Mekong basin. In a case study in Chapter 5, we discuss tradeoffs
between hydropower and migratory fish habitat at the basin scale,
namely the extent of the channel network connected to the lower river
system. That case study describes a dam, Lower Sesan 2, proposed for
a tributary of the Mekong (the Sesan River) which was identified as
having disproportionately high impacts on river connectivity’—

yet was approved for development the year after that study was
published. Here, we examine how the decision to build that one dam
affects future options for maintaining migratory fish habitat in the
Mekong. Figure 4.5 shows projections for the maximum connected
river habitat available, at various levels of total hydropower develop-
ment, with Lower Sesan 2 already developed (as is now reality), or

if Lower Sesan 2 remained a potential dam site. A system planning
exercise conducted before Lower Sesan 2 was built could have identi-
fied many more options for balancing energy and fish habitat. Planning
begun after that dam was developed is now constrained and the best
options for balancing energy and fish habitat have lower performance.
This illustrates the more general point that influencing site selection
provides more degrees of freedom for optimization and a better oppor-
tunity to find balanced solutions. Implementing system approaches
after site selection has happened can still influence design and opera-
tion, but is more constrained in terms of potential options.

76 Ziv, etal., 2012.

FIGURE 4.5

Options for balancing hydropower capacity and migratory fish habitat
while Lower Sesan was a potential dam (“before Lower Sesan”; blue)
and after it was developed (“after Lower Sesan”; red). The points repre-
sent the maximum amount of connected river channel that is possible
at that level of capacity development. Note that kilometers include
mainstem rivers and connected tributaries with a mean annual flow
greater than 10 cubic meters per second.
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Conclusions

This chapter has summarized the potential economic
and financial benefits of Hydropower by Design,
including that it can identify infrastructure options
that are: one, lower impact and more strategic; and,
two, financially competitive.

In short, the business case for HbD is that it can offer
countries a better deal: system-scale approaches to
planning and management can deliver broader devel-
opment benefits, with greater social and environmental
sustainability. By capturing various sources of financial
value, these better outcomes can be consistent with the
needs of developers and funders, where infrastructure
development depends on private investment. Because
awarming climate and changing precipitation patterns
will likely increase uncertainty and risk across multiple
dimensions—including hydrological, environmental
and financial—and also increase competition for water,
climate change strengthens the business case for coun-
tries, developers and funders to pursue comprehensive
and system-scale approaches to planning and manage-
ment of hydropower, embedded within both energy and
water-management systems (Appendix D).

The trajectory of recent hydropower development

in Chile illustrates several key points (see Box 4.3): a
single project focus in site selection led to high-profile
conflict and, ultimately, financial losses and uncertain-
ty for developers and investors. The country also paid a
price in terms of delivery of needed energy. The result
has been a move toward integrated system planning, in-
cluding combining hydropower with other renewables.

While this chapter has emphasized that improved
performance across multiple resources can be possible
through Hydropower by Design, we note three caveats.
First, for future development, we compare a Hydro-
power by Design development scenario with a Business
as Usual development scenario, not with current con-
ditions. Thus, improved performance for a value such
as fisheries means Hydropower by Design may offer
better outcomes than status quo development, but still
may represent a decline in fisheries from current, low
development levels (the examples from the Mekong,
Irrawaddy and Amazon all illustrate this as the com-
parisons are between more and less loss of migratory
fish habitat).

An additional caveat concerns storage. Multipurpose
reservoirs include water storage and many of the
multiple benefits for water and energy management
discussed above commonly require storage. However,
we are not promoting a general recommendation to
increase storage, because storage is also associated
with increasing many of the negative impacts discussed
in Chapter 3. Rather, we are suggesting that “storage by
design” can be a key part of Hydropower by Design, fol-
lowing the same basic principles (see Box 4.4). Planning
processes should strive to understand realistic needs
for energy and water management and environmen-
tal and social resources and understand the tradeoffs
associated with using storage to meet those needs. If

a country will seek to build storage for other purpos-

es (e.g., irrigation or grid stability) then those needs
should be fully considered when planning and develop-
ing hydropower (e.g., hydropower planning should not
focus just on adding an increment of generation, but
consider how different infrastructure investments can
meet strategic needs and what are the impacts of those
options). Without integrated planning, a high-value
storage site may be developed as a run-of-river hydro-
power project, because the smaller project was easier to
fund and quicker to build. However, if the country still
needs storage, then it will need to build at a less-de-
sirable site and then two dams are built whereas with
integrated planning perhaps one would have sufficed.
In this framework, assessment of storage is not just
limited to new traditional reservoirs, but should also
include other forms of storage, such as pumped storage
or coordinated operations within an existing cascade.

Third, improved performance of multiple resources is
strongly case-specific and can’t be generalized. In other
cases, those resources may be negatively correlated.
Some resource objectives are commonly incompatible
(e.g., storing water for irrigation and maintaining high
flows to inundate floodplain wetlands may be hard to
reconcile). Tradeoffs are inherent in policy and man-
agement decisions and, at times, those tradeoffs can be
extremely unappealing. Even careful application of an
approach like Hydropower by Design cannot guarantee
that all resources and services will benefit. One of the
primary values of Hydropower by Design, or system
planning approaches in general, is its ability to make
those tradeoffs clear to inform decisions.
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BOX 4.3
Restoring Public Planning Capacity in Chile

For decades, Chile relied on the private sector to
select and build power projects, without much
consideration for environmental and social
concerns. But this model became increasingly
untenable. In 2014, Chile's incoming govern-
ment cancelled the largest energy project in

the history of the country, the five-dam, 2,750
MW HidroAysén project in Patagonia, after
intensive conflict, including mass demonstra-
tions in Santiago. This was the culmination of
years of disagreements over new hydropower,
thermal and transmission projects. Projects were
stopped by community and civil society oppo-
sition, the environmental licensing agency, the
Supreme Court and in the case of HidroAysén,
by the cabinet. The lack of investments in new
capacity contributed to a surge in power prices,
which rose by an average of 11 percent per year
between 2000 and 2013. This in turn threatened
the competitiveness of industries, for example
copper mining, which consumes about a third of
Chile's power.””

The new government recognized that selection
of projects by developers, at least in the hydro-
power sector, had to be guided by government
in some way. It will take some time, however, to
build an information base, capacity in govern-
ment and a new model for joint public-private
responsibility in planning. An initial step was to
increase transparency by creating a public plat-
form on sustainable hydropower, which includes
detailed information on environmental, social,
cultural and economic values in all river basins.”®

The urgency has been reduced, for the time
being, by slower growth in power demand and
a boom in wind and solar power. Chile's 2016
power auction resulted in the lowest-ever bid
for solar PV globally, at US$29.10 per MWh.”®
However, at some stage the increasing market
penetration by solar and wind will require more
flexible back-up capacity. One project under
consideration is on the northern desert coast.
It is a combined 600 MW solar and 300 MW
pumped-storage facility. The pumped storage
component would use the Pacific Ocean as its
lower reservoir and a natural concavity on a
600-meter-high cliff as its upper reservoir.°
Even if the pressure on conventional hydropower
development is reduced for now, the Chilean
government will want to ensure that through
more proactive and comprehensive planning, it
can avoid a repeat of the recent supply crisis.

77 Gordon, 2013.

78 Minister of Energy - Government of Chile.

79 Elena, 2017.

80 International Water Power and Dam Construction, 2016.
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However, difficult tradeoffs can potentially be reduced
or resolved by moving to larger scales, such as mov-

ing from a river basin to a region or a whole country.
For example, the planning systems from Norway and
Iceland looked for balance between basins more so
than within them, as in identifying specific river basins
more appropriate for protection and others more
appropriate for being developed by energy (note that
this is not a strict division; even within basins desig-
nated for development, system-planning can still seek
more-balanced outcomes through careful siting and
coordinated management). This is a further extension
of the same logic that moving from the project scale to
the basin scale can reduce zero-sum tradeoffs and open
up a broader range of potential solutions for finding
balance. This is why we refer to Hydropower by Design
as being “system scale,” because the scale of the system
that offers the best solutions can vary, from a cascade,
to ariver basin, to a grid or country—even a region com-
posed of several countries.

This logic of searching for the right scale of system
extends beyond geography to encompass other sources
of energy. Broadening the search for balanced solutions
beyond hydropower to include other sources of gener-
ation can alleviate difficult tradeoffs, such as particu-
larly unacceptable impacts. The case study on Sarawak
(see Chapter 5) illustrates how increasing reliance on

other low-carbon sources of generation could allow
the region to meet energy needs without problematic
and contentious impacts on forests and indigenous
communities. Though comprehensive assessment of
other generation sources was beyond the scope of this
report, the Sarawak case study and the example from
Chile in Box 4.3 both point to the potential benefits

of this integrated approach to energy planning. This
integrated approach allows the possibility of identify-
ing development options that simultaneously work for
energy systems, social and environmental systems and
the world’s climate system.

p
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BOX 4.4
Storage by Design

Storage can be beneficial for water and energy systems. It reduces the
variability of river flows for various purposes (such as irrigation and
flood control) and it increases the load factor for baseload hydropower
plants and the reliability of power supply, particularly if the share of
variable renewables in the generation mix is increasing. If river flows
become more variable with climate change, as expected, the case for
storage becomes stronger (see Appendix D). Storage also comes with
downsides, however. Many of the negative impacts reviewed in Chapter
3 are higher with storage dams, including displacement of people, flow
alteration and sediment capture. Further, storage dams are complex

to operate if serving multiple purposes at once and are generally more
expensive. Developers are often reluctant to take on storage projects,
preferring simpler run-of-river projects.

A “storage by design" approach would be based on a broader options
assessment for energy and water to determine which water and energy
needs require storage in reservoirs and which can be meet through
non-dam alternatives and which through reservoirs.®' Based on that
guidance on reservoir storage needs, the approaches discussed in this
report would then be applied to assess how different infrastructure
options (site, design and operation) can meet those needs and what the
tradeoffs are. This approach can identify options that go beyond simply
adding more storage when the need arises. Improved system planning
can reduce the need for storage, for example by combining comple-
mentary sources of power in a grid. Where new storage is needed, this
approach can identify options to site it in places where it has the least
possible negative and the highest possible positive impacts. The SHARE
concept for multipurpose hydropower dams provides a useful frame-
work for considering how storage can be planned and operated to meet
multiple purposes, with the “R" of SHARE emphasizing the importance
of a river basin perspective.®

81 WCD, 2000.
82 Branche, 2015.
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The discussion of economic and financial benefits of
Hydropower by Design in Chapter 4 was drawn from
literature review and a set of nine case studies. Those

case studies are examined in greater detail in this chap-

ter. The Amazon, Irrawaddy and Mekong rivers are
covered in a single case study as they share a common
approach and common focus on migratory fish habitat;

the Kouilou-Niari basin is also discussed in that section

as it too focused on migratory fish habitat.

The cases are presented in this chapter in the order

of the four types of basins in the table below (Table
5.1), with the exception of the Yangtze, Savannah and
Mokelumne. Although these three basins span three
different basin categories, they share a similar concep-
tual approach that integrates floodplain management
as part of the assessment of options and tradeoffs.

TABLE 5.1

The case study basins. Figure 4.3 summarizes results from the basins with economic or financial analysis.

X . Economic or
Type of Basin Case Study Geography Resources Considered Financial Analysis
Amazon South America Hydropower and migratory fish habitat No
Irrawaddy Myanmar Hydropower and migratory fish habitat No
Kouilou-Niari Republic of Congo Hydropower, migratory fish habitat, Yes
biodiversity, land use (transmission lines)
Future N .
Development, Magdalena Colombia Hydropower, biodiversity, land use Yes
Water
Abundant
Mekong Southeast Asia Hydropower and migratory fish habitat No
Sarawak Malaysian Borneo Hydropower, land use (forests), Yes
Includes Baran River Basin indigenous land, emissions
Yangtze China Hydropower, flood-risk management, Yes
river connectivity, environmental flows
Blue Nile Ethiopia Hydropower, environmental flows, irrigation Yes
Tributary to Nile
Future
Development, Myitnge®? Myanmar Hydropower, fisheries, navigation, Yes
Water Scarce Tributary to Irrawaddy irrigation
Penobscot Maine, USA Hydropower and migratory fish habitat Yes
Cluiz Savannah Georgia and Hydropower, flood-risk management, Yes
el South Carolina, USA water supply, recreation, environmental flows
Water Abundant ' PP, '
Mokelumne California, USA Hydropower, flood-risk management, Yes
Current water supply, environmental flows
Development,
Water Scarce Tana Kenya Hydropower, floodplain productivity Yes

(fisheries and grazing)

83 The Myitnge is a tributary of the Irrawaddy. Based our hydrological criteria, the Irrawaddy is classified as water abundant. However, the Myitnge flows into the Irrawaddy in the middle of
Myanmar's dry zone, a relatively arid part of the country in which irrigation is important. Because of those conditions, we placed the Myitnge within the category of water scarce basins.
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Amazon, Irrawaddy, and Mekong River Basins

The Amazon, Irrawaddy and Mekong river basins share
at least three major characteristics. All three: one,
support among the largest riverine fish harvests in the
world with migratory fish composing an important
component of harvest; two, have high levels of rich-
ness of fish and other freshwater species; and, three,
are among the river basins with the most proposed
hydropower dams. Completion of planned dams would
more than double total capacity in the Mekong, roughly
triple capacity in the Amazon and increase capacity by
more than five times in the Irrawaddy. Buildout at this
scale would dramatically increase the fragmentation of
river networks in those basins.®*

Migratory fish, however—particularly those that make
long-distance migrations—require unfragmented chan-
nel networks to move between various parts of the river
basin. For example, in these three tropical basins, many
migratory fish move between downstream habitats of
the system (the lower main channel and its floodplains
and delta) to spawn in upstream habitats, including
tributaries. Fragmentation of these migratory corridors
can result in dramatic losses of migratory fish biomass,
as happened with salmon in temperate rivers, such

as the Rhine and Columbia, and is projected to occur
on the Mekong with construction of mainstem dams
(Figure 5.1). A strategic environmental assessment for
mainstem Mekong hydropower reported that comple-
tion of all mainstem dams could reduce migratory fish
biomass by up to 42 percent (Figure 5.2).% A study that
only considered tributary dams found that fragmenta-
tion from those dams alone could cause migratory fish
biomass to decline by nearly 20 percent.®® In addition
to impacting fish harvest, fragmentation from dams is
aleading cause of the decline and loss of fish and other
freshwater species.®”

Alarge decline in migratory fish biomass would have
a significant impact on people who depend on wild
capture fisheries for food and livelihood. In the lower
Mekong, capture fish harvests are approximately

2.3 million tons per year (nearly 20 percent of global
freshwater fish harvest) with an estimated econom-
ic value of US$11.2 billion. Orr, et al., found that this

AMAZON

Area (km?): 6,009,241
Mean Annual Flow (cms): 205,000
Population: 33,000,000

IRRAWADDY

Area (km?): 377193
Mean Annual Flow (cms): 13,000
Population: 29,000,000

MEKONG

Area (km?): 807,568
Mean Annual Flow (cms): 16,000
Population: 66,000,000

source of protein would be difficult to replace for
countries such as Laos and Cambodia.®® Further,
for low-income rural people, wild capture fish
provide a source of protein that does not require
currency and can be sold to generate cash income.
Loss of this source of food and livelihood would
certainly cause significant short- to medium-term
disruptions for fishing-dependent communities.

The Irrawaddy is the major river of Myanmar
(Figure 5.3), a country which ranks fourth in

the world in terms of freshwater capture fisher-
ies, which provide the most important source of
protein in the country. Nationally, freshwater fish
harvests produce over 1.3 million tons per year
and employ approximately 1.5 million people.

The Amazon (Figure 5.4) has far lower population
numbers and densities than the other two river
basins, but still has reported riverine fish harvest
0f 400,00 tons.’® Similar to the Mekong, where
officially reported harvest levels are one-third that
of more comprehensive estimates, it is likely that
official harvest levels in both Myanmar and the
Amazon basin are underreported.

LOWER MEKONG BASIN

84 For hydropower increase and fragmentation estimates, see Opperman et al., 2015a
85 ICEM, 2010.

86 Ziv,etal, 2012

87 WWEF, 2014; McDonald, et al., 2012

88 Orr etal, 2012

89 Adapted from ICEM, 2010

90 WWEF, “Fish management in the Amazon floodplains.”
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FIGURE 5.1

Existing (including those under construction) and potential dams
in the Mekong River basin.
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FIGURE 5.2

Projected decline in the biomass of migratory fish in the
Mekong basin with development of mainstem dams.®®
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Analysis and results

For these three river basins, we explored a range of
impacts from hydropower buildout on the extent of
the channel network connected to the lower river
systems—and the potential for siting decisions to allow
as much migratory fish as possible at various devel-
opment levels. To do this, we modeled thousands of
combinations of dam buildout, drawing on inventories
of potential hydropower dams for the basins® and, for
each combination, quantified the extent of the channel
network connected to the mouth of the river. We used
this extent of connected channel network as a proxy for
habitat for migratory fish that make long-distance mi-
grations from habitats in the lower system to habitats
upstream. This approach makes several simplifying
assumptions, including that dams are not equipped
with effective fish passage. While fish passage is being
tried at dams within the Mekong and Amazon basins, in
much of the world—and particularly in tropical rivers
with migratory fish with high biomass and species
diversity—the effectiveness of fish passage has been
shown to be limited or is unknown.**

FIGURE 5.3

Existing (including those under construction) and potential dams
in the Irrawaddy River basin (Myanmar).
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91 Zarfletal, 2015
92 See Brown, et al., 2013; Noonan, et al., 2012
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FIGURE 5.4
Existing (including those under construction) HYDROPOWER PROJECTS
and potential dams in the Amazon River basin. 12,000 10,000
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FIGURE 5.5

Extent of channel network connected to the river's mouth (i.e., length of channel connected to lower river and not fragmented by a dam or other
obstruction. This can be viewed as an indicator of habitat for migratory fish that undertake long-distance migrations). For each river, thousands of
combinations of development options were modeled and the plots show the maximum, minimum and median length of connected river for various
levels of hydropower development. Note that kilometers include mainstem rivers and connected tributaries with a mean annual flow greater than

10 cubic meters per second.
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Further, migratory fish populations can persist up-
stream of barriers. However, this analysis is intended to
explore the general range of impact on—and potential
to maintain—overall connected migratory fish habitat
in the main river system. For more details on meth-
ods, see the “connectivity case studies” section within
Appendix E.

Working at this scale, we did not have financial or
economic data or specific existing plans on sequencing
of projects to generate a Business as Usual (BaU) case
that we could compare against a high-connectivity case
(e.g., HbD). Therefore, for these case studies, rather
than compare a set of HbD options versus BaU options,
we instead explored the distribution of thousands of
scenarios to delimit the range of possible outcomes for
migratory fish habitat at various levels of hydropower
development. In all three basins, there is great range

of potential impacts at various levels of development,
meaning there is also considerable potential to find
development options that reach various capacity or
generation targets while minimizing relative impacts to
migratory fish for that level of development. In Figure
5.5, compare the maximum line (the most migratory
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LEVEL OF HYDROPOWER DEVELOPMENT

habitat possible for that level of development) with the
median and minimum lines, which show the range of
distribution of options. In the Mekong, the highest con-
nectivity options were hundreds of kilometers greater
than the median connectivity options, while in the
Irrawaddy this difference was measured in thousands
of kilometers and in the Amazon tens of thousands of
kilometers. This analysis did not include financial costs
and revenues of the dams and did not consider other
impacts beyond connectivity, including impacts of

the dams, reservoirs and associated infrastructure on
indigenous lands, communities, biodiversity or oth-

er resources. Thus, understanding issues of financial
feasibility and broader costs and benefits would require
more rigorous study. These results are not intended to
make specific recommendations on options, but rather
are intended to illustrate the important point that, for a
given development level, it is likely that system plan-
ning that strives to maximize connectivity can result

in far better outcomes for connected fish habitat than
would arise without planning,.

Although the results in this case study do not consider
economic viability or the financial competitiveness of

projects, we can draw on two examples that have some
analysis of project investment costs, the Kouilou-Niari
River Basin in the Republic of Congo (Box 5.1) and the

Tapajos River in Brazil.

The 2015 Power of Rivers report contained a case
study on the Tapajos River (Brazil) which compared
27 development options, including two options that
would develop approximately 65 percent of the ba-
sin’s hydropower capacity. Of these two, a BaU option
selected projects based on a least-cost criterion, while
the HbD option strived to balance connectivity and
capacity. The HbD option had a connected network
that was almost 2,000 kilometers longer (80 percent
greater) with a total cost, in terms of levelized cost of
energy (LCOE), that was only 4 percent more than the
BaU least-cost option. The report modeled how global
application of this approach to the siting of new dams
could protect more connected river habitat and found
that, for a level of development approaching predicted
levels for 2040, application of HbD to find options
that had low impacts on connectivity could result in
100,000 kilometers more connected river networks
globally than BaU approaches.”®

:10) @GN

Options with relatively high connectivity are highly
unlikely to emerge by chance, but will require strategic
selection of certain projects or patterns of develop-
ment, identifying tributaries, for example, that will

be developed for hydropower and identifying other
tributaries for protection. Norway and Iceland have
conducted national studies that categorize rivers and
river reaches in that manner (see Chapter 6). This
underscores the value of basin-scale planning, options
assessments and realistic analyses of cumulative im-
pacts and costs and benefits. Perhaps most importantly,
these approaches can identify projects to avoid because
they have particularly high impacts on connectivity.
Once such a project is developed, it forecloses many
possible viable options for maintaining connectivity.
This is clearly illustrated in the Mekong basin by the
loss of options for maintaining connectivity, across a
broad range of development levels, by the construction
of a single high-impact dam (Lower Sesan 2, in Cam-
bodia; see Box 4.2). This dam was identified by Ziv, et
al., in 2012 as the single most-damaging tributary dam
in the Mekong basin, with an impact on migratory fish
almost an order of magnitude higher than the second
most impactful dam.*® Lower Sesan 2 was approved the
next year, illustrating the current gulf between scientif-
ic guidance and decision making.”® Dams proposed on
the lower mainstem in Cambodia (Sambor and Stung
Treng), which are now moving through the planning
process, would have even more dramatic negative im-
pacts on system-scale connectivity.

Tradeoffs between river fragmentation and forest fragmentation in the Kouilou-Niari River basin

Currently, less than half of people in the Republic of Congo have
access to electricity, including less than 5 percent of people in rural
areas. Natural gas plants comprise the largest installed capacity (350
MW, nearly 60 percent of national total), followed by hydropower (209
MW, 34 percent).”* The government of the Republic of Congo seeks to
meet rising demand for electricity and views the Kouilou-Niari basin,
which currently is undammed, as a potential development area for
hydropower. We derived a Business as Usual (BaU) scenario for future
development from government documents, which currently envision a
single purpose hydropower dam on the mainstem of the river. We ex-
plored alternative options (other dams or combinations of other dams)
for developing hydropower with similar generation and investment
costs as the BaU, but with potentially lower environmental costs

(i.e., Hydropower by Design ‘HbD' options). To examine potential
alternatives to the BaU option, we used an inventory of 13 potential
dam sites across the basin with a range of installed capacity. Alterna-
tive options and combinations of interacting options were evaluated
and compared using a river basin simulation model linked to an auto-
mated search algorithm to quantify how each option performed across
metrics for river connectivity and for forest fragmentation. For more
detail on methods, see “tradeoff analysis” in Appendix E.

93 Opperman, et al.,, 2015
94 USAID, 2017.

95 Ziv, etal, 2012

96 Opperman, 2014.

The dam in the BaU option is capable of more generation (nearly
4,000 GW hours per year) than any other single dam in the inventory.
Thus, all HbD scenarios required more than one dam to have at least
comparable levels of generation. The mainstem dam of the BaU is the
most downstream dam among all potential dams in the basin and,
therefore, all alternative options performed better in terms of connec-
tivity for migratory fish. Conversely, the BaU dam is relatively close to
the existing transmission grid and so all alternative options required
more transmission lines, which can fragment forests and negatively
impact wildlife, include great apes that live in the basin. The best
performing (multiple dam) HbD scenario had almost four times
greater river connectivity, but almost three times greater length of
transmission lines, for similar levels of generation and investment cost.
This illustrates a clear tradeoff between one larger dam on a mainstem
(with greater river fragmentation but lower forest fragmentation)
versus two or more smaller dams higher in the watershed (with less
river fragmentation but more forest fragmentation).




Magdalena River Basin: Integrating Models to Identify Strategic Systems

Composed of Bankable Projects®’

Basin Overview

Colombia’s Magdalena River flows for 1,500 kilome-
ters from its source in the Andes to the Caribbean Sea
(Figure 5.6). With a mean annual flow of 7,300 cubic
meters per second, it is the fifth largest river in South
America. Spanning nearly a quarter of Colombia’s land
area, the Magdalena basin (273,000 square kilometers)
is the economic, social and cultural heart of Colombia.
It constitutes Colombia’s most important region from
several perspectives:

Population: 36 million people live in the basin,

representing 75 percent of Colombia’s total population.

Economy: Supports 86 percent of Colombia’s GDP,
75 percent of the nation’s agricultural production and
90 percent of its coffee production.

Energy: Generates 70 percent of hydropower energy
and is the source of 90 percent of its thermoelectric
energy.

Biodiversity: Supports 250 species of mammals,

800 species of birds and 400 species of amphibians.

Of the 213 identified fish species, over half are endemic.
Nearly a quarter of land cover in the basin is consid-
ered natural or pristine habitat and 7 percent of the
basin is protected under the national parks system
(UAESPNN).

Indigenous Communities: Approximately 140,000
indigenous people live in the basin, mostly within
143 indigenous reserves that span 775,000 hectares.

The Magdalena basin currently has 35 medium and
large hydroelectric sites that produce an average of
33,400 GWh per year from an aggregate installed
capacity of 6,673 MW. Approximately 100 other
potential sites in the Magdalena, with an aggregate
capacity of 24,000 MW, were identified through a basin
study in the 1970s.%® Seven of those projects are larger
than 500 MW and two of those, with a total capacity

of 2,800MW, are currently under construction.

Magdalena ‘Business Case' Introduction

This Business Case demonstrates how different mod-
eling methodologies can be combined into a single deci-
sion-making framework, with the goal of generating a
‘common language’ which accurately frames tradeoffs
and alternatives for decision makers. Further, this
approach can increase the transparency of decisions
and improve access to information for stakeholders. In
collaboration with PSR, a Brazil-based energy consul-
tancy in software development and modeling analyses,
we brought together four basic modeling families

(see Figure 4.1) to provide an integrated analysis,
spanning financial returns, energy targets and cumula-
tive impacts across resources that have value to a range
of important stakeholder groups. This research drew
upon comprehensive data on environmental and social
resources and stakeholder perspectives, compiled

by The Nature Conservancy over several years

(see Appendix B).

Through this Business Case analysis, we compared
alternative buildout scenarios that selected from

97 potential dam sites as catalogued in the 1979 hydro-
power master plan Study of the Electric Energy Sector.
This study is broadly considered to be reliable by gov-
ernment and developers. We used PSR’s model, HERA,
to apply modern dam design and costing frameworks to
these sites, described in detail in the “Magdalena case
study analysis” section in Appendix E.

Note that the scenarios presented in the following
pages do not constitute a specific recommendation for
hydropower buildout in the Magdalena basin. Rather,
we use these analyses to explore the potential financial,
economic and environmental benefits derived from a
HbD approach compared with BaU practices.

As discussed in Chapter 4, HbD can produce two sourc-
es of financial value—optimization through system
engineering and improved risk management. Below,
we describe scenarios to explore these sources of value.

97 More detail on the Magdalena basin can be found in Appendix B.
98 DNP,1979.
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FIGURE 5.6

Map of the Magdalena River Basin (Colombia) with existing and potential hydropower dam sites.
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Financial Driver #1:
Optimization via System Engineering

For the case of the Magdalena, we formulated a
Business as Usual (BaU) scenario designed to mimic
how current development decisions are made in the
basin. Colombia’s hydropower development process
relies on independent project development initiatives
made in response to periodic auctions by the govern-
ment for additional energy capacity. Currently there
is no centralized or coordinated planning, with deci-
sion-making for project site identification distributed
among multiple competing non-coordinated

market agents.

Developers generally prioritize projects with the
highest Net Present Value (NPV). The BaU algorithm
mimics this development framework by constructing
sites on an iterative basis by prioritizing those with the
highest NPV. The selection and construction of a site
potentially changes the conditions for all future sites
by updating the river cascade topology after each plant
isinstalled. The model then recalculates NPV values
for the remaining sites and selects the project with the
highest NPV among those. This continues until a target
generation level is reached.

We then examined alternatives to the BaU scenario.
First, we developed a System Engineering scenario,
which optimizes the basin buildout in an integrat-

ed fashion. Rather than selecting sites sequentially,
maximizing project-level NPV at each step, the system
engineering scenario seeks to optimize NPV for an
overall system that can meet the same energy gener-
ation target as the BaU. By considering how projects
interact with each other (e.g., through flow regime) and
through a holistic assessment of costs and dam design,
this approach can capture system-scale efficiencies.
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FIGURE 5.7

Distribution of project-level Internal Rate of Return (IRR) and
Net Present Value (NPV) for BaU versus System Engineering
scenarios of hydropower development in the Magdalena Basin.
The median NPV and IRR for a scenario describes the median
value from a number of Monte Carlo simulations of the
aggregated cashflows from all projects in that scenario.

IRR PROBABILITY DISTRIBUTION
=== BAU == SYSTEM ENGINEERING

AN

10
0 / /
18 20 22 24 26

28 30 32 34%

NPV PROBABILITY DISTRIBUTION
[ BAU W SYSTEM ENGINEERING
40%

30

| $50 | $54 | $58 | $62 | $6.6 | $7.0 |

MEDIAN MEDIAN
NPV IRR 28.5%
$6.3 0
$5.8 BILLION 251%
BILLION
BAU SYSTEM BAU SYSTEM
ENGINEERING ENGINEERING

The optimization for the system engineering approach
is solely designed to maximize basin-level profit and
does not integrate social or environmental impacts

and resulting impacts on project-level risk. Electric-
ity revenues are based on long term Power Purchase
Agreement contracts (US$56 per MWh) and ‘reliability
charge payments’ applied to the firm capacity of each
plant (US$15 per MWh). Electricity surplus (positive
difference between energy generation and contract vol-
ume) or shortfall (negative difference) is cleared in the
Colombia power market at the prevailing market price.

The System Engineering approach to developing a
portfolio yielded a 9.3 percent increase in expected
NPV of profitability to developers (defined as revenues
minus costs, over a 35-year timeframe, discounted at
a9 percent rate). A related measure, Internal Rate of
Return (IRR), increased from 25.1 percent in the BaU
case to 28.5 percent in the System Engineering Case
(Figure 5.7 and Table 5.2). Both the IRR and NPV indi-
cators suggest that the accumulation of project-level
decisions in the BaU leaves money on the table from

a financial perspective by failing to capture a range of
system-scale efficiencies which can only be identified
through a comprehensive basin planning process.

TABLE 5.2

System-scale performance of the BaU scenario and the System Engineering scenario.

Scenario BaU
Available Projects 97
Selected Projects 4
Installed Capacity (MW) 5,365
Mean Yearly Production (GWh) 29191
Firm Energy (MW average) 2,153
Mean Yearly Firm Energy (GWh) 18,859
Environmental Impacts Index 61%
Social Impacts Index 80%
NPV (US$bn) $5.8
IRR (%) 251%

System Engineering
97

1
4,646
29,651
2,176
19,063
61%
48%
$6.3
28.5%
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Financial Driver #2:
Optimization via Social and Environmental
Risk Reduction

The second driver of financial value involves in-
corporating the risk contribution from social and
environmental factors into projections for construc-
tion-related cost overruns and time delays. Social

and environmental impacts can lead to conflicts that
contribute to the delays and cost overruns that are very
common for hydropower projects (see Chapter 3).

To frame this analysis, we identified peer-reviewed
data sets indicating the overall construction cost and
time overruns for hydropower projects® and then
transformed the associated distribution curve based
on an environmental and social contribution factor
(i.e., the percentage contribution made to the overrun
by environmental and social risks). In this analysis, we
assumed this to be 30 percent'®.

We then matched each project to an “environmental
and social risk score” that defines what kind of time
delay and/or cost overrun would be expected for the
project. These data and construction of this risk score
index were informed by several years of TNC’s engage-
ment with the basin and integrates a variety of environ-
mental, social, demographic and economic variables.
Some of these variables include mining areas, protected
natural reserves, sensitive ecosystem zones (such as
dry forest), anticipated population resettlement, indig-
enous community territories and post-conflict zones
(see Appendix B). The risk score was weighted approx-
imately 80 percent by social risk and 20 percent by
environmental risk, reflecting the reality in Colombia
that conflicts over social resources tend to contribute
more to project conflict and delay than do environmen-
tal impacts (note, however, that many social impacts
arise from environmental impacts).
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FIGURE 5.8

Distribution of project-level Internal Rate of Return (IRR) and Net
Present Value (NPV) for BaU versus Risk Optimization scenarios
of hydropower development in the Magdalena Basin. The median
NPV and IRR for a scenario describes the median value from a
number of Monte Carlo simulations of the aggregated cashflows
from all projects in that scenario.
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The Risk Optimization scenario highlights the value

of prior consultation with social and environmental
interests and demonstrates how incorporating a better
understanding of those impacts into site selection can
reduce risks and result in improve project-level finan-
cial performance. The first set of BaU results were risk
blind, so we sought to understand how a more-compre-
hensive assessment of risk could affect the BaU proj-
ects. We modeled the potential for environmental and
social impacts to translate into delays and cost over-
runs by applying a risk penalty (the environmental

and social risk score) to the projects selected through
the BaU approach. Through this, we generated a

new set of NPV and IRR scores for the BaU portfolio
(Figure 5.8 and Table 5.3). Note that the Risk
Optimization scenario also incorporates the
basin-scale engineering benefits generated by the
Engineering Optimization scenario.

We then selected a “Risk Optimization” portfolio of
projects—also intended to meet the same generation
target as BaU—that incorporated projections of how
risk could affect NPV before sites were selected (i.e.,
on an ex-ante basis). Projects within the BaU scenar-
io were heavily impacted by the risk penalty with a
considerable decline in NPV and IRR values (see the
leftward shift from BaU to risk-adjusted BaU in
Figure 5.8). Large, complex projects with many
negative impacts were projected to suffer from sub-
stantial time delays and cost overruns. By contrast,
projects within the Risk Optimization scenario, which
incorporated project risk on an ex-ante basis into the
project selection process, showed a relatively small
decline once we modeled the impact of risk on project
performance. The Risk Optimization scenario selected
far more projects (18) than did the BaU scenario (4),
reflecting that the largest hydropower projects often
are associated with the highest degree of social and
environmental risk.

TABLE 5.3

System-scale performance of the BaU scenario and the Risk Optimization scenario.

Scenario

Available Projects 97
Selected Projects 4
Installed Capacity (MW) 5,365
Mean Yearly Production (GWh) 29,191
Firm Energy (MW average) 2,153
Mean Yearly Firm Energy (GWh) 18,859
Environmental Impacts Index 61%
Social Impacts Index 80%
NPV (US$bn): Risk-Adjusted $2.4
IRR (%): Risk-Adjusted 12.9%

Risk Optimization

99 Sovacool, et al., 2014.

100 This estimate was informed by experience of members of the research team evaluating risk profiles of hydropower projects through application

of the Hydropower Sustainability Assessment Protocol (IHA, 2010).
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The Hydropower by Design Case: Harnessing Financial
Drivers to Pay for Enhanced Public Benefits

As summarized in Chapter 4, the financial benefits of
HDbD can potentially be used to “pay for” more strategic
outcomes. To explore the potential for HbD financial
value to promote these broader objectives, we also
developed another set of scenarios, organized as a set
of Narratives that limit basin buildout to pre-defined
development corridors (e.g., ‘working’ versus ‘pristine’
river segments) with the intent of accomplishing spe-
cific environmental and social objectives.

Background for Narrative Scenarios

Given the lack of existing coordination for site identifi-
cation among governmental functions, the Conservan-
cy convened a workshop series with Colombia’s Nation-
al Authority for Environmental Licensing (ANLA),
along with other agencies including the Ministry of
Environment and Sustainable Development (MADS),
Ministry of Mining and Energy (MINIMAS), the Na-
tional Energy Planning Unit (UPME), regional environ-
mental authorities and representatives of major energy
companies. The objective of the discussions was to
outline potential hydropower expansion scenarios that
would focus development within certain areas while
also focusing protection on other areas. The resulting
Narratives can be translated into scenarios within this
modeling framework through simple rule sets that
bound some site selection decision. For example, the
rules may constrain development from happening
within a certain region or river reach or limit develop-
ment to tributaries to avoid fragmenting the mainstem,
or avoiding displacement. For this case study, we focus
on three Narratives:
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Narrative A: Avoids development with the Magdale-
na’s main functional network, including the mainstem
and a set of free-flowing tributaries (Saldafia, Carare,
Cesar, San Jorge, etc.). Rivers outside of this network
are defined as ‘working rivers.’

Narrative B: Includes the same restrictions as Nar-
rative A, but also avoids projects along an additional
list of important rivers including the Cauca, Sogamoso,
Alto Magdalena and Paez.

Narrative B and Meet Production Target: Forces
sub-economic projects via higher energy tariffs to still
allow for meeting the approximately 30,000 GWh
annual generation target.

As expected, the Narratives resulted in far lower im-
pacts, as reflected in the environmental and social in-
dices (see Figure 5.9 and Table 5.4). NPV and IRR were
either comparative or superior in Narratives A and B
relative to BaU, although Narrative B has a lower total
count of financially viable projects and hence meets
alower annual power generation target. Intriguingly,
if some of this financial surplus is re-allocated to the
sub-economic projects through differential power pric-
ing (“Narrative B & Meet Production Target”) it is still
possible to roughly meet the energy production target.
Narrative B could be a key part of meeting that energy
target if generation from other renewable sources,
such as wind and solar, were increased, an integrated
approach to renewable energy planning as described in
the Sarawak case study.

FIGURE 5.9

Performance relative to BaU for energy, financial, environmental and social metrics for the Risk Optimization scenario and three narratives based

on specific conservation “narratives.” Note that "positive" bars indicate improved performance (e.g. a positive bar for "social index" indicates

lower negative impacts on social values).
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TABLES5.4
System performance for the BaU scenario compared to the Risk Optimization
scenario and three narratives based on specific conservation “narratives.”
NARRATIVE

Scenario Risk Optimization
Available Projects 97 97
Selected Projects 4 18
Installed Capacity (MW) 5,365 4,686
Mean Yearly Production (GWh) 29,191 29,412
Firm Energy (MW average) 2,153 2,220
Mean Yearly Firm Energy (GWh) 18,859 19,451
Environmental Impacts Index 61% 58%
Free River Length (km) 8,588 8,228
Degree of Regulation (%) 16% 10%
Sediment Transport Alteration (%) 40% 46%
Dry Forest Affected (Ha) 1,093 344
Wetlands Affected (Ha) 4,402 1,108
Social Impacts Index 80% 27%
Population Resettled 26,777 8,280
Productive Lands Affected (Ha) 24,938 6,226
Indigenous Population Affected - -
Mining Areas Affected (Ha) 6,949 4,943
Post-Conflict Zones Affected 14,922 796
NPV (US$bn): Risk-Adjusted $2.4 $5.3
IRR (%): Risk-Adjusted 12.9% 22.3%

4,690
28,156
2197
19,244
55%
8,548
12%
40%
929
3,995
44%
22,234
15,946

4,651
949
$3.9

17.3%
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4,370
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2,028
17,761
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8,458
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43%
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402
21%
4,608
9,966
2,927
759
$0.2
9.3%
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Conclusions

In the scenarios described here, the financial benefit
via system engineering and avoided environmental

and social risk accrues to investors through enhanced
NPV and IRR. However, so long as the projects remain
financially viable, it is possible to instead transfer this
financial benefit from investors to the public interest,
thereby building a bridge to government so it can afford
to be strategic about its hydropower buildout.

¢ Lower energy tariffs to electricity consumers

e Paying for alternative dam design and operations
to provide other public benefits

e Alternative siting to avoid population
displacement

¢ Environmental flows to maintain or restore
downstream ecosystems

Furthermore, we should note that in many ways the
above scenarios represent conservative estimates re-
garding the financial benefits derived from basin-scale
planning. The financial analysis only considers risks
during the construction period. Substantial time delays
and cost overruns, triggered by social and environmen-
tal risk, can also occur during the project design phase.
Further, this analysis doesn’t capture the potential risk
of full project cancellation—though relatively rare, this
is obviously a major risk of large, complicated projects
(see Box 3.2).
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Additionally, candidate sites were limited to those
identified in the 1979 inventory and our modeling was
limited to designs that match the dam heights rec-
ommended in that inventory. The HERA model used

in this study can also generate new dam inventories,
based on topography, hydrology and risk factors and
then explore a full range of dam heights and designs for
each site. All variables can be combined into an overall
system optimization. In other words, a full application
of modern tools might result in an improved dam in-
ventory of bankable projects that provides even greater
flexibility for achieving other economic objectives and
meeting sustainability goals.

Finally, this analysis was limited to hydropower as a
solution to meeting a generation target and did not
consider the potential for a mix of renewable sources
to meet that target. Future work incorporating this
greater complexity will increase the likelihood for cap-
turing value and achieving more sustainable outcomes,
further highlighting the potential of integrated energy
planning and using system perspectives to guide

site selection.

© JUAN ARREDONDO (BOCAS DE BARBACOAS, MAGDALENA RIVER, COLOMBIA)




Whole energy system planning: comparing hydropower
and decentralized alternatives for Sarawak (Malaysian Borneo)'”!

Background: Borneo and the Sarawak Corridor
of Renewable Energy

The rapid economic growth in Southeast Asia in the
new millennium has led to a dramatic increase in the
development of large hydropower projects in river
basins including the Yangtze and the transboundary
Mekong. In Malaysia, the state government of Sarawak
is implementing a development program called the
Sarawak Corridor of Renewable Energy (SCORE) with
a predominant emphasis on hydropower.!°? Sarawak,
located along the northern coast of the island of Borneo
(Figure 5.10), is the poorest and most rural state in
Malaysia. The state government is hoping that inex-
pensive electricity will attract manufacturing and pro-
mote economic development. The current peak annual
energy demand in Sarawak is 1,250 MW, met by a mix
of diesel, coal and natural gas generation either oper-
ated or purchased by the state utility company. At least
12 large hydroelectric dams and two coal power plants,
together constituting 9,380 MW of capacity, are sched-
uled to be built before 2030.1%3

Although those dams could meet energy demand,
Sarawak supports globally significant ecological and
cultural values and development of the proposed dams
would cause significant social and environmental
impacts, including the displacement of approximately
100,000 indigenous people and loss of at least

2,425 sqaure kilometers of direct forest cover loss.’**
Six dams are scheduled to be completed by 2020,
including three already under different stages of
development (see Figure 5.10).1%° In 2012 the 2,400 MW
Bakun dam became operational. The dam's reservoir
submerged 700 square kilometers of land and displaced
about 10,000 people. In 2013, the 944 MW Murum Dam
was completed and the 1,200 MW Baram Dam was
scheduled for construction.

FIGURE 5.10

Sarawak on Malaysian Borneo.
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101  Lead authors: Rebekah Shirley and Daniel Kammen

102 SCORE, "What is SCORE?"

103  Sovacool and Bulan, 2012.

104 Fonds, 2012.

105  Suruhanjaya Tenaga (Malaysia Energy Commission), 2012.
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However, the government announced a moratorium
against the Baram Dam in September of 2015, largely
in response to local and international pressure. On
March 21, 2016 a legal decision to solidify this position
was announced: the Government of Sarawak reaffirmed
indigenous ownership of the land for the dam site,
reversing a previous classification that would have al-
lowed the developers to proceed. This decision demon-
strated that communities can advocate effectively to
protect their interests. It also demonstrated the value
of science communication. Research published by the
Renewable and Appropriate Energy Laboratory (Uni-
versity of California, Berkeley) had identified financial-
ly viable commercial power production alternatives for
the state and the government’s awareness of realistic
energy alternatives facilitated the decision to cancel
Baram Dam. This case study summarizes that research
and illustrates how expanding the search for options to
include other generation sources can reveal alternative
pathways that may have a better mix of balanced out-
comes and avoid negative impacts that are too high.

Balancing the need for large infrastructure with locally
appropriate energy solutions presents very real gover-
nance and technical challenges. While there is wide-
spread agreement on the need for a planning approach
that combines large infrastructure and decentralized
systems, most national energy or electrification strate-
gies contain minimal consideration of this integration
and little information on the potential for decentral-
ized solutions is available for public discourse.!°¢ This
case study is part of a broader research program to
address this gap and contribute to the literature on
management of energy transitions. In this study, we
adapted along-term energy simulation and analysis
tool and demonstrate its use in comparing energy
options in Sarawak, including alternatives to a BaU ap-
proach that emphasizes large hydropower. This region
provides an illustrative case study for the potential for
whole-system energy planning because it is a growing
economy making a transition toward industrialization,
has arange of generation options, including renew-
ables, and has globally important cultural and environ-
mental values that can be impacted in different ways by
different energy development pathways.

106 Tenenbaum, et al., 2014.
107 Sarawak Energy Berhad, 2010.
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FIGURE 5.11

(A) Growth in demand for total electricity (above) and maximum (below) for Sarawak since 2010 and then projected to 2030
following the same growth rate. (B) Four scenarios of future growth in electricity demand for Sarawak.
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Analysis: Using Grid Simulation to Compare Cost and
Benefit of Viable Energy Mixes

To date, there has been little quantitative analysis of
Sarawak’s energy options or cost and benefit tradeoffs
and this lack of information and public discussion are
major barriers to comprehensive energy planning. This
case study addresses the question: What are feasible
alternative energy futures for Sarawak that meet future
energy demand for the local population given priorities
of (a) cost, (b) reliability and (c) environmental impact?

In this case study we describe a model of the proposed
energy system simulated under different future sce-
narios using the commercial energy market software
PLEXOS. Using this commercial power-simulation
application we prepared a long-term capacity energy
expansion model for the state of Sarawak. We first
mapped available primary energy resources, existing
generation and potential generation options. In addi-
tion to the existing plants, these generation sources
include hydropower and decentralized sources such
as solar photovoltaic (PV), conversion of palm oil mill
effluent (POME) and biomass gasification. Using data
on these sources, we then analyzed optimal system con-
figurations for Sarawak over the long term, based on
existing generation and resource and operability con-
straints, incorporating metrics for the costs of green-
house gas emissions. We built four demand-growth
scenarios and four policy scenarios to explore a range
of economic assumptions and then modeled the re-
sulting cost, performance and environmental tradeoffs
through linear optimization.

The SCORE plan assumes a nine-fold increase in
electricity demand between 2010 and 2020 (from 5,921
GWHh to 54,947 GWh), which represents a 16 percent
per annum growth rate. In terms of installed capacity,
this translates to an expansion from 1,300 MW in 2010
to between 7,000 MW and 8,500 MW in 2020.1°” We
modeled both this SCORE growth assumption and a
conservative historic 2 percent per annum growth as-
sumption. We then modeled two intermediate growth
rates: 7 percent per annum and a more ambitious 10
percent per annum (see Figure 5.11). We also incorpo-
rated policy scenarios such as the establishment of a
Renewable Portfolio Standard (RPS) or Feed-in Tariff
(FiT), policies happening elsewhere in Malaysia, to
observe the effect of policy instruments on the optimal
energy mix. For more details, see “Sarawak methods” in
Appendix E.

Results: Incentive Schemes Can Significantly Influence
Most Optimal Energy Mix

We found that Sarawak’s current installed capacity,
including Bakun, already exceeds expected demand in
2030 under the historic growth assumption. So, using
this growth forecast, the results showed no additional
buildout and no investment differences across policy
scenarios. The Bakun Dam itself can provide more than
10,000 GWh per annum. Under a 7 percent electricity
demand growth assumption, Bakun’s generation could
meet half of expected demand by 2030. Even under

the more aggressive 10 percent growth assumption,
Bakun alone would satisfy a third of demand in 2030.
Completion of the two additional dams currently under
construction (Murum and Baram) would result in an
oversupply relative to 2030 demand projected with

7 percent growth, leading to a large excess capacity.
Under the 10 percent growth projection, this level of
generation would require a marginal amount of addi-
tional generation.

The other scenarios show that decentralized genera-
tion sources, including PV, biomass gasification and
POME conversion, can all contribute to meeting future
demand. Both the FiT and RPS scenarios call for the
buildout of over 450 MW of biomass waste capacity.
The overall total cost per year is quite similar across
the other scenarios, though the various cost compo-
nents differ. We find the Reference and FiT scenarios
have the lowest total cost and levelized costs across the
fifteen-year time horizon (Figure 5.12).
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FIGURE 5.12

Generation profile, cost components and generation characteristics of scenarios under 7 percent demand growth.
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The SCORE scenario has a higher total cost and a
higher levelized cost than all other scenarios. While it
has alow fuel cost and emissions cost, the high annual
build cost and associated fixed costs are high. This is
because the system is over-built. Building three dams
causes the Capacity Reserve Margin to rise to over

300 percent and the reserve margin stays well above
100 percent in 2030, much higher than the 15 percent
minimum constraint imposed. The SCORE scenario
has 6 GW installed capacity by 2030, almost 33 percent
greater than any of the other scenarios which each
have roughly 4 GW installed. Nevertheless, the SCORE
scenario has one of the lowest emissions production
and emission intensity rates. The overall total cost per
year is quite similar across the other scenarios, though
the various cost components differ. We find the Refer-
ence and FiT scenarios have the lowest total cost and
levelized costs across the fifteen-year time horizon.

When we applied low future renewable energy technol-
ogy costs (Biomass: US$1,500/kW; POME: US$2,000/
kW, Solar PV: US$1,100/kW and Wind: US$2,210/

kW) it changed the resulting generation matrix in the
FiT scenario and called for as much Palm Oil Biomass
generation and PV generation as possible, with no
conventional generation chosen. These results show
that renewable resources, including solar and biomass
waste, can contribute to the generation mix at lower
cost and environmental impact than additional dam
construction over the long term and especially when
supported by incentive schemes.

We considered the additional cost of environmental
impacts, including greenhouse gas (GHG) emissions
and direct loss of forest land, as follows: We applied
emissions factors to generation and assumed that a
carbon price of US$10/tonne CO,-eq is applied in 2015.
A charge based on Forestland Value (FLV) was applied
as a fixed charge per kW-year. We found that inclusion
of the carbon adder changed the optimal configurations
selected, while the land-value adder had little signif-
icant impact on the choices made. Emissions caused
total annual cost in 2030 to be 4 percent greater for

the SCORE scenario while increasing the total cost

by a much larger margin for other scenarios. The FLV
adder caused no observable change in any cost property
for any scenario. Inclusion of the environmental-cost
adders also caused fuel switching: the 20 percent

2020 RPS scenario again built out 490 MW of biomass
gasification and POME biogas capacity while the FiT
scenario switched to 596 MW of Solar PV.
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The oil palm industry in Sarawak represents a partic-
ularly high quality biomass waste resource. Sarawak
alone represents 45 percent of Malaysian crude oil pro-
duction with an average of 8.5 million tonnes annually.
There are forty-one palm oil refineries across Sarawak
and a number of these refineries are near major load
areas allowing palm oil waste-to-energy to be a feasible
option for energy production. The process of extract-
ing crude oil and palm kernel from fresh fruit bunches
(FFB) generates considerable amounts of residue.
These include solid residues such as shells, fibers and
empty fruit bunches (EFB), as well as liquid wastes
including palm oil mill effluent (POME). A number of
studies find the economics of oil palm waste to energy
conversion to be feasible in Malaysia and Sarawak par-
ticularly.’® Common energy conversion technologies
explored for EFBs include ethanol production, meth-
ane recovery, compression and briquette production,
and cogeneration or combined heat and power produc-
tion. However, studies find that less than 30 percent of
palm oil mills in Malaysia are involved in some sort of
recycling activity for EFB or POME.!*° Thus, palm oil
wastes represent a readily available resource in need of
an innovative and efficient means of utilization.

Further, Sarawak has considerable potential for solar
energy (Figure 5.13). The minimum monthly average
for insolation in Sarawak is found in the month of Jan-
uary at 3.26 kWh per square meter per day and max-
imum monthly value in April at 6.91 kWh per square
meter per day with the annual average being 5.00 kWh
per square meter per day. Though a good quality re-
source, according to the Malaysia Energy Commission,
there are only 10 MW of photovoltaic capacity installed
in Peninsula Malaysia through small SPPs ranging in
size from 0.5 MW to 5 MW."° Thus there is also signifi-
cant opportunity to develop the solar sector.

We estimate the size of the biomass waste resource
from oil palm through correlation with total land area
under palm oil plantation and standard yield rates. We
estimate solar resource based on selection of zones
that receive significant annual insolation (monthly
averaged insolation above 5 kWh per m2 per day more
than nine months of the year). Selecting only mill sites
or solar resource within 50 kilometers of existing HV
transmission and conservatively assuming only

3 percent of selected solar area can be used for PV, we
find there is over 1 GW photovoltaic potential and 450
MW of biomass waste energy potential across the state,
currently undeveloped. Future work will feature a more
detailed study of the interactions between electricity
sources, including how operations of existing hydro-
power facilities can support greater proportion of
variable generation in the grid.

FIGURE 5.13

Spatial distribution of generation resources under different development scenarios. The top map shows distribution of reservoirs with hydropower
development under the SCORE scenario. The lower map shows the distribution of decentralized generation sources (solar and POME).
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109 Chiew, et al.,, 2011
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Discussion: High-Level Energy System Planning Tools
Can Reveal Sustainable Alternatives

Energy infrastructure is critical to the future of any
rapidly developing economy. Unprecedented rates

of growth in the global South have quickly raised the
stakes for finding optimal energy technology mixes to
keep pace with development needs, where the term
“optimal””usually derives from a techno-economic
perspective. Yet the number of projects deployed in
developing countries over the last two decades that
perform poorly in terms of broader economic and
environmental resources and public support, the
environmental and public support, illustrates a major
disconnect between planners, their tools and their
project stakeholders.

Our application of a capacity-expansion methodology
has implications for many other regions where the
need for assessment of alternatives to large-scale ener-
gy infrastructure may exist. The Lower Mekong River
Basin, for instance, is currently undergoing massive
hydropower development (see case study earlier in

this chapter). Similar large-scale energy infrastructure
projects are underway across Africa and Latin America.
These development pathways are often characterized
by limited information, unrealistic assumptions of fu-
ture demand and narrow definitions of cost (focused on
technical and financial with oft-limited consideration
of social and environmental costs) that impede broader
evaluation of risk and tradeoff. In this case study, we
demonstrated a simple and effective framework for
assessing critical assumptions embedded in energy-in-
frastructure development strategy while also providing
directionality for appropriate solutions.

Our results highlight that projections of future demand
can be grossly overestimated, leading to unnecessar-
ily high projections for needed growth in generation
capacity. We also found that decentralized solar and
biomass waste technologies can contribute significant
capacity to the state’s energy portfolio and can meet re-
alistic electricity demands at a lower financial cost than
through development of additional large hydropower
dams. These findings are consistent with other studies
finding solar and biomass waste to be effective solu-
tions for Borneo given their large resource potential.™
The development pathways that include decentral-
ized alternatives also would have dramatically lower
impacts on indigenous communities, forests and rivers,
although they also have higher emissions of GHG.

11 Shuit, et al., 2009; Sulaiman, et al., 2011.
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Integrating Reservoir Operations and Floodplain Management:
Yangtze, Mokelumne and Savannah River Basins™

A key principle of Hydropower by Design is the inte-
gration of other sectors and economic priorities within
planning and management of hydropower. While most
of the examples in this report of the integration of
hydropower with water-management services focus on
dam planning and operation, this system-scale integra-
tion can extend to land management as well, folding in
interventions such as groundwater recharge or irri-
gation efficiencies. In these case studies we examine
how management of floodplains can be integrated with
the management of hydropower reservoirs to identify
options that improve environmental, economic and
financial performance of infrastructure within a

river basin.

We summarize analyses within three different river
basins that share a similar conceptual approach. The
research focused on the potential to: one, reduce stor-
age allocated to flood management within reservoirs;
two, compensate for that reduced flood-management
storage through interventions on the floodplain intend-
ed to maintain or improve flood safety for people, rel-
ative to the status quo; and, three, produce additional
economic or environmental benefits with the increased
storage made available by the reduction of flood storage
in reservoirs. These economic benefits can include
hydropower generation, water supply, or recreation.
The environmental benefits include improved down-
stream flow regimes. Note that these analyses were
conducted as proof-of-concept research. Changes

to flood-management storage and operations are of
course major decisions, and our presentation of these
results does not imply endorsement from the relevant
flood-management operators.

Yangtze River

In the Yangtze, we studied a cascade of hydropower
dams and explored the potential for reducing flood
storage in their reservoirs, coupled with investments

in the downstream floodplain, to produce a broader
mix of economic and environmental benefits, including
addressing three important needs for the basin: one,
flood-risk reduction; two, renewable energy generation;
and, three, conservation and restoration of ecosystems
and biodiversity.

The Yangtze River basin supports a population of

400 million people and much of China’s most produc-
tive agriculture. Flooding has been a major concern
within the Yangtze valley for centuries. Although Three
Gorges Dam has reduced flood risks, flooding remains
an issue for the large populations and agricultural lands
downstream of the dam (Figure 5.15). Future climate
and hydrology models project that runoff and flood risk
will increase in the Yangtze River basin due to
increasing precipitation.™?

The basin is also home to more than 170 endemic fish
species, including ancient species such as the paddle-
fish and Chinese sturgeon. The Nature Conservancy
identified many conservation priorities distributed
throughout the basin,"* including the National Rare
and Native Fish Reserve, located upstream of the
reservoir of Three Gorges Dam (Figure 5.14). This
reserve is the last refuge for much of the Yangtze’s
uniq