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IN THE SUPREME COURT OF INDIA

CIVIL ORIGINAL JURISDICTION
WRIT PETITION (CIVIL) No. 880 of 2020

In the matter of:

Dr. Joe J oseph & Ors. Petitioners
Versus
State of Tamil Nadu & Ors. Respondents

REPLY/RESPONSE TO THE PRESENT STATUS REPORT
FILED JOINTLY BY RESPONDENT NUMBERS 3 AND 4.

1. The above writ petition has been filed highlighting the inaction
and laxity on the part of the Supervisory Committee constituted by
this Hon’ble Court for taking care of three material and crucial safety
aspects of the Mullaperiyar Dam, viz., the instrumentation scheme, the
rule curve and the gate operation schedule of the Dam. The
Supcrvisory Committcc was cntrusted with the power of supervision
over the above three aspects so as to safe guard the safety and security
of the dam. It is the grievance of the petitioners that the Supervisory
Committee has, unfortunately, sub delegated their authority and

responsibility to a sub-committee consisting of local engineers only.

2 In the above circumstance, the petitioners were constrained to

move the writ petition, seeking the interference of this Hon’ble Court
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for judicially monitoring the functions of the Supervisory Committee
and to see that the above three safety aspects of the dam are taken care
of and resolved at the earliest. The significance of the writ petition and
the reliefs sought for therein assumes larger importance in view of the
present flood situation that the Kerala State and its people are
undergoing. The present flood is the third consecutive flood situation
suffered by Kerala after the catastrophic flood of 2018 and the flood in
2019. This shows that the State of Kerala has become a flood zone due
to unprecedented climatic changes as well as environmental and
ecological destructions through abusive usage of the land by vested

interests, particularly in the hilly areas in the state.

Realizing the gravity of the issue highlighted by the petitioners, this

Hon’ble Court has found in its order dated 16.03.2021 as follows:-

“In our opinion, three core issues will have to be addressed by
the Supervisory Committee in right earnest to ensure the safety

of the dam as contented before us.

The first is about the instrumentation of the dam and monitoring
its performanée. The second is to finalize the rule curve and the
third is to finalize the gate operational schedule/reservoir

operation plan. This shall be done in four weeks from today...
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.....We say so because we find that the three core issues are
directly concerned with the safety of the dam and the cascading
effect that may fall upon the persons/habitants residing in the

nearby areas.

The Supervisory Committee shall take necessary steps
including to issue appropriate directions to the concerned/party
- State as may be necessary and to submit action taken report
before this court and compliance regarding finalization of the

three issues/plan on the topics, referred to above.”

3. The ease was dirceted to be poated on 22.04.2021. But
unfortunately, the Covid pandemic has affected the functioning of this
Hon’ble Court as well and although the case was posted on
08/10/2021, nothing seriously transpired on that day. It may be
significant to note here that the specific direction issued by this
Hon’ble Court to the Supervisory Committee was to submit an “action
taken report” before this Hon’ble Court as well as “compliance
regardiqg finalization of the three issues/plans” on the topics, referred

to above.

4. Now, petitioners have been served with the copy of the
status/compliance report dated 14.10.2021 submitted before this

Hon’ble Court jointly on behalf of respondent numbers 3 and 4. The
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said report is annexed with 22 documents as Annexures P1 to P22. It
is respectfully submitted that the petitioners cannot agree with many
of the submissions made in the above status report as they are
factually and technically incorrect and illogical. Hence the petitioners
may be given liberty to file their reply and written comments

regarding the status report.

5. In the above facts and circumstances, while doing their research
on the subject, petitioners have come across with a report submitted
by a highly reputed international institute, viz., United Nations
University Institute for Water, Environment and Health (UNU-
INWEH) Hamilton, Canada. The above report published in 2021 is the
result of a global study made by a United Nations’ Agency about,
inter-alia, the ageing process of major dams in the world and the
emerging global risks. It is significant to note here that this study has
identified only six major dams throughout the world which are
structurally week and susceptible to failure on account of passage of
time, structural weakness and natural calamities. It is pertinent to note
here that among the above six dams all over the world the study has
identified only one dam in India, and that is the present Mullaperiyar
Dam, which is the oldest among the six dams. The study further shows
that out of the six dams referred to in the study, four dams have either

been decommissioned already or undergoing the decommissioning
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process. Only one dam in Zimbabwe, built in 1960 survives.
Compared to the above the Mullaperiyar Dam was constructed in the

year 1895.
The above report has found as follows:-

“at the time of construction, the dam had an intended lifespan of
50 years, SGll in serviee over ceentury later, the dam shows
significant structural flaws and may be at risk of failure. The
dam is located in a seismically active area. A minor earthquake
caused cracks in the dam in 1979, and in 2011, more cracks
appeared in the dam due to seismic activity. Leaks and leaching
are also concerning, as the methods and materials used during
construction are considered outdated compared to current
building standards......... A daml failure risk would be

catastrophic., nearly 3.5 million people will be affected.”

6. Petitioners may be permitted to produce a true copy of the above

report as ANNEXURE —P17 [Pages 9 - 39 . ] as an additional

document to appraise this Hon’ble Court the gravity of the issue and
the depth of their anxiety. It is further submitted that even during the
present flood situation the dam is being operated in a blind manner
without an approved rule curve, gate operation schedule and proper

istrumentation, putting the lives of large magnitude of people living
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in the downstream areas and their properties at risk of destruction. It is
prayed that the petitioners may be permitted to file their detailed
reply/response to the present status report filed jointly by respondent

number 3 and 4.

7. An affidavit in support of this reply is filed herewith.

DRAWN & FILED BY:

T.G.
COUSNSEL FOR THE PETITIONER

Filed on: 21.10.2020
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IN THE SUPREME COURT OF INDIA
CIVIL ORIGINAL JURISDICTION

WRIT PETITION (CIVIL) No. 880 of 2020

In the matter of:

Dr. Joe Joseph & Oirs. Petitioners
Versus
State of Tamil Nadu & Ors. Respondents
AFFIDAVIT

under.

1. That I am the 1* petitioner in the above writ petition and I am well
conversant with the facts and circumstances of this case and I am
competent to swear this affidavit on behalf of other petitioners
also.

2. That I have read and understood the contents of paragraphs 1 to 7
at pages 1 to 6 of the reply/response to the present status report
filed jointly by respondent number 3 and 4 and the same are true
and correct to the best of my knowledge and belief.

3. That the annexures filed along with the application are true copies

of their respective originals.

-ENT
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VERIFICATION

I, the above named deponent do hereby verify that the contents
of paras 1 to 3 are true and correct to the best of my knowledge and

belief. Nothing material has been concealed therefrom.

Solemnly affirmed and signed by the deponent before me at my office

at Ernakulam on this the 21* day of October, 2021.

SOORAJ T. ELENJIGKAL. LLM
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About UNU-INWEH

UNU-INWEH'S mission is to help resolve pressing water challenges
that are of concern to the United Mations, its Member States, and
their people, through critical analysis and synthesis of existing bodies
of scientific discovery;, targeted research that identifies emerging
policy issues; application of on-the-ground scalable science-based
solutions to water issues; and global outreach. UNU-INWEH carries
out its work in cooperation with the network of other research
institutions, international organisations and individual scholars
throughout the world.
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programmes located in 12 countries around the world, and dealing
with various issues of development. UNU-ENWEH was established,
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EXECUTIVE SUMMARY

The Report provides an overview of the current state of knowledge on the ageing of large dams —an
emerging global development issue as tens of thousands of existing large dams have reached or exceeded
an “alert” age threshold of 50 years, and many others will soon approach 100 years. These aged structures
incur rapidly rising maintenance needs and costs while simultaneously declining their effectiveness and
posing potential threats to human safety and the environment.

The Report analyzes large dam construction trends across major geographical regions and primary dam
functions, such as water supply, irrigation, flood control, hydropower, and recreation. Analysis of existing
global datasets indicates that despite plans in some regions and countries to build more water storage
darns, particularly for hydropower generation, there will not be another "dam revolution* to match the
scale of the high-intensity dam construction experienced in the early to middle, 20th century. At the same
time, many of the large dams constructed then are aging, and hence we are already experiencing a "mass
ageing" of water storage infrastructure.

The Report further explores the emerging practice of decommissioning ageing dams, which can be
removal or re-operation, to address issues of ensuring public safety, escalating maintenance costs, reservoir
sedimentation, and restoration of a natural river ecosystem. Decommissioning becomes the option if
economic and practical limitations prevent a dam from being upgraded or if its original use has become
obsolete. The cost of dam removal is estimated to be an order of magnitude less than that of repairing.

The Report also gives an overview of dam decommissioning's socio-economic impacts, including those on
local livelihoods, heritage, property value, recreation, and aesthetics. Notably, the nature of these impacts
varies significantly between low- and high-inceme countries.

The Report shows that while dam decommissioning is a relatively recent phenomenon, it is gaining
pace in the USA and Europe, where many dams are older. However, it is primarily small dams that have
been removed to date, and the decommissioning of large dams is still in its infancy, with only a few
known cases in the last decade.

Afew case studies of ageing and decommissioned large dams illustrate the complexity and length of the
process that is often necessary to nrchestrate the dam removal safely. Fven removing a small dam requires
years (often decades), continuous expert and public involvement, and lengthy regulatory reviews. With the
mass ageing of dams well underway, it is important to develop a framework of protocols that will guide and
accelerate the process of dam remaval,

Overall, the Report aims to attract global attention to the creeping issue of ageing waler storage
infrastructure and stimulate international efforts to deal with this emerging water risk. This Report's
primary target audiences are governments and their partners responsible for planning and implementing
water infrastructure development and management, emphasizing adaptation to a changing
climate and sustainable development.

Keywords: dams, large dams, dam ageing, dam decommissioning, dam re-operation, dam removal, dam
failure, reservoirs, sedimentation, public safety, river restoration, water storage, water infrastructure.

4 Ageing Water Storage Infrastructure: An Emerging Global Risk
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INTRODUCTION

Water storage infrastructure, particularly large dams
in the last 100 years, has traditionally been used to
regulate river flow worldwide. "Large dams" are
defined by International Commission on Large
Dams (ICOLD) as having a "height of 15 metres or
greater from lowest foundation to crest, or a dam
hatween b metras and 15 metras impounding mora
than 3 million cubic metres". ICOLD's current World
Register of Dams (WRD) comprises over 58,700 large
dams that satisfy these criteria, although this list
may be incomplete (COLD WRD, 2020). Together,
these dams can store approximately between 7,000
and 8,300 km® (V&résmarty et al.,, 2003; Chao et al,
2008, Zhou et al.,, 2015), or approximately 16% of
all global annual river discharge, ~ 40,000 km?yr-1
{Hanasaki et al., 2006).

Dams exist in various designs and types that
depend on several context-specific factors,
including geology, reservoir storage capacity,
intended dam function(s), availability of materials,
and funds (USSD, 2015). The main functions of
dams are, in descending order of their numbers:
irrigation, hydropower, water supply, flood control,
and recreation (COLD WRD, 2020). Some 30-40%
of the world's irrigated land that contributes nearly
40% of the world's agricultural production relies on
dams (WD, 2000; Shah and Kumar, 2008). Also, the
water supply to most urban and industrial regions of
the world is ensured by large dams (V&rdsmarty et
al., 2003}, By 2050, the estimated global population
will be close to 10 billion {(United Nations, 2017),
and most of it will be located downstream of water
reservoirs contained by dams (Ferre et al,, 2014)
that were built primarily in the 20th century.

Every infrastructure has a design life; hence
infrastructure ageing is a normal process. The same
applies to water storage dams of any size. "Ageing
can be defined as the deterioration process that
occurs more than five years after the beginning of
the operation phase so that deterioration occurring
before that time is attributed to inadequacy of
design, construction or operation...” {Zamarrén-
Mieza et al,, 2017).

Some souwrces indicate that an average life
expectancy of a dam is 50 years {Quinn, 2000;
Mission, 2012} and that dams constructed between
1230 and 1970 (when most of the existing large

14

dams were built) have a design life of approximately
50-100 years (Mahmood, 1987; Ho et al, 2017}
Others suggest the service life of well-designed,
well-constructed, and  well-maintained  and
monitored dams can easily reach 100 years, while
some dam elements (gates, motors) may need
to be replaced after 30 to 50 years (Wieland and
Mueller, 2009). According to Wan-Wendner (2018),
all madern dams must meet eafety reguiations that
typically model and examine scenarios of failure up
to 100 years. In this Report, and similarly to Wan-
Wendner (2018}, an arbitrary age of 50 years is used
as the point when "a human-built, large concrete
structure such as a dam that controls water would
most probably begin to express signs of aging.”

These ageing signs may include increasing cases
of dam failures, progressively increasing costs of
dam repair and maintenance, increasing reservoir
sedimentation, and loss of a dam's functionality and
effectiveness. These manifestations are strongly
interconnected. Therefore, age per se is not a
decisive variable for action. Two dams constructed
in the same year could have very different current
status and effective lifespans based on their
respective parameters and contexts. Yet, age is
the simplest "macro” metric by which dams can be
characterised and compared, in the context of their
diminishing eHectiveness, increasing risks, and
impacts for the economy and the environment — in
time. Ageing also increases the vulnerability of a
damto changing climate (Giuliani et al., 2016; Ehsani
et al., 2017) due to exposure to more frequent and
extreme floods and/or increasing evaporation from
the reservoir that can lead to accelerated loss of its
function (Zhao and Gao, 2018).

Many large dams worldwide have reached or are
approaching the lower bound (50 years) of their
anticipated lifespan. North America and Asia
together hold ~ 16,000 large dams in the range
of 50-100 years old and ~2,300 large dams over
100 years old {ICOLD WRD, 2020). In the USA, the
average age of all the 90,580 dams (of all sizes) is
56 years (ASCE, 2017), and over 85% of them are
reaching the end of their life expectancy in 2020
(Cho, 2011; Hansen et al., 2019}). In China, over
30,000 dams are considered ageing (Yang et al.,
2011} In India, over 1,115 large darms will be at ~50
years mark by 2025. Over 4,250 large dams would
pass 50-years of age, with é4 large dams being 150
years old at 2050 (Harsha, 2019).

Ageing Water Storage Infrastructure: An Emerging Global Risk 5
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Overall, dam ageing appears to be gradually
emerging as a development issue faced by many
countries. Yet, it has not been comprehensively
assessed globally or accounted for in future water
storage infrastructure planning.

GLOBAL DATASETS ON DAM
CHARACTERISTICS

The World Register of Dams (WRD), initiated in
1958 and maintained by ICOLD ever since includes
~58,700 records and is widely recognised as the
most comprehensive global data source on large
dams {www.icold-cigh.org). It contains details on
large dams' height, length, capacity, function, and
several other dam-related facts but does notinclude
dams’ coordinates. ICOLD has over 100 member
countries and collects data through the ICOLD
National Committees, but WRD also includes dams
in non-member countries {{COLD WRD, 2020). The
data are made available at a fee.

Several other global databases on dams currently
coexist; they differ in detail, theme, accessibility,
and underlying data sources. The Global Dam
Watch (GDW) platform is a useful entry point to at
least three such databases {www.globaldamwatch,
org) - GRanD, GOODD, and FHReD.

The Glohal Reservoir and Dam (GRanD) database
was developed to provide a geographically
referenced database of reservoirs for the scientific
community. It has been a collaborative international
effortandis presently managed by McGill University,
Canada. The database contains 7,320 records on
large darns defined as those with an excess capacity
that of the ICOLD's capacity cut-off point of 3
million m? {0.003 km?), which may partially explain
the limited number of records in GRanD database
compared to ICOLD WRD. The total water
storage capacity of dams listed in GRanD is over
6,800 km? {Lehner et al., 2011).

The Global Georeferenced Database of Dams
(GOODD) is available through the GDW platform
includes over 38,000 georeferenced entries. [t
is an open access data repository that contains
details on large to medium dams and hosted by
King's College London, UK (Mulligan et al., 2009).

& Ageing Water Storage infrastructure: An Emerging Global Risk
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The definition of large and medium dams in
GOODD is not entirely clear.

The third GDW database- Future Hydropower
Reservoirs and Dams {FHReD) - focuses on
hydropower generation’s planned  reservoirs.
It contains some 3,700 records for, exclusively,
hydropower dams with a capacity above 1 MW
collected from various sources, including peer
reviewed literature, publicly available databases,
and non-governmental organizations. The database
is managed by the Eberhard Karls University
of Tibingen, Germany (Zarfl et al, 2014). The
database does not include dam height or storage
capacity details, hence not directly comparable
with the first two above in the context of dam
size. However, considering hydropower capacity
numbers only, the database lists some 160 dams
with a capacity of over 1000 MW {which may be
(arbitrary) seen as "large"]. Some 210 records with
the capacity in the range between 100 and 1000
MW (which may be perceived as "medium"). Close
to two-thirds and one-third of all records are dams
with the capacities of 100 to 10 MW, and under 10
MW respectively. In the context of the above, at
the very least, the dams in the last category {under
10 MW) may be seen as "small.” Most of the dams
listed in FHReD are in the planning stage, and
only a few are under construction,

These three databases together present freely
accessible georeferenced global information on
dams, The GDW platform also provides links (where
possible} or leads to almost 20 other external
databases, including the global ones - ICOLD WRD
and AQUASTAT {maintained by FAQ) - and several
national/regional dam databases.

Many features of the above databases are
overlapping. On the other hand, the categorization
of global dams by size differ between databases
depending on the definition of "size" adopted.
The level of detail for dam records, the sources and
ways of data collection, and overall completeness
of records vary as well. To improve the dam data
collection and maintenance in the future, it would
be beneficial, and in principle possible, to merge all
these databases into asingle online portal, adopting
one approach and thresholds for differentiating the
data by dam size categories {e.g., extra-large, large,
medium, small). Access to such a database could
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differ {for different users — i.e., free or for a minimal
fee — to recover database maintenance cost,

At present, the |COLD WRD remains the most
extensive data archive so far and was used
in this synthesis. Incomplete entries in the
ICOLD WRD database were omitted, while the
entries listed with expected completion dates
up to 2020 were included in the analyses that
follow as "existing” dams.

GLOBAL TRENDS IN LARGE DAM
CONSTRUCTION AND AGEING

As shown in Figures 1 and 2, large dams’
construction surged in the mid-20th century and
peaked in the 1960s/70s, especially in Asia, Europe,
and North America, while in Africa, the peak has
occurred lately in the 1980s. The numbers of newly
constructed large dams after that continuously and
progressively declined. Most of the world's large
dams are now concentrated in a few countries
(Table 1). China leads the list with 23,841 dams, and
the USA keeps the second position; together with
these two counties host ~56% of all large dams,
while the top 25 countries listed in Table 1 account
for more than ~93% of the global total of large
dams. Japan and the UK's average age of large
dams is over 100 years, implying that the majority
of dams in these countries were constructed before
and in the early 20th century.

Figure 3 further illustrates how the regional
construction of large dams varied over time. Of
particular interest is the decline of the North
American share and the corresponding surge
in Asia in the past 50 years. The Figure also
reveals an increasing relative share in Africa
and South America, while Turkey and Eastern
Europe drive the resurgence in this region; dam-
building in Western Europe has almost stopped,
with the exception of Spain.

~ As Figures 1-3 indicate, the construction of large

dams has changed dramatically over the decades
between 1900 and 2000 both globally and
regionally. The median age of dams by country is
shown in Figure 4. The median age was chosen
as the measure of central tendency to minimise
outliers' influence {for example, several large dams
that are over five centuries old can be found in the
Czech Republic and Japan). The median age of
large dams is higher across much of Europe and
North America, between 50 and 100 {Figure 4). The
median age in other parts of the world is somewhat
lower, reflecting the global dam-building boom in
the 1970s. Therefore, ageing dams have not yet
posed such a pressing problem in these areas but
can be expected to - in the near future. It is evident
that most of the world's large dams are located
in Asia. China, India, Japan, and the Republic of
Korea possess 55% of all large dams recorded in
the ICOLD WRD database, and of these, a majority
will reach the 50-year threshold in the coming years
{Figure 3). The same will happen in Africa, South
America, and Castern Curepe in the future. The
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trends illustrated in Figures 1 and 2 suggest that
while large dam construction continues in some
regions, the global dam construction rate has
dropped dramatically in the last four decades and
continues to decline.

Considering the clear decreasing trend in large
dams' construction globally from the later part
of the 20th century till the present, it is unlikely
that it will be turned around in the next decades,
regardless of some national plans to boost
hydropower production. This statement can further
be supported by the fact that only a small part of the
planned dams registered in the FHReD database
may be seen as large, that most of them are in the

17

planning rather than the actual construction stage
takes years to plan and implement dam projects.
The already mentioned declining rate of large dam
construction is partly because the best locations
for such dams globally have been progressively
diminishing as nearly 50% of global river volume
is already fragmented or regulated by dams (Grill
et al., 2015). Additionally, with the strong concerns
regarding the environmental and social impacts
of dams, and large dams in particular, as well as
emerging ideas and practices on the alternative
types of water storage, nature-based solutions,
and alternative types of energy production
(WWAP, 2018), it may be anticipated that new
dam construction will continue only slowly in the
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Figure 2. Decadal large dam construction in main geopolitical regions since 1900 (Data source: ICOLD WDR, 2020)
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decades to come, and that additions to total global
storage through such construction in the future will
be relatively small. '

Overall, it means that we are very unlikely to witness
another "dam revolution,” let alone “large dam
revolution, " which is occasionally predicted to oceur
(Cole et al.,, 2014; Zarft ot al., 2014). At the same
time, numerous large dams already constructed
in the world will be inevitable ageing. Hence, the
world will have to face this new challenge, which is
progressively more "trending.”

OVERVIEW OF DAM AGEING BY REGION
AND DAM FUNCTION

Sub-sections below summarise some details and
examples of dam ageing by major geographical
regions/continents of the world, with a primary
aim to examine the issue of ageing in the context
of dam functions. Some 33,128 of the dams in the
ICOLD WRD have entries for function (only these
records were analyzed here). In many cases, dams
serve multiple functions, as shown in Table 2. These
uses are listed in the ICOLD WRD in order of priority.
For the analysis below, dams were counted based
on the primary function listed. The most commonly
identified function of large dams is irrigation,
followed by hydropower, water supply, and flood
control, respectively. A few functional categories
that generally have the least number of dams (fish
farming, navigation, etc.) have been lumped here
under the category "Other.”

Africa

Dam building in Africa accelerated in the 1980s
aied 1990s, which means that ageing water storage

? trrigation

Table 2. Large dams by function (Data Source: ICOLD WRD, 2020}
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infrastructure is still not a pressing concern. Africa
has far fewer large dams than other continents,
approximately 2000, with one-quarter of South
Africa alone (SANCOLD, 2020}, Nevertheless, this
includes several notable structures, such as the
Akosombo Dam in Ghana, Kariba Dam in Zambia
and Zimbabwe, and Egypt's Aswan Dam. The
continent as a whole has a high and increasing
reliance on hydropower. Dam construction has
risen in recent years in response to a rapidly
growing population and demand for both energy
and a secure water supply (Yildiz et al., 2016}; the
Grand Ethiopian Renaissance Dam is indicative of
this trend. The majority of large dams in Africa are
primarily for irrigation, and for all dam functions,
the average age is less than 50 years (Figure 3).

Asia

As Table 1 shows, China, India, Japan, and South
Korea are among the most significant number of
large'dams globally, China alone hosts almost 40%
of the world's large dams; (most) are approaching
the 50-year age threshold. The focus remains on
continued construction, with projects such as the
Three Gorges Dam on the Yangtze River, Elsewhere
in Asia, India's current dam construction rate is
among the world's highest (Zarfl et al., 2014). in
contrast, Japan and South Korea have limited
opportunities for future surface water storage
development. Still, in both countries, dams are
widely used to maintain a reliable water supply
amid highly variable seasonal flow (Kim et al,
2016}. As the two countries face the issue of ageing
water storage infrastructure, an emphasis has been
placed on countering sedimentation that renders
the dams less effective (Kantoush and Sumi, 2017}
to extend their design life and reduce downstream
impacts. Figure 5 demonstrates that large dams'

Others {Fish Farming,
. Total
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Figure 5. Large dam numbers (bars) and average age {circles} in primary geographic regions by function (Data source: ICOLD WRD, 2020)

average age in Asia is less than 50 years in nearly
all categories, except for irrigation. However,
irigation is by far the most common function of
large dams in Asia, suggesting that ageing water
storage infrastructure does indeed pose a current
and increasing challenge,

Australia

Of the more than 650 large dams in Australia, half
are over 50 years old, and more than 50 have been
in operation for more than a century (ANCOLD,
2010). Water storage infrastructure is crucial in
the driest inhabited continent with highly variable
precipitation, and Australia consequently has the
world's highest per capita surface water storage
(AWA, 2010). In addition to stabilizing the water
supply, dams are crucial for irrigation and energy,
as hydropower is responsible for over 65% of
Australia's clean ealectricity generation {AWA,
2010). Watler supply darms- e most numerous -
are the oldest in Australia {Figure 5), together with
recreational dams, which constitute only a small
proportion of dams. Virtually all rivers in the more
heavily populated South have been dammed,
leading construction to slow dramatically by the
1990s (Gibbes et al., 2014). Attention has currently
turned to the relatively untouched northern river
systems (Clarence, Richmond, and Tweed} to
redistribute water southward, which has been met
with strong resistance from Indigenous populations
in the region (Rayner, 2013). '

Europe

Many large European dams are ageing, and across
every category, the average age is near or above
the 50-year threshold (Figure 5). Europe is unusual
in that dams for irrigation are on average among the
youngest, whereas in many other parts of the world,
they are the oldest. The United Kingdom has most
of the older dams with an age of over 100-years,
with an average age of 106 years. About 10% of
large European dams recorded in ICOLD WRD are
over 100 years old. In many parts of Europe, dams'’
construction has virtually ceased, primarily because
few waterways remain unimpeded. Notable
exceptions are Eastern Europe and Turkey, where
the rate of construction, particularly for hydropower
darns, is among the world's highest (Zarfl et al,
2014). There is alsc a growing call in Europe to
remove dams and protect remaining unimpeded
waterways. In general, this is not mativated by a
public safety concern butis based on environmental
grounds, as various groups urge the restoration of
migratory routes for fish {(ERN, 2017).

North America

Canada, Mexico, and the USA are among the global
leaders in large dam numbers (Table 1) but ageing
water storage infrastructure is most prominent in
the USA. It has >90,000 registered dams, of which
>9,000 are large dams. Approximately 80% of all
dams are >50 years old as of 2020 (Bellmore et
al., 2016; ASCE, 2017). The American Society of
Civil Engineers’ {ASCE) Infrastructure Report Card

Ageing Water Storage Infrastructure: An Emerging Global Risk 11
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has repeatedly assigned the country a3 "D" grade
("Poor/At Risk") for the dangerous state of its dams,
citing the need for an estimated USD 64 billion to
adequately refurbish the nation’s dams (ASCE,
2017). This emerging issue was accentuated by
the Oroville dam incident in California in February
2017, where the partial collapse of a spillway forced
the evacuation of 200,000 people. This 50-yearold
dam, the highest in the USA at 235 m, is critical to
California's water supply, and repairs are estimated
at USD 500 million (Vartabedian, 2018). The incident
has been blamed on human error, specifically
inadeguate inspection and maintenance (FTR,
2018}. Most dams in the USA are privately owned,
and this leaves owners fully responsible for the
costs of upkeep (Rowland and DeGood, 2017),
leading many dams to be left abandoned due to
unmanageable costs {Michigan River Partnership,
2007). More than half of all the large dams in
Canada are over 50 years old ICOLD WRD, 2020).
The Mactaquac Hydropower dam {New Brunswick)
is the first large Canadian dam to face ageing
and needs to address the decommissioning issue
(Curry et al,, 2020). North American dams’ most
common function is flood control, while the oldest
dams, on average, are those used for hydropower.
However, in nearly all functional categories,
large dams' average age in North America
exceeds 50 years (Figure 5).

South America

In Scuth America, large dams have not yet faced
the same issue of widespread ageing seen in
other regions, although the average age in some
functional categories is close to 50 years {Figure
5). Muore than half of all large dams are found
in Brazil, although only a handiul are over 50 years
old. South America relies heavily on hydropower,
with hydropower dams dominating over other
functional categories. Also, hundreds of large
dams are planned or currently under construction
as countries seek to satisfy growing energy
demand (Gerlak, 2019). There is, however, strong
and coordinated public opposition to the negative
impacts of these dams, including environmental
impacts in the Amazon Basin and displacement of
Indigenous people (Gerlak, 2019). '

12 Ageing Water Storage infrastructure: An Emerging Global Risk
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DAM DECOMMISSIONING: REASONS,
IMPACTS, AND TRENDS

Dam decommissioning may include several
scenarios or options, including i} retaining a dam
but using it for a different purpose with or without
modification [this is also often referred to as “re-
operation (USSD, 2015; Owusu et al, 2020)1"; ii)
partially removing the dam; or iii) fully removing the
dam (The State of Victoria, 2016; Curry et al. 2020). in
the context of this Report, dam decommissioning is
understood primarily as full or partial dam removal.
Dam re-operation may also be seen as a form of
decommissioning in some cases, whereas dam
repairs and upgrades that are done to maintain
the same dam function or increase the safety of
operations are not considered: they are seen as
forms of regular dam maintenance. The life of a dam
should include dam construction, the "beginning™
and dam decommissioning, the "end" as equally
important components of the overall process of
a water storage infrastructure development {dam
maintenance/repair/rehabilitation would be the
“middle" life). Consequently, both construction
of a new dam and its later decommissioning must
consider various positive and negative economic,
social, and environmental impacts.

As countries worldwide start to grapple with ageing
water storage infrastructure, decommissioning
may be seen both as a priority and the last resort
depending on the value atiributed to various
impacts and considerations for each dam in its
particular situation. There are, however, at least four
primary and interconnected arguments in favor of
decommissioning of ageing dams ~ public safety,
growing maintenance costs, progressing reservoir
sedimentation, and environmental restoration.

Public safety: increasing risk

Dams, and large dams in particular, even if
structurally sound, are considered to be “high
hazard® forms of infrastructure because of the
potential loss of human life that would be a
consequence of failure {USSD, 2015}, in addition to
triggering forced displacement and the destruction
of livelihoods Development downstream of dams
is persistent and thus elevates the magnitude of
the consequences of dam failure. Dam failures,
whether from excessive seepage (piping), cracking,
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overtopping, or structural failure, are frequently
the result of poor design or construction, lack of
maintenance, or operational mismanagement
(FEMA, 2019; hitps://damsatety.org/dam-failures).
While Regan {2010) found that many public safety
incidents occur in the first five years of a dam's
operation, a considerable number of failures have
also occurred in dams over 50 years old (Foster et
al., 2000; Zhang et al., 2009). Older dams combined
with poor maintenance represent a higher risk to
public safety, particularly for downstream areas.
QOverall, the risks associated with large dams
are "low probability and high conseguence”
{Bowles et al,, 1999). Therefore, the challenge is
to reduce the probability of avoiding the potential
conseqguences, this requires an effort to conduct risk
assessments for ageing dams.

Well-documented cases of failure of dams that were
between 50 and 100 years old include Panjshir Valley
Dam (Afghanistan, 2018), lvanovo Dam (Bulgaria,
2012), Situ Gintung Dam {Indonesia, 2009), Kantale
Dam {Sri Lanka, 1986}, Kelly Barnes Dam (the USA,
1977) and others {Cooper and Gleeson, 2012,
Zimmermann, 2019; USBR, 2015, Jayathilaka and
Munasinghe, 2014; Associated Press, 2018). These
cases have resulted in 10 to 200 fatalities and multi-
million USD economic damages.

Figure & shows the sequence of recorded dam
failure accidents over the last 70 years, irrespective
of the size and dam capacity. The graph
demonstrates the increase in such accidents from
the beginning of the 215 century when many of
these dams have reached and/or exceeded the
beginning of the end of their design fife. Flooding,

seepage/internal  erosion, deterioration, and
structural instability have commonly mentioned as
the failure mechanisms. At the same time, there
are quite distinct differences between regions/
countries masked in Figure 6. For example, an
analysis of recorded USA's dam failures (https://
damsalety.org/incidents) suggests that over 75%
of these occurred after 50 years of age, yet most
of the Chinese dam failures were found to occur
during the first years of expleitation (He et al,
2008), Overall, not all dam failures can be attributed
to ageing without more detailed data of failures
across all ages and failure triggers. Regardiess, the
commonly cited triggers of failures, i.e., structural
flaws, extreme floods and overtopping, landslides,
internal erosion, and maloperation, are more
likely in older dams because ageing increases the
vulnerability of a dam to such triggers.

Climate change considerations may accelerate a
dam's ageing process and, thus, decisions about
decommissioning. BExireme weather events,
especially floods, are expected to become more
severe and frequent with the changing climate.
Consequently, these events increase the threat
to aging large dams designed using historical
hydrological data (Payne et al,, 2004; Choi et al,
2020). The increasing frequency and severity of such
events can overwhelm the reservoir's and dam's
design limits and undermine dam safety which was
established for a different (and stationary) climatic
situation {Fluixa Sanmartin et al., 2018).

Ageing Water Storage Infrastructure: An Emerging Globai Risk 13
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Maintenance: rising expense

Their upkeep to sustain safety and dam function(s)
is generally increasingly expensive as dams age.
Maintaining dams requires regular inspection and
repairs, which can substantially increase hydropower
dams’ operating costs by the age of 25-35 years

14 Ageing Water Storage Infrastructure: An Emerging Global Risk

(e.g., McCully, 1996). Maintenance and associated
costs are imperative for public safety and sustaining
longevity. Most dam failures are thought to have
been preventable if they had bheen adequately
maintained and regularly inspected (USSD, 2010).
In some cases, rising maintenance costs have led
privately-owned dams to be abandoned in the USA,
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creating the risk of failure and, more disastrously,
collapse without warning (Alvi, 2018). Ownership
is an important factor for dam maintenance and
particularly challenging for privately-owned dams
(Ho et al., 2017). Large dams create the issue of
scale, e.g., internal structural deficiencies can be
difficult to identify (Wieland, 2010). The costs of
prevention through inspection and maintenance
are, of course, immensely preferable to the costs
of dam failure that could have been avoided. As

the cost of maintenance and repair escalate with -

ageing infrastructure, these costs can be 10-30times
more expensive than dam removal {Headwaters
Economics, 2016; Grabowski et al., 2018; Graham,
2019; Massachusetts Government, 2019},

Sedimentation: declining effectiveness of the
function

Dams not only impound the water in rivers, but they
also interrupt the dynamic, downstream transport
of sediment, leading it to its accumulation in
reservoirs. Sedimentation is determined mainly by
a dam's geography and upstream basin conditions
and processes. Sedimentation rates are critical for
a dam's fife expectancy, and the storage capacity of
dams subsequently declines over time as sediment
accumulates. Some sources estimate that at current
reservoir sedimentation rates, the existing global
reservoir storage capacity could be nearly halved
by 2100 {Sumi et al,, 2004). Sedimentation rates
vary widely according to the river basin's geologic
and physical condition (Kondolf et al, 2014).
Consequently, some dams are "ageing" much more
quickly than others due to sedimentation alone.
Dealing with the sedimentation is a significant
component of the high dam maintenance cost, as
sedimentation can lead to the accelerated end of
the dam’'s life. Regions/countries such as China,
Europe, USA, Nile River basin, and Japan- - to
mention a few - are experiencing significant impacts
and incur high costs to overcome the problem
(Wang and Hu, 2009; Milligan, 2013; Kondolf et al,,
2014; Albayrak et al., 2019; Hydro Review, 2020; ).

Environment: restoring or redesigning natural
environments

Just as the construction of adam has atransformative
glfect on the surrounding landscape, so does the
dam's removal. The primary and most direct impact
is the release of reservoir water and sediments,

24

which may alter the downstream sediment
budgets, change river geomorphology, and bring
contaminants to downstream ecosystems (Warrick
et al, 2015). However, when the more natural
sediment flux along the river is reestablished,
aquatic habitats and ecosystems are restored as
well (Grant and Lewis, 2014). Dams also disrupt river
connectivity, often creating significant negative
impacts for fishes and ecosystems {e.g., Barbarossa
gt al., 2020). Restoring riverine connectivity by dam
decommissioning is increasingly championed by
science, environmental groups, and regulators
(USSD, 2015; Magilligan et al., 2017; Roy et al,
2018; Birnie-Gauvin et al., 2020}, There is evidence
that river ecosystems may quickly return to pre-
dam conditions {Access Science, 2015; Foley et al.,
2017). However, the “new" post-dam ecosystem
will not necessarily be the same as the pre-dam
ecosystem {Bellmore et al., 2016).

Societal impacts of dam decommissioning

A dam removal/re-operation will have various
societal impacts, such as changes in the local
economy. Fisheries, agriculture, tourism, and
hydropower will be affected by dam removal and,
in turn, impact employment opportunities and
livelihoods. Rivers are rarely dammed for the sole
purpose of fishery creation, and in most cases,
damming a river result in losses of riverine fisheries
{Jackson and Marmulla, 2001). Dam removal
can increase fishery vields (Witze, 2014; Mapes,
2016; Ohno, 2019) that are important for local
populations. The agricultural sector may benefit
from or be inhibited by dam removal. For low-
income, developing nations in the global South,
dams and irrigation systems can play a critical role
in alleviating poverty; hence, dam removal could
have detrimental conseqguences to local livelihoods.
Alternately, dam removal may tumn out to be
beneficial for people who previously relied on the
reserveir footprint for agricultural lands such as
pastoral societies or subsistence farming {Adams,
2000). Dam removal may stimulate the local
economy by increasing tourism (Whitelaw and
MacMullan, 2002, Ohno, 2019), but reservoirs can
also attract tourists, e.q., swimming, fishing, and
boating, which may be lost if the dam is removed.
Hydropower generation can  be significantly
affected f a dam is removed. In developed
economies where access to electricity is nearly
universal, removing obsolete hydropower dams
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may have a limited impact on local societies (Baish
etal., 2002; Germaine and Lespez, 2017). In contrast,
in developing economies where people lack access
to electricity for their homes and workplaces, a
hydropower dam removal may have far-reaching
negative consequences and, thus, not be a viable
option to address ageing infrastructure.

Dam removal may impact the cultural history and
heritage of a particular region. Dams that no longer
serve their original purpose may still hold value to
residents because of their longstanding history
and ties to long-past industries, as examples from
UK (Kotval and Mullin, 2009} or Sweden (Lejon et
al., 2009) suggest. To maintain the historical and
cultural integrity of dam locations post-removal, the
dam's history may be commemorated (Goddard-
Bowman, 2014). Conversely, dam removals may
provide an opportunity for a return of previously
impacted services provided by the free-flowing,
pre-dam river, such as the renewal of sacred land
and provisioning to ceremonial observances,
e.g., fish and plants for indigenous communities
{Guarino, 2013; White, 2016),

A common fear of dam removal in the developed
world is its impact on property value. Some
sources indicate that lakefront (reservoir) properties
are more valuable on the housing market than
riverfront properties {Nicholls and Crompton,
2017}, while others show the opposite (Provencher
et al., 2008). While the literature to date is scant,
there are many essential aspects of property value
to be considered during decommissioning, such
as the value of added land once the reservoir is
removed, change in tax rates, and property buyout
options (e.g., hitps//www.nbpower.com/en/about-
us/projects/mactagquac-project/resources/),

Although dams are rarely buiit or removed solely
to improve recreational activities, the latter is
highly valued hy the public (Wyrick et al., 2009).
Therefore, dam removal should account for the
potential losses or gains in recreational value, Born
et al., (1998} found that loss of recreation was one
of the main perceived deterrents of dam removal,
and yet arguments in favor of dam removal also
cite an increase in recreation (see also https:/fwww,
nhpower.com/en/about-us/projects/mactaquace
projecl/rescurces/). This dichotomy of opinion
demonstratas the importance of engaging local

16  Ageing Water Storage Infrastructure: An Emerging Global Risk
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communities in decisions regarding recreation
post-decommissioning.

When considering dam removal, scientists and
policymakers prioritise safety and economics
while residents prioritise recreation and aesthetics
(Wyrick et al., 2009). The local community is a key
stakeholder in dam removal projects, and the
potential loss of aesthetics also needs consideration
even though aesthetics can be subjective and a
polarizing topic (Jargensen and Rendfalt, 2013}
There is also a misconception that removing a
dam will negatively alter the scenery by leaving a
muddy and unsightly reservoir footprint (Sarakinos
and Johnson, 2002). This is true immediately after
the dam removal and reservoir drawdown (Lejon et
al., 2009). However, this newly exposed zone can
quickly evolve to increase wildlife and water quality,
and in urban areas - the creation of green space
and riverfront revitalization (Baish et al., 2002).

As can be seen from the above, the extent of dam
removal impacts may vary based on geography
and socio-economic conditions. In developed
nations where water availability is reliable, many
ageing dams have been rendered obsolete. Their
removal may be the ideal choice to manage
ageing infrastructure because of the cost-benefit
and the positive ecological impacts of regaining
a free-flowing river. However, dams may be critical
infrastructure for low-income countries to provide
clean water and sanitation, irrigate crops for
improved livelihoods and poverty alleviation, and
provide a reliable, clean energy source. In these
cases, dam removal may not be a viable option.
Thus, implementing one-size-fits-all criteria to
assess and prioritise dam removal projects in
the global context is at least useless and at most
- dangerous. Dam removal should go through
the same Environmental Impact Assessment and
safeguard procedures that are required at the
stage of dam construction.

Emerging trends

Dam decommissioning is not particularly new, and -
yet it is still a relatively recent phenomenon. The
decommissioning scale globally remains somewhat
uncertain, but several regional databases are
emerging that are consolidating data  {www.
AmericanRivers.org/Dams;,  httpsi//damremoval.
su/dareremoval-map-europss).
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The USA is the dam decommissioning leader with
some 1,275 dams removed in 21 states over the last
30 years, and 80 dams removed in 2017 alone. The
USA database begins with records from 1912, By
categorizing these records into “large” (higher than
15 m, as per ICOLD definition), medium (height
between 15 and 5 m), and small {(height less than
5 m} dams, the pattern of dam decommissioning
in the USA can be examined and mapped (Figure
7}. The height was used in this Report as the key
categorization variable because reservoir capacity
'was not always available in the USA database, All
incomplete records {e.q., those without coordinates)
were ignored, and only records from 1970 till the
present were considered (as there were few removal
cases before that). It can be seen from Figure 7 that
only a few large dams were removed over the last
50 years. Most of the dams removed were small (<5
m height) and privately-cwned (Oldham, 2009).

Figure 8 shows the growth of dam removal in
the USA over time. Again, it is evident that small
and medium dams dominate the removal arena,
with most occurring since 2000. Removal of large
dams is still in its infancy with just a few cases,
but it includes the recent and most extensive
dam removal worldwide to date (Elwha River
dams — see next section)
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CASE STUDIES OF DAM AGEING AND
DECOMMISSIONING

The decommissioning of ageing dams is becoming
progressively more common in some regions around
the world. Many examples of decommissioning
cases can be found, e.g., hitps//damremoval.
eu/case-studies/ that features almost 40 case
studies of dam removal in Europe; however, most
are small dams. There are a few reports on large
dam decommissioning, either entirely removed
or under consideration,

The Glines Canyon and Elwha dams, Elwha River,
Washington, USA. Age: ~ 110 years.

In 2011, the Elwha and Glines Canyon River dams’
removal represented the largest dam removals

Tin the US history. An estimated removal cost

was almost USD 325 million. The dams had little
remaining value as a power supplier; removal
added safety and cultural benefits to the Lower
Flwha Klaltam Tribe (Headwaters Economics, 2016}
and restored the river's ecosystem services for all.
The Elwha River once hosted a thriving, diverse
ecosystemn c¢rucial to the Lower Elwha Klallam
Tribe's livelihood. As the logging industry brought
economic development to the northwestern USA,
two large hydroelectric dams were constructed

Figure 9. Glines Canyon Dam on the £lwha River during the dam removal process. Photo credit:

Stuice:

USGS,

stucios

Blipsif v isgs Gow's

s/ rave e R - aynihesine s Us-dameremoval-
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on the river in the early 1900s. The 64 m Glines
Canyon Dam with a 50 million m® capacity and
the slightly smaller Elwha Dam was an important
electricity source for the region for much of the 20
century. However, they provided no fish passage or
environmental flows to support socially significant
salmon, trout, and lamprey. Initial advocacy for
both these dams' decommissioning began in the
1980s, gaining approval in 2004, but the removal
process itself did not commence until 2011 {Nijhuis,
2014). The Glines Canyon dam removal followed
a complex four-phase strategy, which allowed for
the gradual removal of the dam using temporary
spillways (National Park Service, 2015; Figure 9).

Similarly, the Elwha dam removal tock place in
phases, including the construction of temporary
cofferdams allowing water to be pumped out to
remove the fill material behind the dam {National
Park Service, 2019). The removal of the Glines
Canyon Dam was completed in 2014, marking
the ecosystem's restoration, including the
highly regarded salmon. The Elwha River case
demonstrates the potential for positive impacts
of dam removal for both the environment and the
indigenous people for whom the river plays a vital
role. However, it also illustrates the complexity and
lengthy process that is often necessary 1o secure
support and safely orchestrate the removal of such
an extensive infrastructure. It is important to note
certain favorable conditions that influenced this
process. The Elwha River location in a national park
itself contributed to its removal, and the removal
increased tourism and recreational opportunities
{Headwaters Fconomics, 2016). To date, the Glinas
Canyon dam remains the largest dam removal
project in the world (Nijhuis, 2014).

The Poutés Dam, Allier river, France. Age 78
years

The Poutés Dam in France can be seen as a case
of innoveative partial removal. Constructed during
World War {l, the 17m-high and 2.4 million m* dam
capacity has produced hydroelectricity for well over
50 years (Xin, 2012). The removal was principally
motivated by a desire to protect the endangered
Atlantic salmon; no public safety conhcerns were
reported. Fundamental changes include lowering
the dam’s height to 4 m and constructing fish-
ways to restore the salmon migration routes {Xin,
2012). Ancther innovation will allow sediment to

18 Ageing Water Storage Infrastructure: An Emerging Global Risk
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pass downstream pericdically. This work started in
2019 and will cost approximately 10 million Euros
(ERN, 2017, Figure 10).

Mactaquac Dam, Saint John River, New Brunswick
Canada: Age ~30 years.

The Mactaquac Hydroelectric Generation Stations
is a large dam - 55 m high, 16,282 m® capacity, and
over 1 km long (Curry et al., 2020) with a capacity of
670 MW (19% of the province of New Brunswick's
total energy generating capacity). The dam and
station were commissioned in 1968 and had an
estimated design life of 100 years. Yet, a concrete
expansion problem has pushed forward the end
of the service life by nearly 40 years. A decision is
required for the dam's future state, and four options
have been considered: i) repowering—including
building a new powerhouse and associated
structure; i) rebuilding—which would retain the
reservoir with no power generation; iii) removal and
river restoration (Figure 11); and iv) refurbishment
renewal}—known as "Life Achievement,” which
is an attempt to continue operations within the
current footprint of the dam beyond 2030.

Consistent with large dam decommissioning to
date, the estimated cost of the dam's removal was
a fraction of the estimate to rebuild or refurbish
the dam. An overarching science framework was
developed to inform and support decision-making
for the dam's review process (Curry et al., 2020).
The plan revolved around three pillars: i) assessing
engineering solutions for a build or remove option,
i} engaging the public using multiple conversation
pathways, and iii) developing a science framework
to support science solutions which will minimise
the impacts on the aquatic environment under
the removal/renewal options. The framework is
currently being implemented; hence Mactaquac
can be seen as the "living case” with a potentiai for
removal eventually. The framework creates a solid
foundation to ensure a successful, extensive dam
review process and streamline a review process into
a 10-year time frame, which is significantly shorter
than experiences to date for comprehensive dam
reviews, renewals, and rermovals,
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Figure 11: The Mactaguac | lychoelectric Generating Station Dam (sctual current visw- fop} and the options considered for its renewal/removal:
Repowering {construction of the new powerhouse and other components - bottom left); Maintaining the dam as a water control siructure without
power genetation — bottom middle, and Removing the dam to ensure a frea-flowing river - bottorn right Credit and Source: New Brunswick Power

2013; hupz/fwvaw nbpowercom/en/aboul-us/projecis/mactagquac-projectire:

Mullaperiyar Dam, Periyar River, Kerala, India.
Age: 125 Yaars e e

Ve

The Mullaperiyar Dam {Figure 12} is a gravity dam
of 53.6 m in height and a reservoir capacity of 443
million m®. Jt impounds the Periyaru River in Kerala
State, downstream to Tamil Nadu state, India. It was
built in 1895 by the British government to provide
irrigation and eventually began to generate power

surces!

in 1959 (Chowdhury, 2013; Thatheyus et al., 2013).

At the time of construction, the dam had an
intended lifespan of 50 years (Chowdhury, 2013},
Still, in service over a century later, the dam shows
significant structural flaws and may be at risk of
fatlure. The dam is located in a seismically active
area. Aminorearthquake causedcracksinthe damin
1979 (Rao, 2018), and in 2011, more cracks appeared
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Figure 12 Muliapenyaf Dam, Periyar River. Photo credit: Maihrubhum: Media ~ wisnw. mathruLhuml com Kerala, india
Source: htlps Henghish. mamrubhum; mm;mplc siTagMullapariyar2Qlam - - :

in the dam due to seismic activity (Thatheyus et
al., 2013). Leaks and leaching are also concerning,
as the methods and materials used during
construction are considered outdated compared
to current building standards, In response 1o these
structural issues, dam decommissioning has been
considered. However, a conflict between Kerala
and Tamil Nadu States started to grow regarding
the best way to manage this ageing infrastructure
{Thatheyus et al., 2013). Although the dam islocated
in Kerala, it is operated by the upstream state of
Tamil Nadu. Kerala residents are afraid of a dam
collapse and argue that the reservoir fevel must be
lowered until the dam is fixed. '

Meanwhile, Tamil Nadu residents want to maintain
the water levels at capacity (Rao, 2018). In 2009,
Kerala requested a new dam to be built, but Tamil
Nadu opposed the idea. Currently, the decision
of how to manage the ageing Mullaperiyar
dam is hotly debated and working through

Kariba Dam, Zambezr River, Zimbabwe, and
Zambia. Age: 60 years.

The Kariba Dam (Figure 13} is a concrete arch dam
128 m in height that impounds the Zambezi River
between Zimbabwe and Zambia. As of 2015

was the largest man-imade reservoir in the world,
impounding 181 km® of water (World Bank, 2015).

20  Ageing Water Storage Infrastructure: An Emerging Global Risk

During the censtruction, about 15,000 individuals
were relocated from the reservoir footprint {Scudder
and Habarad, 1991). The dam was completed in
1960 1o cover the electricity demand of the Zambezi
river basin reglon (Bertoni et al,, 2019). About 35%
of the basin's hydroelectric capacity originates at
the Kariba dam, making it an essential source of
energy for the region {Bertoni et al., 2019). The fotal
capacity of the Kariba hydropower station is 1830
MW (World Bank, 2015). In 2015, the South African
Institute for Risk Management identified that the
Kariba dam needed urgent repairs after the dam's
floodgates eroded a plunge pool at the dam’s base,
very close to its foundation (Liu, 2017). Erosion can
potentially weaken the dam's foundation and could
lead to its collapse (Leslie, 2016). i

Additionally, repairing the spillway was deemed
necessary to maintain the dam's stability (World
Banlk, 2015). A failure of the Karibha dam waould be
catastrophic and would also cause the collapse of
downstream Cahora Bassa dam {Leslie, 2016}, This
would impact over three million individuals, and

e poputation's glectricity needs would no longer

be met (Leslie, 2016). In 2014, almost USD 300
million was loaned to repair the Kariba dam (Leslie,
2016). Repair is expected to be completed by 2023
World Bank, 2015). Dams like Kariba will likely
continue to operate much langer with recurring
investmenits into repairs despite the advanced age
of 60 years by now, as they may be simply too large,
risky, and costly to remove.
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Figure 13. Kariba dam. Sources: Shuttestock {top} and Wikimedia Commens {bottom).

Arase Dam, Kuma River, Kumamoto Prefecture,
Japan. ~56 years

The Arase Dam in Kumamoto Prefecture, Japan,
was the first dam removed (Figure 14) at the
continuous residents’ pressure due to its socio-
economic and environmental impacts. This 25 m
high and 210.8 m wide dam {Hoyano, 2004; Young
and lshiga, 2014) was built in 1954 with a total
storage capacity of 10 million m?, primarily for
hydropower generation with a maximum output of

18.2 MW. {Tanabe, 2014). Regardless of its electricity
production, the Arase Dam received continuous
complaints from the Sakamoto village community
due to its post-construction extreme impacts,
including severe floods and consequent sludge
accumulation, fewer sweet fish in the river. Further,
it caused severe ecosystem damage to the estuary
in the Yatsushiro Sea, reducing seaweed growth
and lowering fish harvest (Tanabe, 2014). In 2010,
Kumamoto Prefectural Government decided on
rernoving the dam after considering the community

Ageing Water Storage Infrastructure: An Emerging Global Risk 21
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Figiure 14, Arase Dam site befare rermavat {top) and after remaval in 2014 (hottam) Phato credit and

source: Kumamaoto Prefectural Government, Japan,

concerns. A year after the removal, a significant
improvement in the river ecosystem was observed,
including sand bars' reformation, the increased
population of small crabs, shells, and fish habitats
(Young and Ishiga, 2014}.
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CONCLUSIONS

Ageing water storage infrastructure slowly grows
into a significant global development issue.
Thousands of large dams built in the middle of the
previous century have already or will soon exceed
the age of 50 years - a lower bound of dam design
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lifespans - and many are approaching 100 years. As
a result, they will incur more significant maintenance
costs while simultaneously declining in effective
functionality and posing threats to the environment
and human safety. To effectively deal with this
emerging problem, it will be important to develop
frameworks 1o understand decommissioning
processes and cutcomes. This depends on accurate
data, understanding of the factors and impacts of
dam ageing in the local context, and establishing
relevant policies sooner rather than later.

Several global-scale databases are identifying
existing and planned dams. Many features of
these databases are overlapping, but each has
deficiencies with mixed levels of details. It would
be beneficial to merge these databases into
one online portal, adopting one approach and
thresholds for differentiating the data by dam
characteristics such as size and functions. Access to
such a database would ideally be free for everyone
but certainly should remain open or low cost to
low-income, developing regions.

Analyses indicate that while large dam construction
continues in some regions, the global construction
rate has dropped dramatically in the last four
decades and continues to decline. Therefore, it is
unlikely that this trend wilfl be tured around in the
next decades, regardless of some national plans
to boost hydropower production. Besides, only
a small part of the planned dams may be seen as
large; most of them are currently in the planning
stage rather than the actual construction stage. |t
takes years to design and implement a dam project.
Dams are declining to favor several factors such as
strong concerns about dams’ envirenmental and
social impacts and emerging ideas for alternative
types of water storage, nature-based solutions, and
alternative energy sources. It appears that new dam
construction globally will continue at a slow pace in
the decades to come, and thus an addition to total
global water storage behind dams in the {uture will
be relatively small. Overall, we are very unlikely to
witness another “"dam revolution” and particularly
a "large dam revolution," which is occasionally
predicted to occur. At the same time, numerous
aging large dams already exist worldwide. Hence,
the world will have to face this new challenge,
which is progressively increasing.

32

There is a notable decline in the North American
share of large dams and the corresponding surge in
Asia in the past 50 years. In most of western Europe,
the construction of dams has effectively ceased.
The age of large dams in Africa, South America, and
Asia is generally fess than 50 years, with some older
dams for irrigation in Asia. However, irrigation is
the most common function of large dams in Asia,
and hence ageing water storage infrastructure in
this region poses an increasing challenge. In North
America, the ageing water storage infrastructure
problem is most prominent in the USA, where 80%
of all dams are already over 50 years old in 2020
This applies to nearly all functional categories
of dams in the region.

As they age, a dam's structural integrity or functional
ability most often becomes sub-optimal. Such issues
lead to guestions of dam decommissioning, its
removal, or re-operationalization. There are several
arguments in favor of decommissioning ageing
dams, including protection of public safety, growing
maintenance costs, progressing sedimentation
of the reservoir, and environmental restoration,
Decommissioning will also have various positive and
negative economic, social, and ecological impacts
to be considered. The nature of the implications
and feasibility of dam removal will differ between
low-income and high-income countries. Therefore,
assessing dam removal in a local and regional
social, economic, and geographic context is critical
to protect the broader, sustainable development
objectives for a region.

‘Whether a damisto be removed, partially or entirely,

decommissioning is much less costly than repairing
or rebuilding. Overall, dam decommissioning
should be seen as equally important as dam
huilding in the overall planning process on water
storage infrastructure developments.

Decommissioning dams is a relatively recent
phenomenon. The scale of decommissioning
varies globally and regionally; for example, it has
become quite common in the USA and Europe.
The dams removed are, however, primarily of
smaller size. Removal of large dams is still in its
infancy, although a few cases have been recorded
mostly in the last ten years.

Case studies of dams' ageing and decommissioning
itlustrate  the complexity and lengthy process
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necessary to secure support and safely orchestrate
a dam removal. Even removing a medium-size dam
reguires years [(sometimes decades), continuous
experts, and public involvement and is often subject
to lengthy regulatory approvals. It is essential to
develop protocols and policies that will guide
and speed up dam removal. Delaying the removal
of certain aged dam structures could lead to
catastrophic consequences with millions of people
and their economies affected. Simultaneously, the
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