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Abstract

This thesis explores actual and potential feasibility of investment in hydropower in the
(Ei AT AUAT OAcETT AT A #EETAS (UAOT PhasA06 0 A
come under threat thanks to increasing concerns over climate change, population
growth, and energy demand. Existing implications and evolving externalities are
increasingly threatening the feasibility of current and future developments. The
Himalayas natural water resources and high gradients make it the ideal location for
power to be sourced through hydropower. The scale of the Himalayas untapped
hydropower potential encourages the argument that further investment in the resource
would be economicdly feasible. Analysis of former patterns and relationships
associated with Himalayan hydropower takes place and evolving implications that
threaten the productivity of future hydropower performance are applied throughout.
River runoff is reducing in the Himalayas, threatening to decrease the efficiency of
hydropower operation. Reduction in water availability exacerbates water security
concerns in the Himalayas. Water and energy security issues are also threatened by
Agbi 1 AT OEAT ET A O pouktdn. EPopulaidhAgrovihAis thd dreatest
AAOGAT UOO AAEET A OEA OOOOAET AAEI EOU EOOOAO OE
are huge pressures to sustainably accommodate this growing population through
renewable sources. The scale of increasedemand for energy however is likely to
become more significantly met by thermal sources as the productivity of hydropower is
set to reduce without successful mitigation attempts. Despite environmental awareness
increasing throughout Asia and a cooling ecmmic climate in China, soaring energy

needs are outpacing the expansion of climate friendly renewable power.
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1. Introduction

1.1. Background

for itself at realistic prices (Enegy Global, 2011). Energy supplis particularly acute in
Asiawhereby energy sectors must typically grow by 23% over the GDP growth rate to
simply sustain the economy (Sankaet al.2000). Tomeet growing aspirations ofpeople
and economiesAsiais under immense social and political pressure to secure relide,
sustainable, and reasonablypriced energy supplies (USEA, 2012)There are growing
concerns of the growing supplydemand imbalance being experienced throughout Asia.
Decades of globalisation, strong economic growth, increasing populations, and
urbanisation have fuelled an exponential rise in energy demand (Ogutcu, 2002). There
has not however been any matching rise in production.Globalisation has encortaged
economies have Bcome more integrated with the developed world (Camdessus, 1997).
Whilst fuelling economic growth, globalisation impacts have however contributed
toward economic and energydisparity throughout Asia, whereby inequalily is realised

through unfair distribut ion (Francis et al.2010).

Emerging economies in Asia are now entering their most energy intensive phase of
development. In line with rising living standards, countries such as China and India are
increasing their consumption of energy for industrialisation, infrastructure
construction, transportation and development (Lehmannet al. 2013). It is estimated

that if current trends continue, by 2030, half of future energy demand will come from
China and India, both ofwhich are currently net importers. It is crucial therefore that

Asia secures sustainable access to agg sources to meet theaspirations and demands

of their growing middle income earners (Sankaret al. 2013). Lehmann et al (2013),
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development.

To help mitigate energy concernsthe South Asia Regional Initiative for Energy
(SARI/Energy) was launched in 2000 to promote energy security through increased
trade, investment, and access to clean sources of power (USEB12). A significant
proportion of Asian peoplehas either no access to electricityt all or is undersupplied.

Shortages of power seriously hamper ! O E idugial and socio-economic growth
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(Sankar et al. 2000). In Asia there has been a sustained shiffrom traditional to

commercial sources of energyover the past two decades

Asia possesses significant indigenouswydropower resources (IEA, 2014). These
resources however have not been distributed eveglthroughout the region, leading to a
distinct lack of development. As a result, Asia relies significantly on imported
commercial fuels (Noronha et al. 2013). This is a particular drain on less developed
economies that have limited accessible capitato continue such expenditure without

inward investment from elsewhere (Pomeranz, 2013).

Diversifying energy supply and reducingexpenditure on imports is crucial in light of

energy security concerns. Hydropower is the most prevalent sourcef renewable

energy in the world (Kalar, 2012), and South Asia ha the largest untapped potential of

this renewable resource (World Bank, 2013. The high specific runoffof Himalayan

Rivers represents! O Eki&yddéving force behind the potential for future energy security

within riparian nations (Rahaman, 2012). Hydi BT x A0 AT 1 OOEOOOAO ¢pb |
electricity generating capacity (Knive, 2011). The theoretical potential of world
hydropower is about 4 times greater than the amount that has been tapped. Tapped

potential however will never reach the theoretical maximum level due to ever

increasing environmental concern and political constraint (Knive, 2011).

The feasibility of hydropower in the Himalayan regionis ultimately threatened by three
main externalities. These include glacial melvater production, monsoon precipitation,
and reservoir sedimentation. Laghari (2013) explains how climate change represents
the greatestthreat to the economic feasibility of hydropower in Asia. Seasonal melt
waters serve as an increasing source of power for a growingumber of hydroelectric
dams along Himalayan Rvers (Harrison et al. 2012). The stability of this natural
resource is however becoming increasingly endangered thanks to changing hydro
meteorological conditions and the impending realisation of the deglaciation diharge
dividend (Collins, 2008).

Harnessing the immense untappedhydropower potential in the Himalayas hasopened
avenues for poverty alleviation, whilst making a substantial comibution to the national
economies (World Bank, 2013). Transboundary trade is a way of achievingunmet
demand for electricity (Knive, 2011). Hydropower providesan opportunity for some
countries to reduce reliance on external energy sources. Nepal for example, which has
only developed 2% of its technically feasible hydropower @pacity, is a net importer of

electricity to meet shortagesof 0.61 TWh annually (Knive, 2011). A more conscientious
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effort to utilise unharnessed capacity would enable Nepal to generatemore revenue
through increasing sales of electricity to India. Increased energy iterdependence
improves relationships between countries and decreases riskof power shortage

Energy securityhelps to improve investment climates, fuelling economic growth.

1.2. Research focus

The purpose of ths thesis is to analyse the feasibility of increased investment into
hydropower in the Himalayan Region of Asia. Utilising a greater percentage of the
untapped potential that lies within the Himalayaspresents economic opportunities for
Asia thatshould not be overlooked. An analysis of the externalities that act as obstacles
to developingthis feasibility has therefore been carried out.Externalities that cover the
economic implications ofdam construction, the political and environmental constraints
that slow progress and the geopolitical relationships required to initiate economic

growth that demands such anntensive consumption of energy have been analysed.

What are the implications of climate change, population growth, and reservoir
sedimentation on the potential feasibility of increased investment into lydropower in

the Himalayan regionof Asia?

In answering this question theories relating to the relationship between climate change,
glacial melt, river discharge, and hydropower generation are disissed in detail through
the analysis of existing stations. More political aspects#f hydropower developmentare
examined with particular focus on the transboundary nature of Himalayan ivers,
examples of water sharing agreements, and the extra environmt&i pressures being
caused byexponential population growth. The growing risk to water storage capacity is
also considered with emphasis on the sedimentation of large reservoirs and its impact
on water security, local irrigation, and hydroelectric power generation. Finally, to
undeOOOAT A EUAOT Bl #urkerbt® catBlyse Acbnorid development, its

impacts are considered alongside well documented economic growth models.

1.3. Research aims

f To analyse the potential contributions of hydropower toward future
economic growth inSouth Asiaand South West China

1 To examineenvironmental concerns associated with greater investment into
Hydropower.

I To assessgeopolitical obstacles that impede the feasibility of hydropower

development.



1 To analyseeffects of eservoir sedimentation in the Himalayas and iteffects
and implications for future hydroelectric productivity and water security.
 To examine how hydropower development has evolved through time in

reaction to changes in political attitudes and climate chaye.

1.4. Importance of this research

The importance of this research relates to analysingurrent environmental and political
implications associated with hydropower in the Himalayasand applying this knowledge
when considering the potential future increased cevelopment of the power source.
Trends and patterns in existing dataare analysed b make educatedpredictions on the

future suitability of the Himalayas as a location for increased hydropower development.

It is important to firstly discuss how the topic has emerged from the literature. There is
already abundant literature concerning the geopolitical issues of the region that
threaten to slow the development of hydropower. Issues concerning trarisoundary
river systems, the differing economic and political contexts of riparian nations, water
sharing agreements, and concerns over watefood, and energy security areliscussed

plentifully.

Despite being recognised as a real hazard to hydropower, there does however appear to
be a short fall in literature that discusses the scale of the impact that climate change is
having on hydroelectric generation inthe Himalayas Climate change and hydropower

are discussed as individual issues abundantly, however overlapping and intersecting

research between ttese topics lacks detail.

There also seems to be an insufficient understanding of reservoir sedimentation and its
potential threat for future water and energy security. McCully (2008) explains how
despite more than six decades of research, sedimentatias still the most serious

technical problem faced by dam operation.

Understanding the relationship between climate change and its impacts over river
discharge is essential if future projects along Himalayan rivers are to baeveloped
sustainably. Knowledge sourced from the analysis of Himalayan rivers through time
could be used to aid future hydroelectric projects. This is because the specifics of
current developments areusually based on the assumption that climaticconditions have
and continue to reman stationary. The economic feasibility othydropower projects
also rests on the efficiency oproduction efficiency over the long term. This is because

the initial costs of construction are so high, making calculating the payack period on a
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project crucial. As a result,accurate forecasts need to bedevelopedconcerning future

river discharge andconsequentgenerating potential.

All reservoirs lose water storage capacity to sedimentation, although rates of loss vary
widely. Sedimentation smply reduces the efficiency of danoperation, extending the
payback period for each project.Understanding the patterns and rats of sedimentation
in individual reservoirs will help improve the feasibility of future projects. Such
information will also aid the successful implementation of mitigation strategies that will
help prevent dams from becming rendered uneconomic. Futurecosts of repairing
turbines and intakes could also be reduced if the buildp of sediment is controlled.

Maintenance timeas a resultwould have less inpact on generation potential.

The relationship between hydropower, population growth, and GDP is significantt is
important to understand how each conditionaffects another and whether one has to be
in place before another can developFor example does a strong economy have to be in
place before investment into hydropower can occur or must hydropower already be
developed before eonomic growth can be realised? The rdationship between these

factorsis crucial in considering the condiions neededfor the development of a region.



2. Background

Energy security and water security are fundamental to development (World Bank,
¢gmpoQs "1 OE AEAAOT OO0 EI xAOGAO OADPOAOGAT O
economic growth. South Asi is one of the most prosperous regions in the world in
terms of water; however population growth, poverty, and political conflicts are

restricting the regions ability to use water efficiently (Dasgupteaet al.2013).

New academic research suggests thatdra, Nepal, Bhutan, and Pakistan are involved in
A EOCA OxAOAO COAA8 ET OEA (EI Al AUAO AO
their economies (Vidal, 2013; Dasguptet al. 2013; Daly, 2013; and others). The World
Bank believes that appropriate mitipurpose hydropower development can bring
significant benefits. These include access to electricity, diversified energy options,
managing water scarcity, and supporting water dependent activities (World Bank,
2013). Considering the untapped potential \ithin developing nations, failure to include
hydropower in development planning for both water and energy security has risks and

costs that cannot be overlooked (Jeulanet al.2013).
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Figurel: Ten of South Asia's longest and &g rivers (Pomeranz, 2013).

Hydroelectricity is the most prevalent economic source ofvhite energy (Kalair, 2012).
The Himalayas are an ideal location for the development of hydropower, thanks to their
mountainous and fresh water properties. The region is often acknowledged as being the

third pole, with it possessing the largest reserve fofresh water outside of the Arctic and
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Antarctic (Bahadur, 1993). Nations within South Asia including Nepal, Bhutan, India,
and Pakistan are blessed with the potential to develop hydropower on an enormous
scale, providing capital is accessible (Pomeran2013). Hydropower is often driven by a
countries desire to reduce its reliance on fossil fuels and diversify its energy sources
(Knive, 2011). For lesser developed countries however it can also be used to stimulate
economic growth, mitigate matters of vater security and relieve poverty (Hangzo,
2012).

The countries mentioned previously have plans for more than 400 hydro dams, which if

AGEI 6h AT OI A OI CAOGEAO bDPOiI OEAA 11T O0A OEAT pom
addition to this China have plas to build more than 100 dams to generate a similar

amount of power. These dams are to be built on rivers such as those shown in figure 1.
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Himalayas (Pomeranz, 2013). HAese rivers help provide water, food, and energy for

nearly 4 billion people across China and South Asia (Pomeranz, 2013). Depletion and

diversion of these transborder resources to meet growing industrial, agricultural, and

urban demands however have thepotential to trigger far reaching economic, social, and

environmental challenges (Dharmadhikary, 2008).

Due to the transboundary nature of the water resources in South Asia, few doubt that
these problems have a geopolitical dimension. This concern isquoked further by the
consequences of climate change and the quickening pace of Chinas dam construction on
trans-boundary rivers (Daly, 2013). Under these circumstances it is no wonder that
experts are gquestioning whether South Asia has in place bilaterand multilateral
frameworks adequate to the task of managing increasing water and energy security

concerns (Wirsing, 2013).

Pomeranz (2013) explains how sustainable management of Himalayan water is
restricted by the lack of comprehensive and effective regnal frameworks for
cooperation. China which controls the headwaters of these rivers for example, has an
enormous need for Himalayan water to satisfy economic and energy demands (Vidal,
2013). It has little incentive however in participating in formal water sharing

agreements with its riparian neighbours (Turneret al.2013).

Collaboration in South Asia is frequently frustrated by competing national interests,
economic priorities, political disputes, and weak regional organisations (Pomeranz,
2013). Theenvironmental impacts of manmade diversion projects and unsustainable

freshwater usage are also threatening. Chinas upstream advantage, its engineering
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capacity and its financial capabilities help ensure relative control over its water future
(Daly, 2013. Weaker riparian nations who struggle with high population densities, high
poverty levels, energy security issues, and a lack of economic prospects, hoavever

likely to be overpowered in their attempts for economic prosperity (Hangzo, 2012).
Atsushi (2007) explains how weaker parties are anticipated to struggle in getting their

interests considered.

The broad field of this review relates to the implications associated with the
development of Himalayan hydropower. Climate change and population grolwtare
both considered with respect to both water and energy security. The traAsoundary
nature of Himalayan Rivers is also reviewed with reference to the scarcity of water
sharing agreements between nations and the ensuing political conflicts. The eifiecy
and effectiveness of current projects is assessed with particular focus on sedimentation
and water storage losses. Finally the economic and environmental potential of such

hydropower is andysed with reference ofeconomic growth models.

2.1. Current en ergy security concerns

South Asia currently faces endemic shortages of electricity that threaten its industrial
and socioeconomic growth (Sankaet al. 2013). Within the region there is currently a
shift occurring from traditional to commercial sources offuel (Knive, 2011). The shift is
being led by India and Pakistan, where traditional fuels now contribute towards only
30% of demand (Koch, 2012).

Each country within South Asia is trying to evolve its own strategy to address the issue

of energy security. There is now a growing realisation of the need to address energy

security from a regional perspective (USEA, 2012). A regional approach facilitates a

more comprehensive, cost effective, and sustainable set of solutions to the challenges of

energy securty (Sankaret al.2013). This is where hydropower appears to complement
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Currently South Asia imports most of its oil from the Middle East, a region plagued by

security concerns and political risk (Chellaney2012). Diversifying the sourcing of fuels

will help mitigate some of the risks associated with an overdependence on crude and

petroleum products from the Middle East. Increasing foreign dependency is becoming a

growing concern in South Asia (McMillan, 208). Energy trade however must be a part
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possess the entire range of energy resources needed to meet its development objectives



(USEA, 2012). McMillan (2008) however gtains that South Asian countries face a

stark choice between rapid economic development and energy sdaifficiency. Both
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Regional trade in energy is practically norexistent in South Asia. Longstanding

disputes, and mistrust between countries within the region have blocked even modest

efforts to encourage regional energy trade (Knive, 2011). This situah is extremely
disappointing especially when understanding the potential opportunities for these

countries to capitalise on their transboundary energy resources for mutual benefit

(Koch, 2012). Sankaket al.(2013) explains that to effectively take cotrol of the energy

security concerns within South Asia, an energy sector master plan must be established,
promoting indigenous hydropower resource development He also argues that this plan

must emphasize joint development mechanisms aimed at maximisingniestments in

shared energy infrastructure and resource development (Sankaat al.2013).

Hydropower provides an excellent opportunity for energy trade within the region to
bridge the demandsupply gap (McMillan, 2008). It is strongly believed that a gater
development in hydropower would bring reductions in investment requirements, lower
transmission losses, improve reserve margins, and enhance the reliability of supply in
South Asia (Sankaret al. 2013). Measuring the feasibility of such an investmen
however is far more challenging to calculate as a number of externalities threaten its

economic impact.

2.2. Climate change and hydropower

#EAT CAO ET AOI T OPEAOEA Ai 1T AAT OOAQETTO 1T &£ O¢C
anthropogenic activity is predicted to cause climate change (Harrisoet al.2012). The

current scientific consensus predicts that under current rates of economic and

population growth global mean temperatures will rise by 3C by the end of this century

(IPCC, 1998). This is expésd to be accompanied by a 15% increase in global
precipitation levels (IPCC, 1998). Changes are however likely to be accentuated within

more hostile and alpine environments as they are more vulnerable to hydro

meteorological change (Roy, 2010).

The SouthAsian Monsoon system largely defines the climate and hydrology of many
catchment systems surrounding the Himalayas (Jeulandt al. 2013). The monsoon

sweeps up both coasts of the Indian subontinent until it is blocked by the Himalaya



mountain range (Mathew, 2013). The monsoon delivers 80% of annual rainfall in June
August (Dharmadhikary, 2008). In correspondence of this, river flows in the Ganges
basin for example rise from very low levels in May to a sharp peak in July to October, as

shown in figure 2 (Jeulandet al.2013).
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Figure2: Historical flows at Farakka (IndiBangladesh border), flows from individual years are shown by tt
lines (Jeulancet al. 2013).

Figure 2 shows that base flows in the river, net of upstream abstractions in India and
Nepal are very modest (Jeulancett al. 2013). Flows at Farakka from January to May
comprise just 6% of total annual flow. Climate ah hydrological variability in the
Himalayas is also extremely high (Laghari, 2013). This is indicated by the inconsistency
of the time series flows shown in figure 2. Irregular cycles of inundation and drying
have both beneficial and destructive aspectsHigh flows typically lead to increased crop
yields and hydroelectric production, whilst short periods of rain also help to mitigate
land subsistence (Yiet al.2010).

The downside of climate variability however relates to the manifestation of extreme

floods and droughts (Jeulancet al. 2013). Floods take a significant toll on lives and
livelihoods, damaging infrastructure, limiting investment, and disrupting economic

activity (Dasgupta et al. 2011). Droughts on the other hand impact on agriculture,
increase water scarcity, reduce hydropower output, and increase political tension. The
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2011). Poor water storage infrastructure has resulted in a large dependence on chtic
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behaviour, as a result of the regions incapacity to regulate runoff effectively (World
Bank, 2013a).

One of the most vulnerable assets of the Himalayas are its glaciers. The glaciers in the
Himalayas are particularly susceptible to the impacts of chate change. Matthew
(2013) explains how glacial retreat is occurring very quickly in the eastern and central
Himalayas. In the short term, as melt is enhanced, runoff first increases (Harrisehal.
2012). In the long term however, as mass balance redes, the volume of melt water
will decline, ultimately to a level that corresponds solely with precipitation (Moorset al.
2011). This occurs as the effect of the deglaciation discharge dividend is removed
(Collins, 2008). At lower elevations, climate ltange is also likely to affect the timing,
location, and volume of the monsoon, adding to the variability of the results shown in
figure 2 (Singhet al.2005).

Forecasting seasonal monsoon would be hugely beneficial in terms of water storage,

energy secuity, management of infrastructure, and agriculture (Zhishenget al. 2001).

Research from the University of Reading suggests that heavy snowfall in winter and

spring can lead to drought over India during the summer monsoon (UoR, 2010). The

study indicates that greater snowfall reflects more sunlight, producing a cooling over the
Himalayas. This in turn causes a weakening of the monsoon winds that bring rain to

India (Turner et al.2011). The research suggests that reduced snowfall in light of global
warl ET ¢ xEI I EAOA Di OEOEOA EIi PAAOO 11 31 O0E
substantial annual monsoons however may have disastrous impacts in terms of flooding

and glacial lake outburst floods (GLOFs), potentially damaging infrastructure and water

quality (Singhet al.2005).

Hydropower is by far the most established form of renewable energy (Agrawalet al.
2003). It is however affected by climate change to a far greater degree than any other
renewable energy source (McDermott, 2013). As climatehange becomes more
recognised, different regions will see changes in rainfall, greater seasonal variability in
discharge, and a greater then lesser runoff from glaciers (Moorst al. 2011). This
ensures that a once predictable form of energy is now a sae of concern for developing

nations (Pomeranz, 2013).

The Hindu Kush Karakorum Himalayan glaciers are a source of water for a quarter of
the global population that lives in South Asia (Laghari, 2013). Glaciers are natural stores
and regulators of watersupply to rivers, which in turn, provide water for domestic and

industrial consumption, energy generation, and irrigation (Hamududuwet al.2012). The
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river Indus for example depends on glacial waters for half its flow (Roy, 2010). Near the
rivers source however, glaciers are thinning at an alarming rate of 0.7m per year (Kaab
et al.2012). Itis also predicted that more rain, rather than snow is to fall on mountains
in the spring, causing river flows to peak before the main growing season (Wilson,
2011). Hydropower generation is also likely to be effected as its operation is directly
related to a rivers runoff. Laghari (2013) for example suggests that a 1% reduction in

stream flow can reduce electricity output by roughly 3%.

Traditional dam planning has always been based on the assumption that future stream
flow patterns will mirror those of the past (Yan, 2012). Changes in precipitation and

increases in glacial, and snow melt have however rendered this notion as obsolete
(Blackshear et al. 2011).

uneconomic, while more extreme rainfall would increase the siltation of dams, reducing

More frequent droughts could render hydropower projects

storage capacity, and increasing the risk of dam failures and flood releases (Harrisen
al. 2012).
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Figure3: Predicted impact of climge change on river discharge (Harrisebal. 2012).

Figure 3 shows the present and future assumed data concerning the runoff of Himalayan
rivers. The graph shows that winter months will see a slight increase in runoff whilst
summer months will see a more reduced level of flow. Winter runoff is higher agobal
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Reduced summer flow however is caused by reduced summer precipitation levels and
also by a reduction in glacial mass balance, reducing glacial melt waters (Gili 2013).
Weather conditions will have a direct influence on the economic and financial viability

of hydropower projects (Rebel, 2013). For example, as a result of changes in

12

OAE



precipitation, generation rates will be higher in the spring but lower in thesummer

when energy is needed for cooling (Laghari, 2013).

Changes in quantity and timing of runoff, together with increased reservoir
sedimentation and evaporation will have a number of impacts on the production of
hydroelectric power (Hamududu et al. 2012). These include impacts upon system

operation, financial effects, and impacts on other energy sectors (Roca, 2012). Laghari

(2013) explains how hydroelectric stations are characterised by low operational costs

but high capital costs. Many large ¥ OT BT x A0 AAOAT 1 i AT OO ET |, $#¢
intention of stimulating economic growth (Whittington et al. 1998). This generally

requires FDI. Reductions in revenue thanks to reduced runoff however, may affect a

countries ability to repay their debt, severely stressing an already weak economy

(Mimikou et al.1997).

A lack of knowledge related to river discharge, precipitation and glacier mass balance is
likely to become a problem as nations look for viable solutions to solve water and
energy securityissues (Turneret al.2011). Laghari (2013) explains how regional goals
should aim to maintain stability of flow through taking measures to limit carbon
emissions, reduce glacial melting, sustain storage capacity, and maintain hydropower
generation (IPCC1998).

2.3. Sedimentation and reduced storage capacity

Reservoir sedimentation results from the interaction of several physical processes
governing the upstream sediment supply and the reservoir trap efficiency (Frenettet
al. 1996). The sediment supply depeds on the sediment source from upstream, and the
sediment vyield is controlled by the rivers morphology (McCully, 1996). The trap
efficiency of a dam however depends on the physical characteristics of the reservoir and

the particle size distribution of the incoming sediment load (Frenetteet al. 1996).

Sedimentation reduces a reservoirs storage capacity. Water supply, flood control,
hydropower, navigation, and environmental benefits are all affected by a reservoirs loss

of storage (Sumiet al.2005). The combination of sediment trapping and flow regulation

has dramatic impacts on the ecology, transparency, sediment balance, and river
morphology (Downs et al. 2009). A lack of downstream sediment can also cause
accelerated coastal erosion (McCully, 1996)This is because clear water below a dam is
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sediment load by degrading the bed and the banks of the river downstream more

rapidly, reducing its rate of aggradation.

McCully (1996) explains how in effect all rivers can be considered a body of flowing
sediment as much as one of flowing water. The proportion of a rivers total sediment
load captured by a dam is known as its traqefficiency. This often approachesd0% for
many projects, particularly those with large reservoirs (Munir, 2011). As sediments
accumulate in the reservoir, the dam gradually loses its ability to store water. This is the
case for all dams; however the rate at which this occurs varies (Lamt al. 1997). The
quantity of sediment carried into reservoirs is at its highest during floods. In the US
for example, half of a rivers annual sediment load may be transported during only 5 to
10 days flow (McCully, 1996). During and after particulay violent weather conditions,

A OEOAO T AU AAOOU AO | OAE OAAEI AT O é&d@ EO xI (
2012). Climate change which is predicted to increase the intensity and volatility of
hydro-meteorological conditions is expected to have darge impact on the rate of

reservoir sedimentation, particularly within alpine locations (Munir, 2011).

2.3.1. Tarbela Dam (case study)

4 AO0OAAT A AAT xAO AT 1 OOOOAOGAA ET OEA pwxméoO 11
(Roca, 2012). The poject was conceived to help regulate the seasonal flows both for

irrigation of the Indus and for generation of hydropower (Abbaset al. 2012). Providing

50% of the total irrigation releases and 30% of the total power and energy needs of

Pakistan, Tarbelas a hugely important national resource (Tribune, 2010).
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Figure4: Map of Tarbela dam and its catchment area (&tial. 2007).
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The Indus basin upstream of Tarbela has an area of 169,650Kk({Tate et al.2000). Over
90% of this lies between the Great Karakorum and the Himalayan ranges (Roca, 2012).
Melt waters from this region contribute toward a significant proportion of annual flow
reaching Tarbela (Sancheet al. 2009). The remainder of the basin lying upstream of
the dam is subject to monsoon rainfall during July, August, and September (Ati al.
2007). Runoff from the monsoon causes sharp floods of short duration which are
superimposed on the slower responding snowmelt runoff, shown in figure 5 (Roca,
2012). It is important to mention that 94% of the rivers total catchment area lies
outside of the monsoon belt which shows how heavily the river relies on glacial and

snow melt for its discharge (Abbast al.2012).
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Figure5: Average monthly inflow in Tarbela Reservoir as a result of both raihénd snowmelt (Roca,
2012).

The upper Indus River basin has one of the highest rates of sediment transport reported
in modern literature (Meybeck, 1976). The sediment ric water creates many water
resource management problems. These include problems such as reduced capacity,
turbine damage, reduction in water quality, and transport of chemical pollutants (Alet

al. 2007). An understanding of the patterns of suspended id in the Indus is therefore

essential for effective future water resource development (Knighton, 1998).

The Karakorum and Himalaya regions are examples of young mountains, subject to
exceptionally rapid degradation (Searle, 1991) Tectonic instability and high relief,

combined with runoff from glaciers can also result in extremely high sediment yields
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(Collins et al. 1995). In specific areas of the basin, another important factor is human
activity involving deforestation, agricuture, and the development of infrastructure (Ali
et al.2007).

2.4. Trans-boundary Issues (A Regional Paradox)

The most important links between the countries of South Asia are its rivers
(Dharmadhikary, 2008). Almost every major river is a trandoundary one. The Indus
River for example, originates in Tibet, travels through India and then into Pakistan,
before eventually running into the sea (Hangzo, 2012). Political boundaries however
cut sharply through the region. Areas that hold common geographicabgographical,
and eco climatic features, may also share starkly different political and economic
contexts (Dharmadhikary, 2008). Nepal and Bhutan for example continue to be primary
production economies with low industrialisation and high agricultural dependency
(Wirsing, 2010). Pakistan and India however are much more industrialised. As a result,
development policies, priorities and constraints also differ in each of the four countries
(Prasaiet al.2013).

China is becoming increasingly recognised asvery large player with relation to trans
boundary conflicts in South Asia (Hangzo, 2012). China is seen as a nation that is taking
advantage of its commanding position as the source of trafimundary rivers, by using
EO8O OEOAOO AO A2010)x Adkddding b this &rdguddni, Ghind sées its
rivers as a means of asserting power over its lower riparian neighbours (Wirsing, 2010).
Chellaney (2012) argues that the weaponisation of shared rivers has led to the nations
of South Asia to engage ia race to build a great number of dams. This race for control
is primarily the result of all nations desire to ensure sustained economic growth
(Hangzo, 2012).

It is strongly believed that Chinas relationship with India is likely to determine the
futureT £ OEA OACEIT 160 xAOAO OAAOOE OUihegénonsAl OE
(Grey et al.2011). China as the upstream power particularly has the ability to control

the quality and flow of the water that reaches riparian regions (Turneet al.2013).

Turner (2013) argues that China exercises its hydrinegemony by refusing to sign water
sharing agreements or water management treaties with lower riparian countries. China
also does this through pursuing unilateral actions such as building dams without
consulting countries downstream (Hangzo, 2012). China not only controls the

headwaters of these rivers but it is also the most powerful state in the region
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economically, and militarily (Turner et al.2013). As a result, China has little incentive to
enter into formal cooperative water agreements with its neighbours (Wirsing, 2013).
To meet Chinas hydropower goals the central government has proposed the
construction of 60 medium and large dams by 2016. These dams are primarily focused
on rivers flowing out of the Himalayas into South and South East Asia, threatening the

water security of downstream nations.

A good gauge of the trandoundary significance of rivers originating from the HKH
region is the water dependency ratio (Turneret al.2013). Water cependency ratio is an
index that measures thevolume of water resources originating outside a country and
highlights the potential vulnerability of shared waters to competing interests (Coolet

al.2013).

Tablel: Water dependencyratios of countries throughout the HKH region (Munir, 2011).

Central Water Water
and Dependency Ratio East and Dependency Ratio

South Asia (%) Southeast Asia (%)
Afghanistan 15 Cambodia 75
Bangladesh 91 China 1
India 34 Laos PDR 43
Kazakhstan 31 Myanmar 16
Kyrgyzstan 0 Thailand 49
Nepal 6 Vietnam 59
Pakistan 77

Uzbekistan 77

As shown in table 1, an examination of these ratios among multiple states in the HKH
region reveals a sharp imbalance. China has a dependency ratio of only 1% for example
making it one of themost hydrologically selfreliant countries in the world (Hangzo,
2012). At the other end of the scale however, Bangladesh and Pakistan, which at 91%
and 77% respectively, are two states that are most dependent on water from outside its
borders (Cooket al. 2013).

2.5. Water sharing agreements

Most of the rivers of the HKH region lack any treaty among riparian countries and each
has different and conflicting plans for development in the basin (Cookt al. 2013).

China believes that harnessing its rivers is esaéial to addressing its energy and water
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needs (Turner et al. 2013). As a result, China builds dams on shared rivers despite
objections from lower riparian neighbours, as it is not constrained by any legally
binding water sharing agreements (Jayaram, 2033 In 2006 however, China set up a
joint expert level mechanism with India. Within this they discussed cooperation on the
sharing of hydrological data, emergency management, and other tratundary river
issues (Hangzo, 2012). This cooperation led td¢ establishment of the Himalayan
River Commission (HRC) which focuses on the management of shared rivers (Dsouza,
2013). Representatives from Bangladesh, China, India, and Nepal now attend annual
meetings as a result of the HRC, showing that there is é@mest in a cooperative
arrangement (SFG, 2011).

The Mekong River Basin Commission (MRC) is a rare example of a successful
multilateral cooperation (see Figure §. The river originates in China and flows through
Myanmar, Laos, Thailand, Cambodia, and ietm. The MRC formed in 199%ims to
encourage balanced and coordinated developments and investments in irrigations and
drought management, hydropower, flood management, water shed management,
environment and tourism (Cooket al. 2013). China in particularhas agreed to share

information on its rivers flows and dam operations.

The Mekong River Basin

Characteristics:

Area: 795,000 ki (21)
Length of mainstream: 4,800 km (12)

Average discharge: 15,000 m'/s 8)

°
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Figure6: Map of the Mekong River basin (Rebel, 2013).
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Distribution of rivers is largely determined by hydro politics rather than water

availability (Roy, 2010). The Indus River Treaty, signed in 1960, divides the IndusvBr

Basin along the India/Pakistan border. The treaty defines the principles for sharing

water of the Indus River between India and Pakistan (PILDAT, 2012). Issues have been

raised however regarding how the waters were divided to begin with. Pakistarof
AgAi pI1 A EAO OI EAAA AiTAAOT O 1TO6AO )T AEAGO DI ¢
damming the upper reaches of the Indus (Wirsing, 2013).

Nepal and Bhutan are uniquely positioned with respect to their upstream location and
abundant hydropower potential (Cooket al.2013). The two countries share numerous
agreements with India in relation to flood control and hydropower (Wirsing, 2013). In
1996 Nepal and India signed the Mahakali Treaty for integrated, multipurpose
development of the river (Hearns, B07). There is growing concern however that
YT AEABO CcOi xET ¢ AT Aocu AAI AT A &I O EUAOI T xAO
2014). Hearns (2007) acknowledges a lack of mechanisms used to enhance cooperation
between Nepal and India as a significant resan for the failure of the treaties
implementation. It is also understood that climate change is partially to blame for the
collapse of the treaty (Bhushal, 2014). The realisation of a shorter rainy season and
reduced runoff in future years made the treties implementation even more problematic
(Tobassumet al.2004).

Chinas reluctance to move in the direction of water transparency is a formidable road
block to regional cooperation on water security (Wirsing, 2013). In 2013 China rejected
a proposalby India to create a new water commission between the two nations (Turner
et al. 2013). There are fairly strong signs however that South Asian governments are
increasingly inclined to cooperate on the issue (Shaét al.2013). In April 2013, Nepal,

India, and Bangladesh forged an important agreement to jointly exploit hydropower and
manage water resources for mutual advantage (Mehdudia, 2013). It is difficult to see

how this venture can be hugely successful however without cooperation from China.

Research reveals that a change in environmental conditions that outpaces the capacity
of existing institutions to cope with such change is a cause of tension (Uprety, 2012).
Conflicts related to sharing remain unresolved due to a lack of norme tmanage water
flows and flexible mechanisms to deal with changes (Salmoet al. 2011). Riparian
states often feel vulnerable to rising flow variability, and favour the use of variability

management mechanisms (Drieschovat al. 2008). Uprety (2012) exphins how it is
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now becoming realised that transboundary agreements being rigid instruments
entailing high opportunity costs for modification are less ideal compared to those that

are more flexible.

2.6. Economic growth models

Geographers often seeko categorise places using a scale of development, frequently
AEOEAET C TAOQGEI 10 AAOGxAAT OAAOGAT T PAAG AT A OAA
countries aim to achieve economic growth. Economic growth is the growth in the

economic wealth of countries for the wvell-being of their inhabitants, through the

concerted actions of policy makers and communities (SVBIC, 2011). There have been a

number of economic growth models developed over recent years that look to try and

simplify the complexities of economic develoment.

Economic growth depends critically on access to reliable energreenstone, 2014). In
South Asia particularly however, connectivity remains low, supply in connected areas is
unreliable. and carbon emissions are on the rise (McMillan, 2008). Pligs shows that
energy is crucial for economic growth, but the mainstream theory of economic growth

often pays no attention to role of energy (Stern, 2010).

Howitt (2009) also explains how the principle economic models used to explain the

growth process, donot include energy as a factor that could constrain or enable

economic growth. Energy is essential to all economic production. As a result, criticism

of growth models that ignore energy is legitimate. Models such as the Harr@bmar

growth model, Lewid O 3 OOOAOOO0OAIT AEATCA 1T TAAIT R AT A 27«
development are all well recognised pieces of work; however each of them does not

include the importance of energy. Theories that try and explain growth entirely as a

function of energy suppy are also incomplete however.

Research by Stern (2010) suggests that long term energy availability could constrain

economic growth. This conclusion emphasises how critical reducing energy security has

become. Two models of development can how&er be modified to relate to whether

hydropower could be a viable influence over issues relating to energy security.

"T OAOODPO AT A - Al OEGOGBO 11T AAT O 1T &£ OAOGI OOAA A

energy.

Both have opposing theories on what happens men resources fall short of a
Pbi DOI AGET 160 AAI AT AOS8 "1 OE OEAT OEAO DPOEI A

consumption. Malthus expresses a pessimistic view over the dangers of population
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growth and claimed that food supply was the main limit to populatio growth
(thinkgeog, 2008). Malthus explained that population growth would increase demand
on food supply, eventually reducing food production as a result of increased pressures
over production (Reynolds, 2013). His theory is based upon the law of dimshing
returns (Malthus, 1798).

"T OAOOPO OEAT OU EI xAOAO AAT AA OOIi T AA OB AU
ET OAT OET 18 j OEET ECAiI Ch ¢nnyQs "T OAOOPO OEAI
incentive to adapt and innovate (Adnane, 2010). Asresult population growth becomes

sustainable thanks to spark innovators improving food production methods.

This theory of resource consumption can relate directly to issues within Asia if food

production is replaced with energy production. Theres ever increasing concerns over

i AAROET ¢ CcOl xET ¢ AAIT ATAO &£ O AT Adcus - Al OEOO
energy will prevent further population growth. He would also argue that further

attempts to increase production would inevitably reduceoverall efficiency, reducing

supply. This potentially relates to the belief that the greater realisation of climate

change will reduce the future efficiency of hydropower.

Boserups theory however would suggest that as demand for energy increases, teclahic
innovations will cover shortfalls in energy supply through improved production. The
development of hydropower could be viewed as this production increasing innovation.
Hydropower in Asia can be appreciated as a very current and innovative way to more
economically and sustainably meet growing demand. Whether it is capable of
continuing to meet such demand in light of increasing political and environmental
concern is however unknown. Boserup would argue though that sustained shortfalls
would have to trigger further innovation to increase production, therefore potentially

leading to a major growth in hydropower investment.
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3. Methods

3.1. Methodological considerations

In light of climate change, population growth, and in some states economic poverty,
hydropower fails to be viewed as a viable investment. The potential opportunity for
improved energy, water and food security however catches the interest of powerful
political figures. Controlling the runoff from one of the most affluent fresh water regions
on the planet is a fantastic opportunity for Asia to more effectively accommodate
growing populations. Constructing dams and reservoirs along the trarsoundary
rivers that feed South Asia could allow for economic, population, and energy growth on

a greater scale.

The impacts of climate change on hydropower are also analysed in detail, lagdro
meteorological change affects the morphology of the river and the properties of the
runoff. This has a direct influence on the efficiency and economic significance of a
potential hydropower investment. Hydropower is the most prevalent source of wite
energy on the planet. The objective of tl research is to analyse how effective and
successful a large sda investment could be inAsia considering the potential impacts of
climate changeand the demands of population growth This is of particularimportance

in view of large scale developments already forecast in China and India.

Asia is a diverse hydropower market characterised by growing economies and plentiful
resources (Trembath, 2015). With GDP growth rates of between 4 and 8% across Asia
the regions huge demands are being placed on countries to rapidéxpand their energy
sectors. The World Bank (2013) argues that despite contentious environmental and
social impacts within Asia, hydropower has enormous potential to open avenues for
growth within local economies. More recently South Asiahas also been the main area of
focus for leading figures in water and energy to gather. In May this year the 2015
Hydropower congress was held in Beijing for exampléTrembath, 2015). Asia can also
be seen a an appropriate case studyfor hydropower due to Chinas world leading
position in relation to hydropower generation figures. The Three Gorges Dam power
station exceeded the world record for annual generation in 2014 (Trembath, 2015).
Along with existing hydropower stations, China is also showing exponential intent in
terms of further investment. Thisunderstanding is supported by the recent completion
of the Xiluodu project on the Jinsha Rivewhich is currenty OAAT ¢T EOAA AO

third largest power station (Greenstone, 2014)
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Asia is viewed as an appropriate case study due to its mountainotgpography, its many

glacier fed rivers, and its existing and proposed developmentgLaghari, 2013).

Particular focus is however aimed toward changes in thBow of the River Sutlej which

is a tributary of the River Indus.The River Sutlej acts as an ideal case stutly analyse

due to its huge untapped hydroelectric pagntial and its vulnerability to environmental

and social externalities(Miller et al. 2012). In economically emerging regions such as

Pakistan and Indiathat possesseconomies that are closely tied taheir natural resource

base, vulnerability to the impacts of climate change are enhanced (Sheeif al. 2011).

This accompanied by the River Sut A Bl@in® location makes hy® i BT x AO6 O AAAOE/
within this river system particularly susceptible.

Through support from the World Bankthe Indus Basin Project was initiated in 1978 in
Pakistan in an attempt to control the unregulated flows of the Inds River (Water
Technology, 2015). Seasonal variations in river flow and a lack of storage reservoirs to
conserve surplus flows causes issues in relation to both water and food securityr
Pakistan Within this project existed the construction of Tarbeh damwhich was built to
primarily regulate flows for irrigation use (World Bank, 2013). It was also developed to
achieve substantial hydroelectric generation.Tarbela Dam can be recognised as an ideal
case study within this thesis due to its vulnerabilly as a feasible economic investment
Mitigation strategies are also in place in attempts to prolong thé\ A | IFeGspan amid
fears over sedimentation (Schneider, 2008) An example of this refers to the

construction of Diamer-Basha Dam upstream of Tarbel@/Vater-technology, 2015).

Finally, to help understand how the development of hydropower has changed already
through time, dams in India are analysed in relation to completion dates and capacity.
The locations of these dams throughout India are also amined, as is the relationship

between the time of construction and the size of the dam. Only the five states of India

that border the Himalayas are used as case studies however.

3.2.  Approach

Secondary research represents the main instrument of the bkground. It also
represents the theoretical background to which conclusions made from the research can
be analysed against. Secondary sources of data are also fully utilised in the practical

part of this research.

Runoff data has been collected from theiver Sutlej in Pakistanto help assess the

potential future of hydropower as a significant energy source. Analysing the change in
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runoff and timing of peak flows is important in understanding how climate change could
impact on the efficiency of hydropover. Understanding runoff patterns could play an
important role in the future successful design and mitigation of hydropower, as current
projects are still developed based on the knowledge that climate conditions have

remained stationary.

Data such as thiswas acquired through research into the World Bank, which is
particularly helpful in terms of accessing development indicators for countries
throughout the world. Asia policy journals also contributed relevant data, as did the
KNMI climate explorer whichis a web application that analyses climate data statistically.
Data such as precipitation levels and air temperature from a variety of different gauging
stations across Asia can be sourced from this web page. It is also possible to gain data
relating to river discharge from this source; however this data is often irregular and
inconsistent. The Indian Water Portal is another statistical web page that was used.
Data from this web page covered indices such as precipitation, air temperature, cloud
cover, and vapour pressure for example. This information is obviously only available for

Indian states however.

Primary data was not utilised throughout this research. This is partly due to the
hostility of the locations that would have needed to be visited, andlso due to the
magnitude of data that was already accessible online, in journals and articles, and from
the authors tutor. Primary data would have added greater depth to the research,
however the time period needed to generate the desired data is tooeat for it to be a

realistic option.

3.3. Study Area

The study area for this thesis is the Himalaya region and the downstream basins of the
rivers that are sourced there. The Himalayas is an 800km long mountain region that
stretches between central Afghanistan and northern PakistafDaly, 2013). The water
resources of the region, sustain approximatgl 150million people. The region is also
shared by eight countries (Afghanistan, Bangladesh, Bhutan, China, India, Myanmar,

. APATh ATA O0OAEEOOAT q AT A ET OAOI AAGAO xEOE
Brahmaputra, Irrawaddy, Salween, Mekong, angtse, and Yébw River) as shown in
figure 8. The Himalayan region is the highest mountainous region in the world and is
characterised by great geological, biological and cultural diversity, as well as extensive

marginalisation and poverty amongst its gople (Sticklor, 2012).
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Figure7: Map of the Hindu Kush Himalayan region and the river basins that surround it (Hangzo, 2012).

The HmalayanOACET 1T EO EI T A O omb T £ OEA x1 01 A0
OEA OOEEOA bpiilAds yoO EO A1 O 1TTA 1T /&£ OEA 1160
world. The effects of climate change arekely to be more evident here and perhaps

have the greatest impact, since this ecosystem supports the livelihoods of more people

than any other coherent ecosystem in the worldNewcomb, 2013)

~

Figure8: Google earth image of the Hindu Kush Himalayas (Google Earth, 2014)
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Table 2 shows the glaciers and the glaciated area in the majeasins on the Hindu Kush
Himalayan region. This information is significant considering in some circumstances

glacial melt makes up 80% of a rivers annual runoff.

Table2: Gaciers and glaciated area in the basins of the Hindu Kush Himalayan region (ICIMOD, 2011).

Basin Basin area within | Mumber of glaciers | Glaciated area Estimated ice Average glacier
HKH (km?) FESErvEs area
{km?) (km?) {km)
Amu Darya 166,686 3,277 2,566 162.61 078
Indhus 555,450 18,495 21193 | 269605 115
Ganges 244 806 7,943 2012 793.53 1.13
Brahmaputra 432,480 11,497 14020 | 1,302.63 1.22
Irawaddy 202,745 133 35 1.2%9 027
Salween 211,122 2,113 1,352 | B7.69 0.64
Mekong 138,876 482 235 10.48 0.49
Yangtze 565,102 1,661 1660 | 12140 1.00
Yellow 250,540 189 137 224 073
Tarim Interior 26,729 1,091 2310 | 378.64 212
Qinghai-Tibetan Interior 202,824 7,351 7,535 563.10 1.02
Total 3,705,721* 54,252 60054 | 612685 L

*An additional 486,725 km® nonglocioted orea lies outside the basins.

Increases in glacial melting are projected to limit the natural water storage providedyb
expanses of snow and ice and are expected to heighten the risk of glacial lake outburst
floods (Climate Himalaya, 2013) Mass losses from glaciers in the Himalayas and
accelerating reductions in snow cover are expected to ultimately reduce water suppdie
and hydropower potential. Changes in the seasonality of flows supplied by melt water
are also predicted. Droughts will affect greater areas, resulting in greater reliance on
irrigation, whilst there will also be an increased risk of flooding thanks tan increase in
climate variability (Vidal, 2013).

Before research was carried out, a detailed evaluation of theirHalayan region was
undertaken, including an analysis of its rivers, reservoirs, hydropower developments
and the regions vulnerability to clmate change. This was done to ensure that the most

relevant and significant case studies were analysed.

A variety of case studies were utilised throughout this thesis in an attempt to develop a

detailed understanding of the following relationships:

The impact of climate change on the volume and timing of river discharge;
The changing efficiency and productivity of current hydropower developments;
The change in the frequency of dam development and the relationship between

date of completion and storage caty;
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I Patterns and rates of sedimentation in reservoirs and its impacts on storage
capacity and hydropower;

1 The feasibility of hydropower in relation to economic opportunity and the
relationship between local GDP, population growth, and hydroelectric

genreration.

3.4. River Discharge

Two rivers were preferred for analysis after evaluation of the study siteThe river Indus
and river Sutlej both possess huge hydropower potentialand supply a huge ara of
South Asia with freshwater. Theyare also extremely vulnerable to the potential impacts
of climate change.Both arealso crucial in relation to water storage, particularly in light
of population growth and more irregular river runoff. The majority of the research is
however aimed at the River Sutlej thankso an abundance of accessible data. The River
Sutlej is the easternmost tributay of the River Indus (figure 10. It enters India through

Himachel Pradesh, before heading South West to meet the river Beas in Punjab state.

The river Sutlej is thelongest of the five rivers that flow through Punjab in Northern
India and Pakistan. The river is 1,450km long and there are various hydroelectric
power and irrigation projects along the river including the Kol Dam, Bhakra Dam, Baspa
hydroelectric power project, and Nathpa Jhakri projec{(SANDRP, 2013) The overall
hydroelectric power capacity in Himachel Pradesh is evaluated to be 20,000MW of
which around 50% is from the Sutlej valleyShukla, 2014)
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Balochistan

Figure9: Map of the River Indus basin, showing the location of the River Sutlej tributary (Abdiaal. 2012)

Discharge data has been sourced from two different gauwj stations along the River
Sutlej. These include Khab and Raur stations (shown in figure 11). Comparing
discharge data at different locations helps to develop a more detailed understanding of
where the greatest changes are being realised and how changliffers with distance
from a rivers source. Air temperature and precipitation levels over the Sutlej river
catchment are also analysed so that any correlations between discharge and hydro
meteorological change can be discussed. It is particularly imptant that variations in
discharge are analysed along the river Sutlej as it feeds Bhakra dam, which is essential in

India thanks to its storage capacity and hydroelectric generation potential.
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Figurel0: Google earth image showing the locations of the 8tas where data has been sourced from (Goo
Earth, 2014)

3.5.  Changing philosophy toward Indian dam construction

India was chosen for this area of research because of the large level of access to data
concerning dam size, completion dates, dam locations, and storage capacity. Similar
data for dams within Pakistan for example was not available. To study dams that are
more relevant to the research, developments from only within the five Himalaya
bordering states of India have been utilised. These states include Arunachel Pradesh,

Himachel Pradesh, Jammu &Kashmir, Sikkim, and Uttarakhand.
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Figurell: Map showing the location of the five Indian states that border the Himalayas (Harmon, 2011).
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Within this section of researd, the number of dams that exist within the five bordering
states is displayed. The years in which these dams were built are also presented and the
storage capacities of the dams that exist within these states are shown. Finally, the
relationship betweenthe size of dams and the year in which they were built is displayed
so that any change in dam building philosophy can be understood. Understanding how
dam building has changed already through time will make it easier to make predictions

on how dams areikely to look and be developed in the future.

3.6. Changing efficiency of current hydropower

To understand how hydropower is already changing in South Asia as a result of
externalities it is important to first analyse how existing hydropower has chaged. For
this area of research three rivers were studied. These include the river Sutlej, river
Indus, and river Chenab. All rivers have been heavily developed in terms of generation
capacity and water storage. The locations of all three rivers cée understood through
figure 10. Both the river Indus and Sutlej have already been discussed however the
river Chenab is only referred to in this section of research. The river Chenab is also a
tributary of the river Indus. It forms in Himachel Pradeshflows through Jammu &
Kashmir and then into Punjab. The waters of Chenab are completely allocated to

Pakistan under the terms of the Indus water treaty.

The following two figures show maps of all the proposed hydroelectric projects within
both the river Sutlej and river Chenab. These figures show where along these river
catchments that projects exist and where they are being proposed to be built. The
figures help to demonstrate the scale in which development has already occurred along
these catchmentsand the remaining potential for future investment. These figures have
also allowed the author to demonstrate to the reader how important each of these river

catchments is in terms of energy production and future energy security prospects.
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Figure12: Map showing the commissionedjnder construction, and proposed hydroelectric project along the River Sutlej basin (Mehta, 2011)
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