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Abstract

A systems approadh usedo presenthetradeoffs between power generating
capacity and impacts to streamflow and river connectivity among different
scenario®f hydropower developmeir the Alto Magdalen®iver basin,
Colombia. Tls analysisdefines a nofinferior set of 15 development scenarios
which minimize connectity loss while maximizingyenerating capacity.
Streamflow impacts were assessed using WEAP, and results shavhilleat
building reservoirsupstream of existing dantest maintains connectivitihis
causegreatefocal streamflowimpactsthandownstreandevelopmentUpstream
consequences may affect a smdilgn populationthan downstreanbutthis
population is largel endemic Impacts of upstream developmentdownstream
flows are minor due to the influenceefisting dars betweenhetwo reaches.
This work provides informatioto supporthe decision making process
hydropower developmemind suggests the need émoperation among local and

national entities as well as for a larget of performance measures.
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Chapter 1 Introduction
Colombia, locted in northwest South America, is a country made up of a
variety of ecosystems and is richnaturalresourcesncludingoil, minerals,
biodiversity andreshwater(Lavaux, 2006).The Andes Mountains, which cover
the northeast region of the countaye made up of threenges extending parallel
from southwest to northeast: the Cordillera Occidental, Cordillera Central and
Cordillera Oriental. The highest peak in Colomih&vado del Huilajes in the
Cordillera Central at 5,780 meters above sea Reariques Naturales, 2015). The
Magdalena River, the longest river in Colombia, at over 1,500 kilometers, flows
between the Cordillera Central and Oriental, frompéaksand cloud forests of
the Andes through multiple biodiverse ecosystems, one of whitie iMompos
Depression, one of the largest wetlands in the world, before flowing into the
Caribbean Sea (Angarita et al., 20ERgjure 1-1). The entire Magdalena River
basin covers 24% of Col ombg iachudingmucle a, 271, 2
of the Andean Region. At the mouth of the river near Baranquillanth&éannual
average dischargbéased on data from 19-1®95)of the Magdalena River is
7,200 cubic meters per second (Restrepo gadie, 2000)
Not only the largesthe Magdalena River is also the most important river in
Col ombia. Thanks to the basinds relief and
hydropower potential, some of which heseady been exploited to fill a
significant porti ons Qufrentighetwveeri@sand®B2% ener gy n
of Col overdllenergyseeds argenerated by hydropow@@spina

Norefia, 2009;International Energy Agency [IEA], 201®pperman et al., 2015
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(9,185MW by large hydropoweand591 MW by hydropowelwith project
capadies of less than 20 M\WMorales et al., 200 and ®% (IEA, 2014) to
84% (JinénezSegura et al., 2014 that is generated in the Magdalena River
basinTher i ver al so provides drinking water for
and supports 75% ofteount r yés agr iThaNaturar e producti on
ConservancyNC],201%) . The basin is home to 80% of
population,and to 213 fish species, of which, 50% are endemic(BrSegura
et al., 2014pnd 40 are listed as threatened (IUCN, 20fr8king it an integral
resource for fishingndimportant forconservationThe majority 86% of the
Colombian GDRs produced within the basin (TNC, 2@)5andthe riveris an
integral part ofColombian culture in general (Caycedo, 20T%)e Magdalena
River is the largest river discharging into the Caribbean Qdeamsporting more
sediment than any other river flowing into the Caribbean Ocean by aalteas
order of magnitude (Milliman & Farnsworth, 281 The Magdalena River even
transports some of theghmest volumes of sediment compared to oSwmuth
American riversincludingthose with significantly larger discharge and drainage
areassuch as the Amam, Orinoco and Paramivers(Restrepo and Kjerfve,
2000;Angarita et al., 2015)[his immense capéyg to transport sediment, and the
variation in flows that support such transport makes the Magdalena River
essential to maintainindpete al t h of t h e (Angaritaetrab,201® cosy st em
as well as them e a Réssepd et al., 2006)
Although the bain already supplies extensikigdrgpower,it is estimated that

the country has a totalydropowerpotential of 93,085 MW\ten times more than
2



existing installed capacitfCORPOEMA, 2010)with 25,000 MW of this
estimated to be in hydropower projewatish capacitiedess than 2MW (Morales
et al., 2015)Of the 10% oftotal potentiathathas been exploite®.86%includes
projectsgreater than 20 MW in sizand 0.57%ncludesprojectsless than 20
MW (CORPOEMA, 2010 The Magdalena River basatoneis estimated tchold
nearly 40% of the total potenti@Morales et al., 2015).

The Colombian government, with the support of HydroChinaRaowder
China has established a plandct on this potential bgevelopng significantly
more hydropower within the Maglena River basito meet increasing demand in
Colombia as well to be sold internationally to Ecuador and Vene@udlah e
R e p u b2013c This isjust one proposed plan of many which contribute
towardst he countryods ener gYUPYE 20&3). dahei o n
expansion plaproposes to increaseh e ¢ oeunengly gegedason capachy
7,914 MW(UPME, 2013) Colombia plans to account for more than 77% of this
increase in generatidsy building new hydroelectripower plantsumming6,088
MW (UPME, 2013). While hydropoweran provide significant energy with
potentiallylow carbonemissionsit does not come without environmental, social,
and economic impactghich vary by project type, size and locatidrhis study
aims to assess the tradeoff$vien the increasqubwergeneratiorcapacityand
resulting impacts to stream flows and river connectivity from propssed and
largehydropowerprojects in one portion of tidagdalena River basiand to
considerthe influence oturrent governmergracticeson future hydropower

developmenand its impacts

expansi
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Chapter 2 Review ofColombiarwater governance

Law 99 passed in 1993 wasmajor piece of Colombralegislature that called
for acomplete overhaul of theéolombian environmental governanggtem
(Blackman et al., 2012Y.he law called fodecentralizinghe environmental
regulatingprocessrequiring nongovernmentehtitiesto be involved in the
decision making process, and allowing jurisdiction boundaries to be controlled by
watershed delineatiomther than political boundari¢éslacDonnell and Grigg,

2007, Blackman et al., 2012).
2.1 The National Environmental System

Law 99 established a new management sysd@ohreporting structur¢he
National Environmental System (Sistema Nacional Ambig&iNA)) and
entities forthe management and designatiospécific responsibilities
(Blackmanet al., 2012) The new Ministry of the Environmeahd Sustainable
DevelopmentMinisterio de Ambiente y Desarrollo Sostenifinistry)), was
created as the directing agency of the SINA, and is responsildettmgnational
environmental regulatis including pollution standards atide structure
administration of national protected areas (Blanco, 2008) methodologies for
granting or denying environmental licenses (Decreto 2041, 28p4yifically for
water resources managemehge hationajoverrment is supported in developing
regulations and standards by thstituto de Hidrologia, Meteorologia y Estudios
Ambientales (IDEAM)a national research institutian charge of meteorology

and environmental studies also created by Law 99 of (B@8co, 2008), the



Department of Integrated Water Resources Managerb@etc€ion de Gestin
Integral del Recurso idrico, Ministerio, 2016) and the National Authority of
Environmental LicensingAutoridad Nacional De Licencias Ambientales
(ANLA), Decreto2041, 2014)Implementation of thenvironmental and water
resourcepolicies set by the Ministry isiainly conducted at the regional level, by
the Regional Autonomous Corporations (Corporaciones Autonomas Regionales
(CARY9), who are responsible for managia watershed or subwatershed
(MacDonnel and Grigg, 200Mowever the CARsdo not have complete
authorityover large projectsven if they fall within their jurisdictional area.
Large projects arkcensed at the national leviey the ANLA (Decreto 2041
2014).

The autonomy of the &Rs manifests itself in different ways for different
areasFirst, the @Q\Rs each have a regional board, made up of representatives
from regional departments, municipalities, NGOs, business and ethnic groups as
well as nationatepresentatives from the Ministrp@ possibly the President. The
majority of the CAROs budget i s generated
environmental taxes within their jurisdictionith additional fundssupplied by
thenational government. Environmi@htaxesare jurisdiction based, including
revenues from water use licenses, discharge permits, and royalties from
hydropower plants within their jurisdictiobsing local fundsllows the G\Rs to
allocate resources to projects that are magibnallyimportant,butthis design
also significantly reduces the availability of fundad therefore the capacity of

CARs to carry out their respondibies in less developed areas. (Blanco, 2008)
6



2.2 Environmental Licensing and Hydropower regulations

The main methodf exercising environmental protection and regulation in
Colombia is through the system of environmental licensing. A license is required
f othe eXecutionof@ar oj ect , wo whichnoay caase deverei t y é
deterioration ofenewable natural resouscer the environment or introduce
considerable or notorious modifications to wedscape translated from
Decreto 2041, 2014). One license is required per project and includes
consideratiorfor any implications to the environment or use of natural nessu
during construction andperationof the projectFor hydropower projects, a
license will include both requirements for environmental protection and
mitigation during construction as well as a water use license for operation of the
dam or diversion.ecreto 2041, 2014)

There are fouentities which can grant or deny licenses, and this study focuses
on thetwo entitieswhich are most commonly responsibfé the rational level,
the ANLA grants and denies licenses for large projects and at the retpoahl
the CARs do so for smaller projects. The CARs may also delegate this
responsibility to local authorities. In the case of hydropower, the ANLA is
responsible for projects with capacgtigreater than 100 megawaitswith
reservoirs larger than 200iliion cubic meters and the CARs are responsible for
all smaller projects. Throughout thisstudyl ar ge hydr opower 0 i s use
those that the ANLA licenses What i s considered fAsmall 0 h)
from country to country, ranging from <1.5Wito <100 MW (Morales, 2015)

but in this study, small hydropower, (Peijas Centrales Hidroé&tricas (PCH)),
7



unless otherwise stated, is used to reféhdse projects that the CARs have
jurisdiction over. (Decreto 2041, 2014)

Prior t01994, the majorityf the electricity sectan Colombiawas owned
and operated by the government (Blackman et al., 20h2)sector was
restructured allowing for private investment (Uribe and Medina, 2004), as a
reaction to severelroughtinduced electricity shortages 1992 and 1993
(Blackman et al., 2012Lurrently,private companies can apply for an
environmental license to construct and openat® electricity generating plants
from the corresponding authoritgither theANLA or the CAR with jurisdiction
over the egion where the project is locatg@ecreto 2041, 2014)n order to
apply for a license from either entity, applicants are required to coaduct
Environmental Impact Assessment as well as plans for mitigation or alternative
plans for developmenb minimize these impac{®acDonell and Grigg, 20Q7
Decreto 2041, 2014)n conducting environmental impact studies, the applicant
must follow the terms of reference for conducting studies provided yeheral
Methodlogy forthe SubmissiorEnvironmentalStudies(Metodologia General
para la Presentacion de Estudios Ambientaleich is developednd updated
by the Ministry and the ANLA (Decreto 2041, 2014 )he applicant is applying
for a license from the ANLA, this information must also be suppliedeo t
corresponding CARDecreto 2041, 2014Additionally, the applicant must share
development plans and impact assessments with the public, and in some cases,

consult with indigenous populatio(i@ecreto 2041, 2014)



In assessing the impacts presentedhénstudies, th the ANLA and the
CARs are required to followhe Evaluation Manual foProjectEnvironmental
Studies (Manual de Evaluacion de Estudios Ambientales de Proyeelgs)
developed and updated by the Ministry and the AND&creto 2041, 2014This
may include a visit to the site of the proposed project as well as considering
economic and social impacts, availability of the resource and the proposed water
use in relation to other usdiBecreto 2041, 2014Ynder law, utilization of water
by ary individual user must not result in injury to the general interest of the
community or the rights of other users (MacDonnell and Grigg, 280hpugh
both entities follow the same procedures in assessing impacts and therefore
granting or denying licensethe CARs do not participate in developing the
procedures or standards for which these impacts are measured and assessed.
Additionally, although the CARs may be consulted in the licensing process by the
ANLA, the period of time in which the CARs can pide feedback on
assessments to the ANL# limited (Decreto 2041, 2014Despite the
participatory structure of the decision making procasd,the inclusion of nen
government entities and individuals on the boards of the ChRdack of
effective methds of communication between the two levalgovernmentand
the limited resources available to the CARs compared to the national government

may mean that participation and cooperation isah@ays successful in practice.
2.3 Additional Responsibilities dfe CARS

In addition to licensing, the CARSs protect the environment within their

jurisdiction by developingariouswatershed management plans, known as
9



ordering plans, and reviewing the environna¢éaspecs of local Territorial

Ordering Plans (POT) set by the municipalitiegBlanco, 2008) These plans
include limitations of areas to be used for urban expansion and development, and
impose restrictions on areas intended for environmental, cultural or historic
protection(Blanco, 2008)CARs camalsoestdlish reserves of environmental
resource and oce a reserve is established, no licenses maybeddor the

reserved resource (MacDonell and Grigg, 2007).
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Chapter 3 Alto Magdalena basind itsdevelopment fans

The Magdalena River basin is divided into multiGl&Rs. This analysis
focuses on tharea of the basiwhich is managed by the GAcalledthe
Regional Autonomous Corporation of the Alto Magdalda&frporacion
AuténomaRegional del Alto Magdalen@AM)). This portion of the basin, the
Alto Magdalena bsin, encompasses the headwaters of the river and falls within
the department of Huild={gure 3-1).

Currently, tlere are twdarge dars on the main stem of the Magdalena Rjver
which are located within the jurisdiction of the CAMigure 3-1), but are
licensed by the national governmeBétania has been operating sinc88®ith
its main priority as hydropower generation. Construction of EI Quimbo
commenced 2012 and operations beganDecember 2015Initially, the
operations of El Quimbo led to a significant decline in water quality due to the
decomposition of residual tree debris that was not removed before the reservoir
was filled(CAM WEAP team meeting, January 8, 20i6E1 Qui mpo o, 2016
Low levels ofdissolved oxygen and other issues in wedégasedrom EI
Quimbokilled fish in thetilapiafarmsin the Betania reservoir downstream
affectingnot just the fish but the livelihood of those who depend on the fish farms
(CAM WEAP team meeting, Jaary 8, 2016)The issues with El Quimbo have
led to increased resistance to large dams in the(seedor examplé E |
Qui mb o 9Q.,Ther2 ard aso two existing PCHs, which have been in operation

for approximately 40 years (Obregon Salaza€ivil Engineer, CAM,personal

11



communication, January 21, 201&hese projects are not connected to the grid
and only supply power locally.

Many plans fomewhydropower projects have been proposed throughout the
Magdalena River basin. One major plan proposedhéyational government
includes construction of Idrge dam®n the main stem of the Magdalena River
(AThe Republico, 2 @aukbelicemseckby ttdNLAar ge pr oj ec
andare not just proposed to meet the energy needs of Colombia, but elpoitb
energy to Ecuador and VeOftheWerbppased i The Repu
largemainstem projectgight fall within the study area, foareproposed for
sites upstream of Betania and El Quiméadfour downstream(Table 3-1,
Figure 3-1). Theseprojects have significant storage and generate power by
releasing water from the reservoir through turbifégure 3-2a). Throughout
this anal ysi s, 0upndhe Alte Magdalemaddsia upstreamo t he ar
of EI Qui mbo, and Adownstream Figufeers to th
3-1).

In addition to, and separate from plans forldrge projectsand separate
from eachother,the CAM has reeived licensesolicitations foreightPCHs to be
operated as run of river hydropower plants within the Alto Magdalena River basin
(CAM, n.d.) Five of these projects are included in this analysable 3-1,
Figure 3-1). PCHsare operated withowny or with littlestorage, and generate
power by diverting water from the rivand usinghe natural elevation change of
the landscapeThe diverted water is routékdrough a turbine and dischatjeack

to theriver downstreamHKigure 3-2b). The projects for which th€ AM has
12



received solicitations hawane oftwo types of diversions, one which diverts
water directly from the river to the intalkendthe othemsinga weirto pool water
at theintake(as shown irFigure 3-2b; O. Moncayo Caldeyn, Agricultural
Engineer, CAMpersonatommunication, January 20, 201@/hich intake
structure is included in the proposed pladaterminedased on howow the

low flows are in the river and which intake structure allows for more efficient
water use duringrier periods Thedesignof the intake structure is considered by
the CAM when they assess environmental impacts of the projects thuging
licensingprocesgO. Moncayo Calde&m, Agricultural Engineer, CAMpersonal

communication, January 20, 2016

13
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included in this study.

14



Reservoir

Forebay

/

Turbine
and generator

) Turbine *
EaE

Not to scale g

Figure 3-2. Schematic of large hydropower project wétheservoir (a) Daware n.d), and a
typical run of river projectb) (Micro-hydro power, 2008

Installed
Project Name Project Type River Capacity (MW)
Guarapo Dam with reservoir  Alto Magdalena 140
Chillurco Dam with reservoir  Alto Magdalena 180
Oporapa Dam with reservoir  Alto Magdalena 220
Pericongo Dam with reservoir  Alto Magdalena 80
El Manso Dam with reservoir  Alto Magdalena 140
Veraguas Dam with reservoir  Alto Magdalena 130
Bateas Dam with reservoir  Alto Magdalena 140
Basilias Dam with reservoir  Alto Magdalena 140
Tamas Run of River hydro  Neiva 13.3
Las Ceibas Run of River hydro Las Ceibas 6
Santa Maria  Run of River hydro Bache 9.9
Socoro Run of River hydro Bache 13.3
Venado Run of River hydro  Venado 46-512
Total Dam with Reservoir 1,170
Total Run of River hydro 88.593.5

aThere are 2 options for development proposed for this project

Table3-1 List ofall proposechydropower projects included in this study, the rivers where they
are to be locate@ndtheir planned capacity in megawatts
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Chapter 4 Hydropower impacts anceefits
4.1 Large gdropower

Large hydropower providessignificant andbftenreliable energy supply, and
the development of large dams have been integthkimdvancement of many
n a t isocretee®anéconomiesWith increasing concern for climate change,
many countries have turned to hydropower for a low carbon energy aptlots
contribution to fAgreen eHowemeodlnged ( Sneddon &
hydropower also results imidespread impacts from the dam and reservoir
themselves as well &iom their operating policieand there is debate over
whether hydropower is a low iden option for energy

Developmenbf a reservoiresults in the displacement of people whose
homes and townare located near or at the location of a proposed resawoir
well as farmlands or other areas contributinggacultural and industrial
prodiction (Chen, 2009; Duartdbada et al. 2015Zhang et al., 20)5This can
lead to people losing their livelihoods, cultural identity, professions and
subsistence food suppind loss of economic activitieghen they are forced to
relocate DuarteAbadacet al. 2015Cernea, 1997Zhang et al., 20)5Reservoirs
canalsohaveother economic impacts apart from causing displaceriée
period of filling a new reservoir has proven in some cases to be severely
detrimental if not well managed. Poor reservgerations while filling the
Hidrosogamoso reservain 2014,located on the Sogamoso River, a tributary to

the Magdalena Riveresulted in a major decreases to streamflow downstream of
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the reservoir, killing fi si2014 Duehrtedamagi ng
Abada et al. 2015). As previously mentioned, filling EI Quimbo reservoir also
l ed to significant fish kills downstream (

Even after filling, he dam and reservoir itself caause problems for fish and
the ecosystem, damasid reservoirs cambstruct fish migration and sedimearid
nutrienttransport(Li and Chen, 200&iv et al, 2012; Angarita et al., 2016rill
et al., 2015Zhang et al., 2). Silting, stratificationand decomposition
associated with the reservoir tqgam ofthe dam can result in decreased water
quality such as low dissolved oxyg@Ravurmaci et al., 2013Pecomposition in
the reservoir and the resulting methane emissions has led to widespread debate
over whether or not hydropower should be consiierow carbon energy source
(ie. Demarty & Bastein, 2011; dos Santos et al., 2B@6@rnside, 2004Zhang et
al (2015) found that on average, emissions are greater from reservoirs in tropical
zones, such as Colombia, than in boreal zones.

Large reservos can become stratified by temperatualissolved oxygen and
other water qualityneasure¢Boehrer & Schultze2008 Chapra, 2008 For
exampleBetania is a stratified reservoir with a warmer epilimnion and a cooler
hypolimnion Plan de Ordenamiento Pesga y AcuicoldPOPA], n.d.). Within
stratified reservoirs, water is mainly released from the bottom of the reservoir into
the turbines to generate hydropowbyswater released downstream may be
cooler than it would have been without the reservoir. Hewnevhen stratified
reservoirs are full, and spill water over the spillway from the epilimreservoir

layer, suchdownstreameleases malge warmer than would have been otherwise.
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Commonly, as decomposition occurs in the deeper waters of the resexygen
is used in the processsulting inanoxicconditions(Chapra, 2008Fearnside,
2004. Whensuch water iseleased from below through the turbines, it does not
become reaerated until it is downstreainthe damFearnside, 2004yhich is
what hadikely occurred with EI QuimboGAM WEAP team meeting, January 8,
2016. Temperaturgdissolved oxygeand other water qualitjuctuations can
causeserious healtiproblems for fishand can even make the wateinhabitable
for some species, disruptinget ecosysterand also damaging fishing industries
Apart from the dam and reservoir itself, flow regime changes downstream of
the dandue toreservoir operationsay alter a rive &apacityto move sediment
(Li and Chen, 2008and nutrients (Angarita et.a2015),affect water quality, or
hinder migration and reproduction patterns of aquatic life such aglfiekneZ
Segura et al2010; Angarita et al., 201Zhang et al., 20)5Typical reservoir
operations result in retention of waters during the wet seasosuasdquent
releases during the dry seasaith the net result ofeducing high flows and
increasing lowflows (Zhang et al., 2015T.his can be useful in preventing
potentially damaging floods to downstream communities or providing a more
reliable water supply during droughts, but the natural variability in flisws
essentiato a river maintaining its strare and functions (Poff et al., 1990f
concern here is the impact that such reservoir operatimeohahe natural
variability of streamflowsEnvironmental flow requirements and operating rules
can be implemented to reduce these imp&cwever, maning that both the

negative effects to the ecosystem and the beneficial effects to mitigating extreme
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events, generating hydropower and others can be balanced based on the
conditions and priorities of each systeReservoir operations for flood
preventionand water supplguring droughtscould be particularly usefimh
Colombia considering the effects Ioh Nifia and EI Niio events. Although
Col ombiads tropical climate provides for s
that dry periods are not generaligry dry compared to temperate regions, La
Nifia and El Nfio eventsan stillresult in exceptionally wet and dry periods,
respectively. Given the uncertainty of cite change anthat Colombia recently
experienced a historically severe droudiiise fen me n o 0 , dar@s(id6 )
reservoirs may also provide a method to ease uncertainty and the impacts of
extreme events.
4.1.1 ¢CKS /2t2Y0AlYy SyYySNH& YIN]LSOIQa Ay Tt dzS
operations
Impacts of hydropower on stream flowsy be especially severe@olombia
due to the complexity of the energy market andréselting hydropower
operating rules necessary to supply the majorito f t he countryds ener
Because hydropower supplies over 60% of Co
hydropower operators are rémd to supplypbase loaagnergy as well ageak
loadand hylropower companies sell their power in multiple energy matkeds
so. The dailyenergymarket is run by the XM Compafiia de Expertos en
Mercados (XM). Every day, hydropower companies make an &M which
includes the hourly generating capacity and price for that energy whichriney

willing to supply for the following day. XM accepts the offer from the company
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with the lowest price first, and then the company with the next lowest pricke, unti
sufficient energy has been accepted to supply the estimated demand for the
following day. This demand may inclué&portto both Ecuador and Venezuela.
The | ast companydés offer required to meet
power for that day. Alhydropower companiesith lower bidsare paid at this

same hourly pricehowevercompaniesvho set theiinitial bid price too high,

will not end up selling their powemn that dayAdditionally, to ensure sufficient
energy supply and reasonable pricesrdpthedry season anduring El Nifio

years, longer term agreements, or contracts, are established requiring companies
to sell consistent power to the Regulated and Biguiated Marketsdén Ouden

2015)

Most of the large dams are owned and operatetiffarent privae energy
companies, and these domindteenergymarket Because of the competitive
nature of the energy markeeservoir operators do nieeveal their operating
rules.If they were to do sajownstreameservoirs could use this informarti to
their advantage. Thisompetitive approacis promoted by the market because
reservoirs are independently owned, and therefore competition keeps energy
prices low.(den Ouden2015)

Theoverallresult of the combinations of these markets and cosiraatbe
detrimental to the river in terms of streamflow. Hydropower operations in
Colombia typically result in Ahydropeaking
the reservoirKigure 4-1a). As previously discussedegservoirsare often

operated to store water during times of naturally high inflows for future release
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during times of low natural flow. When operated in this way, a reservoir might
provide flow regime benefits by eliminating flood damage caused by the largest
flows while increasing the lowest flows and reducing stress on agquganisms
from poor water quality and higemperaturesor other users when there is not
sufficient water to meet all demandisgure 4-1c shows that this is not tloase

for the operation of Bahia whereboth extremdnigh flows and low flows are
reducedor the purpose of increasing releases in a flow range most suitable for
hydropower generatiofmedian to high flows)There are many considerations
which go intoreservoir release decisions and hydropeaking operatiotisthe
primary consideration beirthe competitivemarket. This determinashether a
given hydr opowe willlepuurhased proagyiven dag, rargl y
therefore whether the reservoir will rebedarge stream flows to generate large
amounts of energy, or just the minimum required to meet thetéyngcontract
agreementsThis rapid fluctwation in high and low flows disrupts the natural
variability in flowsbelow each darandtherefore theecosytem and the species it
supports. One study even found that hydropeaking may be linked to biologic

changes in the reproductieegansof fish (JimenezSegura, 2007).
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Observed Inflows and Outflows of Betania
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Figure 4-1. An example of one ye&2005) of historical inflows and outflows from Betania which
demonstrate hydropeaking(a), the historical volume record of Betania (b) and the resulting flow
duration curve of inflows and outflows(c).
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4.2 Small hydropower

Small run of river hydropower can bgatentially low impact solution for
small energy needsalthough, while some impacts can be mitigatathout
consideratiorand planningthese impacts can still greatly disrupt the environment
(Abbasi & Abbasi, 2011). Sail projects can provide electitig to meetiimited
energy needs remote areas that may not be connected to the power grid
(Sachdev et al., 2015At the same time, however, these areas have low energy
demands and therefore may not be attractive areas for investydanelopers
(Mordes, 201%. The typical efficiency, which is defined as thegercentage of a
given yeatthat a plant is operatingf small projectsis only estimated to be 50%
(Peia & Medina, 201] and it has been stated that small hydropower has a large
cost per unit gneration (Sachdev et al., 2015). These consideratiagdead
some to believe small projects are unreliaslenefficient Despite this,Hese
types of projects have lower initial investment and operating and maintenance
costs compared to large dams (slles, 2015).

All solicitations for PCHSs that the CAM has received are run of river type
projects, which do not have a reservoir, and therefore do not result in many of the
impacts that large dams déven stil| operatims of PCHs reducgtreamflow in
the section of river between where water is divertedrangns(Figure 3-2b) and
may potentiallycompletely dewater thiach during some parts of the year
(International Energy Association [IEA], 199&omplete or partial dewatting,

as well as a weir or small dam at the intekeey be a obstruction to migrating
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fish, which the International Energy Association mentionstsn perceived as
the most importangcological concerfor small hydropower (IEA, 1998).

Apart fromthe most typicalconsiderations for streamflovesid fish the CAM
considers a variety of project specific impacts in their licensing process. One
example is a proposed PCH on the Aipe River, a tributary to the Magdalena
River, which tle CAM recently denied ackensefor construction(CAM, 2015.
Ultimately, the proposed location was in a very remote area whecGAM saw
important to preservbecause it was mainly pristiffead not yet been influenced
by developmentand the flora and fauna making up the estey were not well
studied(CAM, 2015. Thisis consistentwith he Wor I d Wi |l dl i fe Fund®o
which categorize the Magdalena basin, and specifically the dry forests (which
describes the Aipe River basin and much of the Alto Magdalena basin) as its own
ecoregion (Northern South America, n.d:he reasonindpr this isbecause
although little is known about the biodiversity of the region, endemic species
persist as a result of the Andes Mountains which keep the area isolated from other
similar habitat§{Northern South America, n.d.)his makes this areanique and
important for conservatiofNorthern South America, n.dwhich is echoed by
another studyvhich considers the area surrounding the Alto Magdalena River a
priority region for environmental egervation due to the high quantity of
threatened and endemic vertebrate species (Fdedmna & Joppa, 2010).

In the case of the project on the Aipe Rivle project was proposed for a dry
sandy area anthé¢ proposal did not include any mitigation ldeely erosion from

constructiorof the projectand the road to the powerhouas well as continued
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use of the road after constructi@@AM, 2015) Erosion and changes to sediment
transport processesecommon concesifor small hydropower projectsgA,
1998).The intake for the town o©OfthAi peds water
proposed sitas well as diversion structures for rice irrigation, which would likely
be negatively impacted by the sedim@@AM, 2015) Lastly, the project received
significant kacklash from the communiCAM, 2015) This is an example of
how detailed the CAM is itheassessments of project impadiat also how
dependenthe impacts osmall hydropower can ben the detailed aspects
associated with each project

Other potentiaimpacts of small hydropower projects may include pollution
from biocides an@hemicals used in pipirgndvisual intrusion because many
sites suitable for small hydropower are located in naturally beautiful areas. For
projects that include a small damweeir, flooding of the area results in the same
issues as mentioned above with large hydropowelyding displacement and
disruption to the existing flordauna and ecosysterand there is always a risk of
dam failure, although much less of a concerimwsinall projects than with large.

(IEA, 1998)
4.3 Performance measures: connecting impacts and benefits to
a0 1SK2ft RSNRAQ O2y OSNYy a
Performance measures are a way to connect the concerns of stakeholders, for

examplefor hydropower operatorsgvenue generatedoin hydropower, ofor

property ownersfjood damage to property, with specific measurements such as
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average kilowatt hours of power generated and likelihood of a given flood event
following developmentPerformance measures are esseaiilmates used to

inform the decision making process with costs and benefits of different
development plans which are important to the specific basin and population at
hand. Because hydropower projects have a range of impacts: social, economic,
and environmental, it is ingotant to define a range of performance measures with
the input of stakeholders within the badimcludingall stakeholders in the

process of developing performance measisr@aportantbecause stakeholders
often do not equally bear the costs and bemefihydropower development
(DuarteAbada et al. 2015).

Developing performance measures for human needs and conocasnally
significantly easier thafor ecosystem and species needs because they can be
more easily quantified, often in economic terietermininghe level ofimpacts
thatcan be tolerated by ecosystems or specific species of interest requires
extensive knowledge of the system and the species witlmtitese cases,
biological information can inform whaheasuresnay be importantt
maintaining ecosystem and species functiansl biologists or conservation
organi zations may act as the.litetet akehol der o
Magdalena RiverThe Nature ConservancyNC) is actively working with the
national and regional gevnmententities and others to do this by contributing to
the development of environmental flow requirementhiaropowerThe Nature
ConservancyTNC], 20153. Other workled by the Stockholm Environment

Institute (SEI) andn collaboration withTNC hasalso contributed to this progress
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by providing quantitative tools to model streamflow and flooding in the
Magdalena River basin as well as performance measures and adaptation strategies
to reduce vulnerability in the face of climate change and othertandess
(Stockholm Environment Institute [SEI], 2015).

The goal of this analysis is to contribute to the decision making process by
assessing five performance measures, four of whigasurehydrologic
alteration resulting from various development sceosiin the Alto Magdalena
River basin.The performance measures used here are total power generating
capacity, total disconnected river kilometers, and deviation of the Q5, Q50 and
Q95 streamflow following development, compared to no development. The
measures and the details of their calculations are explained in more detail in
Chapter 5Sbelow.Because of their expertise and knowledge in the area, TNC was
an integral resource in developing the performance measures usedanatysis,
which are based on existing knowledge of the migrating fish species inhabiting
the Alto Magdalena River basin, as well as previously developed methodologies
for measuring hydrologic alteration from the literatukBhough migrating fish
are na the only species directly impacted by hydropower development, this is the
focus of this analysis because of the available information regarding their
migration patterns in the Magdalena basin.

It is estimated that 15% of fish species in the MagdalenarRasin migrate
to some extendind their general migration cya@adits connection to streamflow
is well understoodJiménezSegura et al., 2014%enerally, fish migrate among

wetlands, tributaries, and the mainstem of large rivers and their movesment i
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dictated by seasonal changes in flddisnénezSegura et al., 2014)n the

upstream portion ohe Alto Magdalena Rivebasin influence from the Amazon
systemdrives a unimodal streamflow regimeith a single wet perio(Figure

4-2). Downstream, the regime changes gradually to bimodal as the influence from
the Amazon system diminishes and the oscillation of the Inter Tropical
Convergence Zone dominatésdure 4-2). Further downstrearand outside of

the study area (not shownkingure 4-2), this becomes more prominent such that
the period when the upper basin has water, is between pet@tsthe lower

basin has watetJPME, 2015.

During the periods of low flows, many fiséave the wetlands and swim
upstream to find better water quality and to spawn. When flows are low, the fish
are able to swim up the mainstem of the river. As flows increase, they seek refuge
in tributaries. Here the adults spawn, and then allovhigfieflows to carry them
and the fertilized eggs back down the mainstem to the wetlands. This acts as an
incubation period for the eggshich then hatch and mature in the safety of the
wetlands during the duration of the wet peri8dme fish carry out this pcess
once over the ya&, and some may do this twice, once for each wet pekiope
Casas el at., 20)6n order for this migration cycle to be successful, the fish need
low flows that aresufficiently low over a sufficientlyconnected river to be able t
migrate upstreanput not so low that water quality is compromisiedipwed by
properly timechigh flowsthat are high enoudio carry the eggs downstream and

deposit them in the wetlan@iménezSegura et al., 2014)
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The average distance traveled irstimigration pattern varies by species,
ranging from 0.8 km to 62 kniL.¢pezCasas et al., 2018)ith the longest
migration observedsal,200 kn(JiménezSegura et al., 2014The elevation
extent that species travel also varies by species, and the mar2i060 m.a.s.|
(JiménezSegura et al., 2014). Approximately 20 to 30 fish species inhabit rivers
above 1,000 m of elevation, which characterizes the Alto Magdalena River basin
and tributaries upstream of Betania (div@zSegura et al., 2014). Althoughafer
species are found above 1,800 m.a.s.l., almost all of the fish at this elevation are
endemic (JimnezSegura et al., 20)4This suggests that between the elevation
extent travelled and the longest migration patterns, migrating fish could
potentially each the Alto Magdalena basin from lower in the river near the
Mompos Depressiomss previously mentioned, the Alto Magdalena River valley
is also an area of particular concern for environmental protection beyond just
endemic fish populations, but becatisere is also a high population of other
endemic and threatened vertebrate species (FMedina &Joppa, 2010).

The existing obstructi@of Betania and EI Quimbo make it difficult to
understand naturéish migration patterns that would prevail in thesance of the
dams because there are not sufficient data that were collected regarding these
patterns before Betania was construcfeugarita et al (2015) discussed fish that
migrate upstream from the Mompos Depressiocateddownstream of Betania
andEl Quimbq near the confluence of the Cauca and Magdalena Rivignsr¢
1-1). These fish may already be impacted by the existing dams, and could be

further impacted by additional dani®ojas et al (2001) found nine native species
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in the Alto Magdalena river basin in a study evaluating the aquatic ecosystem in
the department of HuildMost of these species are lis&slthreatened to varying
degreegMojica, et al., 201p Of these nine species, three migrate to some extent
(Rojaset al., 2001 Mojica, et al., 201p Pareja et al., (2014) also found

spawning migratingfish in rivers upstream of Betania. Potentially, because of
where Betania is located, and because there is sufficient flow variation and
connected riveupstream oftifor migration, the reservoir itself can serve the
purpose of @uiescentvetland in the migration patterns of these populations
(JiménezSegura et al., 2014). Interestingly, in La Miel River, a large tributary to
the Magdalena River, Jimen&egura et a2014) found that a tributary which

flows into La Miel River downstream of the Aniacentral Miel | dam serves as a
migration route for fish in place of La Miel Rivex behavior that has albeen
observed irthe Paraariver basin(Antonio et al., 2007)Despite the fact that the
dam is an obstruction to migration, fish are still able to carry out their life cycle
processes.

Connectivity of a river is defined as fwa
or organisms within or between elements of thehgdl ogi ¢ cycl ed (Pri ngl
Connectivity can have longitudinal, lateral and vertical components which
connect upstream to downstream, the river to the floodplains, and surface water to
groundwater, respectivelwhich areall important for a variety ofunctions (Grill
et al., 2015). Longitudinal connectivity is specifically relevant to fish migration
where fish rely on the ability to move freely between upstream and downstream

portions of the rive(Ziv et al., 2012)and therefore specifically relewvan the
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focusofthisstudyT hr oughout this anal ysi s, Afconnect |
to longitudinal connectivity. Although the upstream and downstream portions of
the study area are already fragmented by Betania and El Quimbo, the existence of
fish both up and downstream suggest that the existing connectivity within these
two sections aramportant to fish migrationThe length or size of connected river
required however, is difficult to determine. Some fish seem to be able to adjust to
some degreef fragmentation, however, at some point development may lead to
too much fragmentation such that the system can no longer support the species
and their migration patterns.
Connectivity is a performance measure used by TNC inwwek onthe
MagdalenaRiver which is simply measured as the number of connected
longitudinalriver kilometersfrom the mouth of the river to the first dam
encountere@ither on the mainstem of the river or in tributa@pperman et al.,
2015. This quantity can then be compd among different development options.
TNC6s AHydropower by designo approach prom
placement to maximize the preservation of existing connec{@ipperman et al.,
2015).Her e, TNCO6s approach dimxtludereaohedotht i vi ty i s
upstream and downstream of Betania and El Quimbo, and the performance
measure used thenumber of connected river kilometers ldsie to hydropower
developmentin this analysis, connectivity is used to define a-mdarior set of
development options. The namferior set is the set of project development
options which simultaneously minimize connectivity lost while maximizing

hydropower generating capacity. For a development option to be included in the
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nortinferior set, no otheoption can exist which results in less connectivity lost
for the same gain in generating capacity nor one which results in higher gains in
generating capacity for the same amount of connectivityAodetailed

explanation of how tsemeasires arecalcubtedand assesses given in section
5.2below.

Apart from connectivity, the fluctuations in streamflow are also essential in
triggering andallowing fish migration among other important river processes
such as sediment andtrient transportin anextensive literature review of
studies of hydropower effects to fish populations worldwide and in Colpmbia
JiménezSegura et al. (2014¢veals that studies discussing the impacts of
hydropower on the flow regime downstream ameirtlinkage to fish in Colombia
are lackingIn the situation of.a Miel River, the tributary has sufficient flows
that water downstream has the correct seasonal signals to trigger migration,
despite the effects of hydropeaking from the dam operationgii@zSegura et
al., 2014). This suggests that some level of development may be tolerable by
some species, so long aber rivers remain free flowingdput the extent to which
this can be tolerated is not well understood

Richteret al (1996)have develomd ahighly detailed and widely usedethod
for quantifying the degree to whiehgiven human activititas altered the flow
regime of a river, called Indicators of Hydrologic Alteration (IHA). With this
method, data from prenpad and posimpact time franes ar&compared using 64
IHAs which can then be used to better understand the consequences of projects in

terms of streamflow regime chan@éde IHAs are specific statistical measures of
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changes to the streamflow, evaluated at different time steps dndrbuindfive
main considerations: magnitudaning, duration, frequencynd rate of change
of certain streamflow events. (Richter et al, 1996)

Olden and Poff (2003) have reviewed 171 indices or measurements
guantifying alterations to streamflow, indiag IHAs. Their findings, along with
the work of Gao et al (2009), demonstrate that many of these indices are
redundant, may be unnecessary, or resuitirticollinearityamong indicators
Olden and Poff (2003pund that the IHA€anwell represent theariability in
streamflows, but not all are necessary for any single analysis, and therefore the
number of indicators should beduced baseodn thesite-specificfocus of the
study.Vogel et al (2007) introduced performance measures, termed ecosurplus
ard ecodeficit, which quantify the shift in the flow duration curve between pre
impact and posimpact time period¥low duration curveare the cumulative
distribution function of a record of streamflows, plottingeatn flow
measurementsompared withther probability of exceedancey the portion of
the record that isqual to ogreater than each measurem@gel and
Fennessey, 1994%ao et al (2009)emonstrate howalculating onlyecosurplus
and ecodeficitan explain much of the variability exgited by the multitude of
IHAS.

The importance of linking indicators theneeds of thecosystmor species
of concern is further echoed by the framework outlined in Poff et aDj2the
ecological limits ® hydrologic alteration (ELOHA). Thiframeworkassessethe

relationships between flow alteration and ecological respons&ler to provide
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methods to develop meaningful environmental fkiandardgPoff et al., 2010).
Thisis the methodologpeing applied in the Magdalena RiNesin(TNC,
2015a).

Three streamflow performance measures were developed for this study based
on the above mentionedmrsiderationsseasonal streamflow fluctuatios
essential fomigration and other functions in the Magdalena River, flow duration
curveshave great explatary power for alteration to flow&ao et al., 2009) and
developing simple, easily communicated performance measuraportant(Poff
et al., 2@0). The measuresalculated herare changes to the Q5, Q50 and Q95
stream flows on the mediamnualflow duration curveflows with an exceedance
probability of 0.05, 0.5 and 0.95, respectivel®) median annual flow duration
curve is computed as the median of the n annual flow duration curves where each
annual flow duration curve is computed from each ofitlyears of daily
streamflow (see Vogel and Fennessey, 1994hedian annual flow duration
curve represents a typical year of streamflow measurements in aroetailed
explanation othese flow duration curves apérformance measures is included
in section5.3.3 Although there is not sufficient information to confirm that these
flows specifically are important to any one fish speoiescological function
they provide a method to analyze the changes to high, medidovafidws,

which are significant in migratioand other functions
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Average Daily Streamflow in the Alto Magdalena River
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Figure 4-2. Average annual streamflow alotige mainstem of the Alto MagdaleRéaver.

Gauge numberare listed from upstreaf2101706)o downstrean{2113705)across the bottom of the
figure, and locations are shown kigure 5-3.
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Chapter 5 Methods

5.1 Study Outline

This analysisummarizegive performance measuressulting from scenarios
of development ofive proposedsmallandeightproposedarge hydropower
projects in the Alto Magdalena River basin

1. Total power generating capacity, as the sum of itteeaf all projects
considered in a given scenario megawatts

2. Total river kilometerglisconnectedavith respect tdhe bae case

3. Comparisorof the Q5 streamfloviollowing development, to no
development, calculated as the difference between the nmesthamalflow
duration curves

4. Comparisorof the Q50 streamflow following development, to no
development, calculated as the diffiece between the mediannualflow
duration curves

5. Comparisorof the Q95 streamflow following development, to no
development, calculated as the difference between the neathamiflow
duration curves

Performance measur8sb are measured in the reaclstjdownstream of
Peiicongo and Basilias. Performance meas@fgsre each compared with
performance measure 1 to present the tradeoffs between hydropower generating
capacity gained anichpacts incurredThe analysis aims to presentsb&adeoffs
by addessing two key questions:

1. What is the nofinferior set ofproject combinations based on connectivity
lost and megawatts gainadd how do they compdte

2. How do the project combinations included in the-nderior set compare

in impacts to low, median arfdgh flows in the upstream and downstream
portions of the Alto Magdalena River basin?
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5.2 Connectivity Analysis

In this analysis, connectivity is considered completely disrupted by all
hydropower projects, despite their size or tyfige stretches of rivePCHs
directly affectedmay be short, complete or parlyatiewateedin the reach
between where water is diverted and returned to the geethese impactsay
be a sufficient obstruction to migrating fish as well as a weir or small dam just
downstream othe intakeDue to lack ofsufficient information to determine how
little water in the river is too little, or how tall a dam or weir is too tall for a fish to
pass, for this analysis, any diversion or dam is considered a complete obstruction
to connectivy.

Because two dams already exist in the Alto Magdalena River basin
fragmenting the study arekigure 5-1a andFigure 5-1b), and fish populations
exist both up and downstream of thelsens, it is assued that under baseline
conditions for connectivitythere are threseparatelyonnected sectior(§igure
5-1b). The sections are locatagstream of EI Quimb@which is already
disconnected from the rest of the basb®tween EQuimbo and Betanigyvhich
is also disconnected from the rest of the basin, but is not further impacted by the
projects considered in this stydynd downstream of Betanfahich iscurrently
connected to the rest of the basin downstre@ngure 5-1b). Connectivity losis
measured as the continuous river kilometers upstream of &rgavor small
projectto the headwaters or to Betan(ifthe new projects are downstream of
Betanig within rivers of stream order twar greateiFigure 5-1c). Calculations

for connectivity lost were done in ArcGIS using the HydroSHED Shdesta
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(Lehneret al., 2008 Connectivity lostwvascomputed fronevery possible
combination of the eighbr fewer large projects, 256ombinations in total
(calculated witlEquation5-1). Connectivity lost from a final combination, full
large hydropowedevelopment with all PCHs was also calculateficiency for
each individual project and each of the 25Ggrbcombinations was calculated
asthe ratio of total megawattmined toconnected river kilometelsst

Equation5-1

Where:
r = the number of projects in a set

The noninferior setof devdopment combinationgias computethased on
size of the projects in megawatts wersonnectivity andstreamflow impacts
were only assessed fthis set of combination3 his nonrinferioir set of
development optionwasdeterminedased ortonnectivty insteadof streamflow
impactsbecausé¢he obstruction to connectivigannot be changed once a project
is built, but reservoir operations and therefore impacts to streamflow can be

adjusted once a dam is built
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Figure 5-1. Maps showing examples of the fully connected system, as would exist without Betania and El Quimbo (a) the three fellysysterst at current
conditions (b) and a fully disconnected system with development of all projects (c)
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