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SUMMARY

The Eastern Nile (EN) riparian countries Egypt, i&ha and Sudan are currently
developing several reservoir projects to contribiatehe needs for energy and food
production in the region. The Nile Basin, particlyahe Eastern Nile Sub-basin, is
considered one of the international river systentis potential conflicts between riparian
countries. Yet, the Eastern Nile is characterizgdhle high dependency of downstream
countries on river water generated in upstream T

In the absence of formal mechanisms for collabonatihe transboundary nature of the
EN basin makes sound water resources developmgnthallenging. The large seasonal
and inter-annual variability of the river flow exabate those challenges. A further
complication is the high sediment load in the EMeR$, particularly during the high flow
season. The operation of most of the reservoire baen developed without sufficiently
considering sediment management.

The Nile basin water resources have been extegsualied during the last 100 years or
more, for planning and management purposes, incpkat with regard to the use of
irrigation water in the downstream part of the baghough recently some studies have
also focused on use of water for hydropower geimerat the upper parts. These studies
show that there is no convergence of developmans@merging among the Nile riparian
countries. Another challenge is that the curresemeoir optimization and simulation
models cannot handle the temporal and spatial t@msmand implications of sediment
deposition of multiple multi-purpose reservoirs.

The aim of this PhD research is to analyse the-teng impacts of water resources
development on water quantity and reservoir sediatiem, considering different system
management options and operating rules of existargs. To identify knowledge gaps
regarding modelling of Nile water resources, thstfpart of this PhD research reviewed
water resource models applied in the Nile Basistimjuishing between simulation,
optimization and combined simulation and optimizatmodels. The review shows that
the political dimensions and societal, economic amgdronmental risks associated with
water resources development have not been fullyeaddd in the Nile basin models,
which could possibly explain why certain developisesre opposed by some riparian
countries. The output of this part was importantgtode future research on water
resources planning and management in the Nile.

The second part of the PhD study investigated thglications of water resources
development on water availability in the EasterteNiasin, for hydropower generation
and irrigation water demands. The implications wassessed both at country and
regional levels, using scenario analysis withinvarrbasin simulation model. Twelve
scenarios were investigated including: new dam logweents; new irrigation schemes;
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Summary

and different options for dam operation, i.e. ueial versus cooperative transboundary
management of dams. A RIBASIM model of the Eastéile was built that included
twenty dams and twenty-one irrigation schemes used historical data of the hydrology
of 103 years at a monthly time step as input. Tperating rules of existing dams were
assumed to remain unchanged. Four indicators veae for evaluating the performance
of the system: hydropower generation [MWh/yr], abllity of irrigation supply [%],
reservoir net evaporation [A°%/yr] and flow regimes of rivers [#s].

The third part of the PhD study aimed to analyseoitimal operation scenarios for water
resources management in the EN to satisfy hydropayemeration and irrigation
requirements. A hydro-economic optimization modeddrd on Genetic Algorithm and a
deterministic optimization approach was developstl@gsed to determine the maximum
benefits for two scenarios: (i) non-cooperative agment of dams in the EN basin by
the riparian countries, and (ii) cooperative mamagyet of those dams among the riparian
countries. The EN system was optimized in the cadpe management scenario as one
system and generates system-wide economic retartie non-cooperative management
scenario, the system within each country was opgchiseparately, releases from the
optimal system state in the upstream country weseduas regulated inflows for
optimizing the downstream country’s system. Theusation results of current operation
of the existing system were used as base scewacmnpare the results of optimization.
The hydro-economic model covered all currently (@02existing hydraulic
infrastructures in the EN (TK5, Roseires, Sennafulia, Settit, K. Girba, Merowe and
Aswan High Dam) and the existing irrigation schemks those attached to the Settit
dam in Sudan (168,000ha). Subsequently, the Grahibdian Renaissance Dam
(GERD) was included in the optimization as an aliive scenario. The Eastern Nile
system in Sudan was assumed to be constraineced98D Agreement in all scenarios,
which limits water withdrawals in Sudan to 18.56° in/yr.

The simulation results show that, managing thetiegsEN system in a cooperative
transboundary manner without changing the operatitgs of existing reservoirs and
without new irrigation development projects, theREEwould increase the hydropower
generation in Ethiopia and Sudan by +1500% and +1&8pectively, and slightly reduce
the hydropower generation in Egypt by -1% (longnt@verage values). The model runs
show that unilateral management of the existingesydollowing the installation of the
GERD would not affect the hydropower generatiomigigantly compared to cooperative
management because the GERD would be operatedyflvogower generation only,
which is largely a non-consumptive water use.

The results of optimizing the operation rules of BN system, assuming cooperative
management of the existing system, show that hynvep generation can be increased
in Ethiopia and Sudan by 1100% and 25%, respegtivellowing the construction of
GERD, compared to the base case. In contrast teiti@ation results, the optimization
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results show an increase of hydropower generatioBgypt (+8%) when GERD gets
operational and the whole system is cooperativedpaged, compared to the base case.
The optimised operation of the EN system with GEREBLUIts in a hydropower increase
in Egypt and Sudan and a decrease in Ethiopia cadga the simulation results that
assume the current operation of the existing systechanged. This result can be
explained by the relatively high economic returrhgéiropower generation as assumed
in the model set-up, the large hydropower genaratapacity of Aswan High Dam and
its location at the downstream end of the systeptindzation results also show that
unilateral system management would negatively imgae hydropower generation of
Egypt compared to the base case (-3.5%) and coohparéne optimization results for
cooperative management (-11%), without a signiticaerease of hydropower generation
for Ethiopia compared to the base case (1215%) thedoptimization results for
cooperative management (+2%). For Sudan, the seslubiw that hydropower generation
benefits from the presence of GERD in both managémseenarios. Non-cooperative
management of the system, along with the interreadetoff between irrigation and
hydropower, would negatively impact irrigation siypm Sudan. The internal trade-off
in Sudan is attributed to the location of irrigatidemand upstream of Merowe dam, the
largest hydropower generation dam in Sudan (1,29¢) M he results also show that the
supply reliability of existing and planned irrigati schemes in Sudan would practically
not be influenced by the GERD, but would reduce98% when upstream dam
developments and new irrigation expansion mategaln Ethiopia. Similarly, the
existing irrigation schemes in Egypt would expeceera deficit of 9% in the supply
following upstream irrigation expansion. Unilaterahnagement of a fully developed
basin would increase the rate of evaporation lossése basin by +15%, compared to
cooperative management. Full development of thebEdin refers here to the proposed
hydro dams on the Main Nile in Sudan (Dal, Shefigjabar and Sbloga dams) and the
Blue Nile in Ethiopia (GERD, Mendaya, Beko Abo afdaradobi dams), and irrigation
schemes in both countries. In general, water ressudevelopments would have
considerable but varying impacts on the countrigbe long-term. Further impacts would
be expected during the filling stage dependinghanfilling procedure of the GERD;
however, assessing the filling stage was beyordeo§cope of this study.

The fourth and last part of the PhD study focusedeveloping a new model for a multi-
objective multiple reservoir system optimizatiordaimulation that includes sediment
management. The model constitutes three modulésjiaption, reservoir operation and
sediment management simulation modules. The tifépesfcy concept was applied for
sediment simulation. Optimization was based on@keetic Algorithm available in the
optimization tool box of MATLAB. All modules wereoded in MATLAB 2015-b. The
model was applied to optimize the operation of ReseReservoir in the Blue Nile River
in Sudan (single reservoir system). The operatfdRoseires reservoir was optimized for
three objective functions: maximizing the economeittirn from hydropower generation,
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maximizing the release of water for irrigation, amihimizing sediment deposition
through sluicing. Four scenarios were comparedssess the benefits from optimizing
the operation: (i) the current operation polici), fiaximizing hydropower and irrigation
benefits, (iii) optimising sediment management, éajla weighted function to support
achieving all three objectives collectively. Theuks show that the combined economic
return of hydropower and irrigation increases by b%r 20 years when sediment
management is considered in reservoir operatioth &s sole objective or with other
water uses, compared to ignoring the sediment neameagt component. When sediment
management is not included, the storage capacitiyeofeservoir would be halved in 20
years and irrigation water deficits would occur%f the time (during 20 years). The
results also show that, compared to the existingraipn practice, which favours
sediment management during the flood season, satlideposition could be further
reduced, which would benefit irrigation and hydraeo production in the long run. Trap
efficiency could reach 25% compared to 39.5% ofetkisting practice.

This study contributed to fill relevant knowledgapg through a better understanding of
the methods needed for a complex system of mufigme reservoirs, considering both
water quantity and sediment load. More specificalhe developed models for water
management allowed assessing the applicability ofombined optimization and
simulation approach for a real complex system iticlg reservoir sedimentation problem.
This study thus contributes to closing the gap betweal-world cases and pure research
problems.

The study also comparatively quantified the impactaater resources development in
the EN basin and assisted in identifying systemagament options at different levels
(regional and country level). As a result, it i®ain that developing a collaborative and
unified perspective of the countries towards newjgmts can be beneficial for all. In

addition, the study proposed new operation rulesniproving operation of the current

system when new infrastructures are developed gmtated either unilaterally or

cooperatively. Distribution of the benefits betwemuntries were quantified for both

cooperative and non-cooperative management optibnidence based policies are the
basis for sustainable development and peace inetlfien, and this study attempted to
provide a basis for this.

The findings indicated that the optimal operatibthe system for hydropower generation
and irrigation following infrastructure developmenbuld shift towards hydropower

generation, unlike the current operation, wherligatron is the dominant objective. This
shift resulted from many interrelated aspects tiesd to be explored more in future
studies, such as the largely non-consumptive nafungdropower and its relatively high

economic return, as well as the specific locatiohsydropower dams in the basin. The
location and objectives of proposed dams would feeler studies for basin-wide better
use of available water and collective benefits.gpmg patterns of irrigation projects and
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water management at field level should be includddture reservoir operation studies.
Future studies should also include the Main Niktesyn downstream of Aswan High Dam.

Future research along these lines should be catino include advanced sediment
transport models for sediment management simukaiiothe EN multi-reservoir system

management. Simple trap efficiency models can leel isr planned dams that do not
have observed data, while sediment transport mockts be calibrated and more
accurately estimate the trap efficiency for exgtiaservoirs. The operation of reservoirs
can be optimised further when sediment managementiuded.
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SAMENVATTING

Egypte, Ethiopié en Soedan, oeverstaten van des{dostNijl (ON) rivier, ontwikkelen
momenteel verschillende reservoirprojecten om éijdtagen aan de behoeften aan
energie- en voedselproductie in de regio. De Mijer, en met name het stroomgebied
van de Oostelijke Nijl, wordt beschouwd als een dangrensoverschrijdende rivieren
met potentiéle conflicten tussen oeverstaten. Weatdt de Oostelijke Nijl gekenmerkt
door benedenstroomse landen die afhankelijk zijnrixéerwater dat zijn oorsprong heeft
in bovenstroomse landen.

Bij gebrek aan formele samenwerkingsmechanismemkitzet grensoverschrijdende
karakter van het ON-bekken een deugdelijke watavi@keling zeer uitdagend. De grote
seizoensgebonden zowel als jaarlijkse variabiligih de rivierafvoer maakt dit nog
ingewikkelder. Een andere complicatie is de hogénsentlast in de ON-rivieren, vooral
tijdens het seizoen met hoge afvoeren. Het behmerde meeste reservoirs houdt nog
onvoldoende rekening met deze sediment problematiek

De water situatie van het stroomgebied van de iblide afgelopen 100 jaar of langer
uitgebreid bestudeerd voor planning- en beheerdaida, met name met betrekking tot
het gebruik van irrigatiewater in het benedenstre®rdeel van het bekken, hoewel
recentelijk enkele onderzoeken ook gericht warerhepgebruik van water voor de

opwekking van waterkracht in de bovenstroomse lanBeze studies tonen aan dat er
geen convergentie is van ontwikkelingsplannen tuske oeverstaten van de Nijl. Een
andere uitdaging is dat de huidige optimalisatie-senulatiemodellen voor reservoir-

beheer de temporele en ruimtelijke variaties enlicapes van sedimentafzetting van

meerdere multifunctionele reservoirs niet aankunnen

Het doel van dit doctoraatsonderzoek is het anedysean de langetermijneffecten van
water ontwikkeling op het beschikbare water enatkrsentatie van reservoirs, rekening
houdend met verschillende opties voor systeembetredreheer-regels van bestaande
dammen. Om lacunes in de kennis met betrekkinigebtodelleren van water in de Nijl
te identificeren, beoordeelde het eerste deel itgprakfschrift de water modellen die op
het stroomgebied van de Nijl zijn toegepast, waanhierscheid wordt gemaakt tussen
simulatie, optimalisatie en gecombineerde simulati® optimalisatiemodellen. Uit de
evaluatie blijkt dat de politieke dimensies en daatschappelijke, economische en
milieurisico's die samenhangen met de water ontsikgen niet volledig zijn
geadresseerd in modellen van de Nijl rivier, wageiigk zou kunnen verklaren waarom
bepaalde ontwikkelingen worden tegengewerkt doomsige oeverstaten. Dit deel van
het proefschrift was belangrijk als leidraad vamrkomstig onderzoek naar de planning
en het beheer van water in de Nijl.
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Samenvatting

Het tweede deel van het proefschrift onderzocht imglicaties van de water
ontwikkelingen op de beschikbaarheid van waterah®ostelijke Nijlbekken, voor de
opwekking van waterkracht en de vraag naar irryedier. De implicaties werden
beoordeeld op zowel nationaal als regionaal niveaet, behulp van scenario-analyse
binnen een stroomgebied simulatiemodel. Twaalf &tes zijn onderzocht, waaronder
nieuwe damontwikkelingen, nieuwe irrigatieprojecteam verschillende opties voor
dambeheer, namelijk eenzijdig versus coOperatiehgpverschrijdend beheer van
dammen. Een RIBASIM-model van de Oostelijke Nijbjggezet dat twintig dammen en
eenentwintig irrigatieprojecten omvat, historisgegevens van de hydrologie van 103
jaar gebruikt, en dat een maandelijkse tijdsstafth@dangenomen werd dat de regels
van het beheer van bestaande dammen ongewijzigl Blezijn vier indicatoren gebruikt
om de resultaten van het systeem te evalueren:rrksatbtopwekking [MWh/jaar],
betrouwbaarheid van de irrigatievoorziening [%litoverdamping van reservoir water
[10° m*/jaar] en afvoer regimes van rivierensj.

Het derde deel van het proefschrift was gerichthep analyseren van de optimale
scenario's voor het water beheer in de ON om teloesi aan de vereisten voor
waterkrachtopwekking en irrigatie. Een hydrologiedonomisch optimalisatiemodel
was ontwikkeld op basis van genetisch algoritme een deterministische
optimalisatiebenadering. Dit optimalisatie modelgebruikt om het maximale profijt
voor twee scenario's te bepalen: (i) niet-cotpefrdieheer van dammen in het ON-
bekken door de oeverstaten, en (ii) codperatiefebelvan die dammen tussen de
oeverstaten. Het ON-systeem is in het scenario vodperatief beheer geoptimaliseerd
als één systeem en genereert systeem-brede ecchemisndementen. In het niet-
cobperatieve beheerscenario werd het systeem binglkn land afzonderlijk
geoptimaliseerd. De rivierafvoeren resulterend danoptimale systeemstatus in het
bovenstroomse land werden gebruikt als gereguleesti®men om het systeem van het
naastgelegen benedenstroomse land te optimalisBeersimulatieresultaten van het
huidige waterbeheer van het bestaande systeem nveyeleruikt als basisscenario
waarmee de resultaten van de optimalisatie vergelekerden. Het hydrologisch-
economische model omvatte alle momenteel (202@aaede reservoirs in de ON (TKS5,
Roseires, Sennar, J. Aulia, Settit, K. Girba, Mexoan Aswan High Dam) en de
bestaande irrigatieprojecten alsmede dat verbonsleman de Settit dam in Sudan
(168.000ha). Vervolgens werd de Grand Ethiopian ai®ksance Dam (GERD) als
alternatief scenario meegenomen in de optimalisétet Oostelijke Nijl systeem in
Soedan werd in alle scenario's beperkt door de €@ewdomst van 1959, die de
waterafvoer in Soedan beperkt tot 18,5 X tdjaar.

De simulatieresultaten tonen aan dat de GERD, debbestaande ON-systeem op een
coOperatieve manier grensoverschrijdend te behdepwekking van waterkracht in
Ethiopié en Soedan met + 1500% en + 17% zou verhaye de opwekking van
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waterkracht in Egypte met -1% zou verminderen (glelelde lange-termijnwaarden). In
dit scenario bleven de regels van het beheer vérestkaande reservoirs ongewijzigd, en
werden geen nieuwe irrigatieprojecten meegenomenmbdelresultaten tonen aan dat
eenzijdig beheer van het bestaande systeem naugdevam de GERD de opwekking van
waterkracht niet significant zou beinvioeden ingetifking met cotperatief beheer,
omdat de GERD alleen zou worden gebruikt voor deebfing van waterkracht, wat
grotendeels een niet-consumptief watergebruik is.

De resultaten van het optimaliseren van de belegeis van het ON-systeem, uitgaande
van cooOperatief beheer van het bestaande systeeen taan dat de opwekking van
waterkracht in Ethiopié en Soedan kan worden vegtiouet respectievelijk 1100% en
25%, na de bouw van GERD, vergeleken met de basiaso. In tegenstelling tot de
simulatieresultaten, laten de optimalisatiereseitaien toename zien van de opwekking
van waterkracht in Egypte (+ 8%) wanneer GERD dpmrael wordt en het hele systeem
cooperatief wordt beheerd, vergeleken met het demmario. De geoptimaliseerde
werking van het ON-systeem met GERD resulteerteim ttename van waterkracht in
Egypte en Soedan en een afname in Ethiopié in N&rgg met de simulatieresultaten
waarbij de huidige werking van het bestaande sgst@@veranderd bleef. Dit resultaat
kan worden verklaard door het relatief hoge ecosoh@ rendement van de
waterkrachtopwekking zoals verondersteld in hetinoglisatiemodel, de grote
waterkrachtopwekkingscapaciteit van Aswan High Damde benedenstroomse locatie
van deze dam in het systeem. Optimalisatieresolttdeen ook aan dat eenzijdig
systeembeheer een negatieve invioed zou hebbemwptdrkrachtproductie van Egypte
in vergeliking met het basisscenario (-3,5%) enrgekeken met de
optimalisatieresultaten voor cotperatief beheet%)l, zonder een significante toename
van de waterkrachtproductie voor Ethiopié vergeteiket het basisscenario (1215%) en
de optimalisatieresultaten voor cooperatief befre@fs). Voor Sudan laten de resultaten
zien dat de opwekking van waterkracht profiteemn d& aanwezigheid van GERD in
beide beheerscenario's. Niet-codperatief beheehgasysteem, samen met de interne
trade-off tussen irrigatie en waterkracht, zou ewyatief effect hebben op de
irrigatievoorziening in Sudan. De interne tradeinofSudan wordt toegeschreven aan de
locatie van de irrigatievraag stroomopwaarts van Merowe-dam, de grootste
waterkrachtcentraledam in Sudan (1.250 MW). De lta&mn tonen ook aan dat de
leveringsbetrouwbaarheid van bestaande en geplamidgtieprojecten in Sudan
praktisch niet wordt beinvioed door de GERD, maaun zlalen tot 92% wanneer
damontwikkelingen en nieuwe irrigatie-expansieowdnstrooms Ethiopié plaatsvinden.
Evenzo zouden de bestaande irrigatieprojecten yptegeen tekort van 9% in het aanbod
ondervinden als gevolg van de uitbreiding van dgatie stroomopwaarts. Eenzijdig
beheer van een volledig ontwikkeld bekken zou baetgntage verdampingsverliezen met
+ 15% verhogen in vergelijking met codperatief mh®e volledige ontwikkeling van
het ON-bekken verwijst hier naar de voorgesteldardan op de Main Nile in Sudan
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(Dal, Sheriq, Kajabar en Sbloga) en de Blauwe iNiitthiopié (GERD-, Mendaya, Beko
Abo en Karadobi) en irrigatieprojecten in beidedan. In het algemeen zouden deze
water ontwikkelingen op de lange termijn aanziéelinaar wisselende gevolgen hebben
voor de landen. Verdere effecten zijn te verwaclhijdans de fase van het vollopen van
de GERD, maar dat is afhankelijk van de vulprocedtan de GERD; dit viel echter
buiten het bestek van deze studie.

Het vierde en laatste deel van het proefschrift gericht op het ontwikkelen van een
nieuw model voor een meerdoelige optimalisatie emulatie van meerdere
reservoirsystemen met sedimentbeheer. Het modildiest drie modules; modules voor
optimalisatie, reservoirbeheer en simulatie vaninsedtbeheer. Het concept van
trapefficiéntie werd toegepast voor sediment-sitnel@ptimalisatie was gebaseerd op
het genetische algoritme dat beschikbaar is inplgnalisatie toolbox van MATLAB.
Alle modules zijn gecodeerd in MATLAB 2015-b. Hebdel is toegepast om de werking
van de Roseires dam in de Blauwe Nijl river in Sufien systeem met één reservoir) te
optimaliseren. De werking van het Roseires-resersgieoptimaliseerd voor drie doelen:
het maximaliseren van het economische rendementl®@apwekking van waterkracht,
het maximaliseren van water voor irrigatie en hetimaliseren van sedimentafzetting
door water weg te sluizen. Vier scenario's werdemg@leken om de voordelen van het
optimaliseren van de operatie te beoordelen: (i)hugdige exploitatiebeleid, (ii) het
maximaliseren van de voordelen van waterkrachtregatie, (iii) het optimaliseren van
sedimentbeheer, en (iv) een gewogen functie teremstelning om alle drie de
doelstellingen tegelijk te bereiken. De resultataten zien dat het gecombineerde
economische rendement van waterkracht en irrigatex 20 jaar met 5% toeneemt
wanneer sedimentbeheer wordt meegenomen in heebeae het reservoir, zowel als
het als enig doel wordt gesteld als dat het me¢r@datergebruiken wordt gecombineerd,
in vergelijking met het negeren van de componenbrvseedimentbeheer. Als
sedimentbeheer niet is inbegrepen, zou de opslagitap van het reservoir in 20 jaar
worden gehalveerd en zou 10% van de tijd (gedure2@eaar) een tekort aan
irrigatiewater optreden. De resultaten tonen ookdsd, in vergelijking met de bestaande
beheerpraktijk met actief sedimentbeheer tijderissee&zoen met hoge afvoeren, de
sedimentafzetting verder zou kunnen worden verndhdeat de irrigatie en de productie
van waterkracht op lange termijn ten goede zou koniee trapefficiéntie zou 25%
kunnen bereiken vergeleken met 39,5% in de bestaanradktijk.

Deze studie heeft bijgedragen aan het opvullenrevante kennislacunes door een
beter begrip van de methoden die nodig zijn voon @emplex systeem van
multifunctionele reservoirs, rekening houdend mewvel de waterhoeveelheid als de
sedimentlast. Meer specifiek maakten de ontwikkelaelellen voor waterbeheer het
mogelijk om de toepasbaarheid van een gecombineesgémalisatie- en
simulatiebenadering te beoordelen voor een bestaamiplex systeem inclusief
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Samenvatting

reservoirsedimentatie. Deze studie draagt dusdmjleet dichten van de kloof tussen
praktijkgevallen en pure onderzoeksproblemen.

De studie kwantificeerde ook de effecten van denattwikkelingen in het ON-bekken,
op een vergelijkende manier, en hielp bij het idimetren van opties voor systeembeheer
op verschillende niveaus (regionaal en landelifpg bevindingen tonen aan dat de
ontwikkeling van een gezamenlijk en verenigd perpEvan de landen voor nieuwe
projecten voor elk voordelig kan zijn. Daarnaasidg de studie nieuwe beheer-regels
voor om de werking van het huidige systeem te werba wanneer nieuwe waterwerken
worden ontwikkeld en geéxploiteerd, hetzij eengijdi codperatief. De verdeling van de
voordelen over de landen werd gekwantificeerd vbowel coOperatieve als niet-
coOperatieve beheeropties. Beleid gebaseerd omsattappelijk bewijs vormt de basis
voor duurzame ontwikkeling en vrede in de regiomet deze studie is getracht hiervoor
een fundering te leggen.

De bevindingen gaven aan dat het optimale beheeh&tsysteem voor de opwekking
van waterkracht en irrigatie na de ontwikkeling wéguwe waterwerken zou verschuiven
naar de opwekking van waterkracht, in tegensteltioigde huidige beheerpraktijk,
waarbij irrigatie het overheersende doel is. Deschuiving kan verklaard worden door
een samenspel van aspecten die in toekomstigeestndder moeten worden onderzocht,
zoals het grotendeels niet-consumptieve karakterwaterkracht en het relatief hoge
economische rendement daarvan, evenals de spedifieities van waterkrachtdammen
in het bekken. De locatie en doelstellingen vawva@gestelde dammen zouden verder
moeten worden onderzocht om het beschikbare wateeti hele stroomgebied beter te
benutten zowel als de collectieve voordelen. Geatagpen van irrigatieprojecten en
waterbeheer op veldniveau moeten worden opgenomtaekomstige studies over het
gebruik van reservoirs. Toekomstige studies zoudek het Main Nile-systeem
benedenstrooms van de Aswan High Dam moeten omvatte

Toekomstig onderzoek langs deze lijnen zou ooknsedibeheer in het ON-systeem met
meerdere reservoirs moeten omvatten, gebruikmakevah geavanceerde

sedimenttransportmodellen. Eenvoudige trapeffi@@mbdellen kunnen worden

gebruikt voor geplande dammen waarvoor nog geerirscipe gegevens beschikbaar
zZijn, terwijl voor bestaande reservoirs sedimenfportmodellen kunnen worden

gekalibreerd om de trapefficiéntie nauwkeurigerktgnen schatten. Het beheer van
reservoirs kan verder worden geoptimaliseerd warsegimentbeheer is inbegrepen.
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INTRODUCTION



1. Introduction

1.1 BACKGROUND

Rivers are multi-dimensional systems, including $pb§l, ecological and economic

systems. They are politically significant when tlaeg shared between nations (Sadoff &
Grey, 2002). Water allocation in trans-boundaryeribasins is a critical and complex

issue when water is scarce (Asfaw & Saiedi, 20Bkrd@v, 1998; Dinar et al., 2007). The

complexity is characterised by conflicting objeeswvithin and between riparian states
(Rani & Moreira, 2010), adding to the inherent utaaty of stream flows and demands,
and the interdisciplinary nature of addressing watenagement issues. This is
particularly true in the case of the Eastern NitkgeRbasin; a sub-basin of the Nile river

basin, one of the largest and least developed-tvansdary river basins in the world.

The Eastern Nile basin is a trans-boundary basirestby four countries: Ethiopia, South
Sudan, Sudan and Egypt and covers approximatelg than one half of the Nile basin.
The Eastern Nile (EN) basin is the source of mbam80% of the Nile river flow. The
basin is characterized by many trans-boundary ssshat urge the needs for water
resources development and at the same time challgatgr resources management. The
countries of the EN basin are characterized bydrgapulation growth, widespread
poverty and political instability. Water managememtthe basin is challenged by
competing water uses among sectors, and amongdanpstates, as well as often low
efficiencies of water use exacerbated by increasinwiyonmental degradation. The rivers
of the basin are characterized by high temporal spatial flow variability. Climatic
variability and uncertainty with respect to futwtamate change poses serious challenges
towards water resources management (A.P. Georgak&d7; Goor et al., 2010;
Griensven et al., 2012; Ribbe & Ahmed, 2006; Say&f)8). High sediment loads, a
dimension neglected in most studies, and the sgaw€idata and lack of data sharing
protocols add to the challenges of sound wateruress development. The increased
demand for water, combined with ambitious econogn@nth policies in Eastern Nile
riparian countries, have resulted in a myriad afgély un-coordinated, water resources
developments and plans.

The basins encountered a drastic environmentahdagon represented by deforestation
and high erosion leading to the loss of upstreard,lancreased flood risk and sediment

load which in turn affects the downstream infrasties (i.e. reservoir sedimentation)

and irrigation schemes (i.e. clogging of irrigaticanals and reducing the agricultural

productivity) (Dinar & Nigatu, 2013; Schleiss et,&016). For instance, Roseires, Sennar
and Khashm Elgirba dams in Sudan (downstream gtate lost about 60 %, 34 % and

43 % of their storage capacity, respectively (ENTRQ07; Gismalla, 2009). Sediments

have also created difficulties for the managemétit@Gezira irrigation scheme (Osman,

2015).



1.1. Background

However, the Eastern Nile is endowed with huge bgydwer and food production
potentials that can be generated from cooperatiggenmresources development and
management. Upstream countries possess potentighlodpower generation, while the
downstream ones are blessed with ample irrigabtdefesoil. Only 3% of the basin's
hydro-electricity potential has been developed @o(Habteyes et al., 2015). Water
resources development for hydropower generation iamgiated agriculture needs
cooperation between riparian countries becaus&efimited water availability. Full
cooperation in the EN basin is however not pradtipet (S. M. A. Salman, 2016).

Cooperative and non-cooperative management of-transdary river basins have been
debated by scholars for many years (Dinar & Nig2@d.3). Cooperation is shown to
produce significant benefits compared to non-coafan (Dinar & Nigatu, 2013;
Dombrowsky, 2009b). However, riparian states tentidve towards non-cooperation as
the scale of benefits may not justify the costadmeration (Wu & Whittington, 2006).
Sadoff and Grey (2002) categorized the benefitsabald yield from cooperation into
four groups: benefits to the river resulting froratter management of ecosystems,
benefits from the rivers resulting in increasedrgnend food production, benefits from
a reduction of the costs because of rivers reguftiom improved cooperation between
riparian states, and benefits from cooperation bdythe river resulting from the
economic integration between states.

The Nile Basin, and in particular the Eastern Mléb-basin, is considered as one of the
international river systems with potential watemfticts between riparian countries
(Samaan, 2014; Wu & Whittington, 2006). In commoithvother international rivers,
current tensions in the Eastern Nile Sub-basintaedvhole Nile Basin are triggered by
water availability that is insufficient to satidfye water needs of all planned development
projects. Each of the basin countries is unilakgi@d¢veloping water resources projects
to meet the increasing demand for energy and ecengrowth (Goor, et al., 2010;
Jeuland, 2010; Whittington et al., 2005). Howeverilateral management limits the
potential benefits from transboundary water resesirevhich can be extended beyond
shared water system management (Cascéo, 2009; eMath McCartney & Menker
Girma, 2012). The unique feature of the tensionshim Eastern Nile Basin is that
downstream countries have a high dependency orwdier generated in upstream
countries (Wu & Whittington, 2006).

In the absence of formal mechanisms for collabonain the basin, the impacts of
unilateral management on each state need to bdifiehrand thereafter cooperative
management can be introduced as best alternatipetdde win-win situations among
the states. Assessing water-related technical,ossmmnomic issues in the basin is
complex, and therefore requires specialized riasirbomodelling tools (Belachew et al.,
2015).



1. Introduction

Nile basin water resources development and managemas been studied extensively
for more than one century. Sir William Wilcocks1890 promoted basin wide demand
coordination, in an attempt to prepare the Nilaufagon plan (Barrow, 1998). A British
plan known as "Century Storage Scheme" for fuleNviater resources development was
published in 1920 (Wolf & Newton, 2013). Most okthvailable studies are based on
control infrastructures proposed in both the NilI®y Plan study and the United States
Bureau of Reclamation (USBR) study conducted in8186d 1964, respectively. The
results of these studies have not found consemsoa@the Nile basin parties owing to
many reasons. Among these reasons are the inanmtsiBigmented knowledge of the
basin and limitation of data and information shariMatthew P. McCartney & Menker
Girma, 2012).

Several modelling studies of the Nile have beerdooted to support decision making of
transboundary water management (Arjoon et al., 2B18lock & Strzepek, 2010; P. J.
S. Block, Kenneth Rajagopalan, Balaji, 2007; A.Bofgakakos, 2007; Goor, et al., 2010;
Guariso et al., 1981; Guariso & Whittington, 198iabteyes, et al., 2015; Jeuland et al.,
2017; Y. Lee et al., 2012; Satti et al., 2014; \Wington, et al., 2005), but very few
(Abdallah & Stamm, 2013; Ali, 2014; Yoon Lee et @012; Yasir A. Mohamed, 1990)
have considered the effect of reservoir sedimeagrtati the water resources development
plans. Although good insights of the system andeetgdl impacts of developments have
been gained, still the picture is not fully undecst for different topologies and
probabilities of (future) river flows. Thereforetudying water resources development
options in a regional context is still importangieantify the impacts both at regional and
at country level. Limited use of appropriate anabjttools as a result of limitations of
the financial, institutional and human capacity,ahhis a common problem throughout
Africa, might also be a reason (Matthew P McCartri2&p7).

1.2 OBJECTIVES

The main objective of this PhD study is to analylse long-term impacts of water
resources development on water quantity and resesemlimentation of the EN,
considering different system management options. Sifecific objectives are:

1) To identify an appropriate modeling approach ofréservoir system in the
Eastern Nile basin.

2) To assess the implication of new dam constructiotise Eastern Nile for water
availability for hydropower and irrigation at natal and regional levels.

3) To develop optimal operation rules for the multipase multi-reservoir system
of the Eastern Nile basin with and without consadien of reservoir
sedimentation.



1.3. Thesis outlines

1.3 THESIS OUTLINES

The thesis includes seven chapters. Chapter twarides the Eastern Nile basin. The
main sub-basins and their topographic, climatic laydrologic conditions are outlined.
Description of the main infrastructures and irrigatprojects as well as the cooperative
programmes and projects for water resources dewveopare provided.

Chapter three presents a literature review of g@i@ation of river basin modelling to
support Nile basin water management.

Chapter four evaluates different options of waksources development considering
different levels of cooperative management usimyer basin simulation model and
scenario analyses. The impacts of water resoure®lapment on hydropower
generation, irrigation supply, reservoir evapomatiand transboundary inflows are
investigated.

Chapter five assesses the optimal operation oEtstern Nile basin system after the
GERD development at country and basin-wide leveisigi Genetic Algorithm. The
optimization focuses on maximizing hydropower gatien and irrigation supply.

Chapter six investigates the optimization of theragion of the Eastern Nile system
including sediment management. The development néw modelling approach is
described, which is applied to Roseires dam orBthe Nile in Sudan.

Finally, chapter seven summarises the main findamgsconclusions.






STUDY AREA

The study area is a major part of the Nile rivesibaAs many issues in the study area are
applicable to the entire Nile basin, this chaptarts with a brief introduction of the Nile
River Basin.



2. Study area

2.1 THE NILE RIVER BASIN

The Nile River is the longest river in the worldtending about 6700 km from the source,
headwaters in eastern Africa at more than 4000srh.@neters above sea level) at the
headwaters to the sea level at the Nile Delta ypEENBI, 2012). It flows through eleven
riparian countriesKigure 2.1): Burundi, Democratic Republic of Congo, Kenya,dhda,
Tanzania, Uganda, South Sudan, Eritrea, Ethiopida, and Egypt, and is home to more
than 300 million people (Sayed, 2008). The avermgrial natural flow is 84x20n/yr

as measured at Aswan High Dam, with 1,700xb®yr of rainfall (Ribbe & Ahmed,
2006; Sayed, 2008). The climate of the basin vasigsificantly; it encompasses five
climate zones that vary from tropical, to subtrapicsemi-arid, arid and Mediterranean
zones. The river yields water from only 20% ofattchment area, because more than
half of its course flows through semi-arid and aai@as with hardly or no effective
rainfall.

Figure 2.1 Location of the Nile River Basin(Sourki&l,(2012))

The two main sub-basins in the Nile basin are tastétn Nile and the Nile Equatorial
Lake. The Eastern Nile Basin with an area of aligh7,845 krhis the major sub-basin
of the Nile, spanning four countries: South Sud&hjopia, Sudan and Egypt (ENTRO,
2007). The main rivers of the basin are the Bluke,NWhite Nile, and Main Nile,

accumulating runoffs of four sub-basins: Blue N&&%), Atbara (15%), White Nile-
Albert (14%) and Sobat (15%) as depictedFigure 2.2 (a)



2.2. The Eastern Nile sub-basins

2.2 THE EASTERN NILE SUB-BASINS

The research focuses on the Eastern Nile basirowknview is provided on the most
important features which dictate water resourceslavility and management of each
sub-basin, including topography, climate, rainfalioff and major water users.
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2.2.1 The Blue Nile sub-basin

(b) Stream flow data quality at different measuring
stations

The Blue Nile River originates from Lake Tana, e Ethiopian highlands at an altitude
of 1,830 m.a.s.l. It joins eight major tributariezaining the south west and central
Ethiopian highlands before it passes into Sudae.tdtal length of the Blue Nile course
from Lake Tana to the Sudanese-Ethiopian bord&s0km, with a total drop in elevation




2. Study area

of 1,300 m (Hassaballah, 2010), where it is steeghe plateau and flat at the border as
shown inFigure 2.3(a)

The climate of the Blue Nile river basin variesrsiigantly between the headwaters in
the highlands of Ethiopia and its confluence with White Nile River at Khartoum in
Sudan. The basin’s highest rainfall is typicall§G) mm/yr or more, but is characterized
by high seasonality as well as annual variabilMoving northward through Sudan,
rainfall gradually declines to about 200 mm/yr imaftoum. The average potential
evaporation rate varies from 1150 mm/yr at Lakeal&n2500 mm/yr at Sennar region
in south-east Sudan (Hassaballah, 2010). The awésawperature fluctuates between 15-
18°C in the highlands in Ethiopia, with variation asubstantial increases northward in
Sudan to reach 266.

The flow of the Blue Nile reflects the rainfall semality over the Ethiopian highlands.
Two flow periods are apparent, the wet season hadity season. The wet season or
flood period is from July to October with peak flown August and September. The dry
season or low flow period extends from Novembeifuoe. Due to the unimodal pattern
of the rainfall in the basin, the annual Blue Milglrograph is characterised by a constant
bell-shaped pattern, in spite of the annual floMusree variation as shown iRigure
2.3(b). The average annual flow of the Blue Nile andiitsutaries is 50 x10m®/year
measured near the Ethiopia- Sudan border. The fitailywaries between 500x i’/ day

in August and 10x10m®/day in April.
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Figure 2.3: (a) The Blue Nile River and its(b) The Nile River Hydrograph (Barron,
Tributaries (2006))
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There are seven flow measuring stations along the Bile (Figure 2.2(b)). The Upper
Blue Nile in Ethiopia has two main monitoring steus, namely at Bahir Dar and Kessi
downstream Lake Tana with limited and incompletmrds. In addition, there are eight
gauges along the Blue Nile tributaries. In Sudame, fhonitoring stations include Eldiem,
Roseires, Sennar, Medani, and Khartoum. Rosemésishas a substantial record length,
while Eldiem Station at the Sudanese-Ethiopian éoh@ds a shorter series of records.

2.2.2 Baro-Akobo- Sobat sub-basin

Baro-Akobo-Sobat basin and lower part of the WNiile is located in the central part of
the Nile basinFigure 2.4). It covers an area of approximately 481,50 kepresenting
the catchment area of the Baro, Akobo, Pibor, Saoad lower White Nile up to the
confluence with the Blue Nile at Khartoum. The degje system of the basin includes
rivers and large wetlands. The main river systemm®aro, Gila, Akobo, and Pibor. While
Baro, Gila, Akobo originate from the Ethiopian Rkl, Pibor originates from South
Sudan and northern Uganda. Large seasonal wettaadermed by rivers spill.

The basin has a tropical climate with high rainfialthe mountainous area at elevations
of 2,000 to 3,000 m.a.s.l. in Ethiopia, with derigrainfall northward to the flat plains
in Sudan where the climate is arid. The wet seastends from May to October in the
southern and eastern parts of the basin, rain@figpbaround 1,500 — 2,000 mm/yr. It
decreases northward to start in July and end ateB8dyer in the northern parts, with
rainfall of about 150 mm/yr near Khartoum. The i evapotranspiration follows a
different trend, where it increases near Khartouhene the mean annual potential
evaporation is recorded as 2920 mm/yr and decreamsdbward to reach 990 mm/yr
(Yasir A. Mohamed, 2011) (Shahin, 1985). The terapee exhibits a similar trend, with
mean annual daily temperature range fromCl&t upper watershed to 3005 at
Khartoum.
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Figure 2.4 Location of Baro Akobo Sobat Basin (8euENTRO, (2007))

Half of the White Nile water is provided by the BaAkobo Sobat. The White Nile
reflects the seasonality of Baro Akobo Sobat, asfliw from Bahr El Jabel is rather
steady. The major flow in the basin is suppliedt®/Baro River with an average annual
flow of 9.5 x1G m¥yr, while Pibor provides about 3.2 X10°/yr (Yasir A. Mohamed,
2011).

Few monitoring stations exist in the basin. Witkihiopia, there are five hydrological
stations Figure 2.2(b)). In Sudan, there are several stations with shadtincomplete

records of flow. However, a discharge measuremeries with sufficient length is
available in Malakal (Yasir A. Mohamed, 2011).

2.2.3 Tekeze - Atbara sub-basin

The Tekeze - Atbara basiRigure 2.9 including three major tributaries originates from
the central and north western highland plateauStbiopia at an altitude above 3,000
m.a.s.l, declining to the low lands at less tha® %0.a.s.l. with flat and uniform
topography at the confluence with the Main NileSudan.

The Tekeze - Atbara basin encompasses four clig@tes: moist sub humid, dry sub
humid, semi-arid and arid climates identified frtme highlands northward to the mouth
in Sudan. The mean annual rainfall is about 1,060ymin the highlands in Ethiopia and
decreases to less than 400 mm/yr at Elgirba station20 mm/yr at Atbara station. The
mean annual temperature in the upper basin doexoeed 28C, while at the confluence
the temperature exceeds°’@0Similar to the temperature trend, the mean drputantial
evaporation in the highland plateau is below 2 @00/year and increases to reach 2,926
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mm/yr in the low land area in Sudan (Sutcliffe &g 1999) (Shahin, 1985). The mean
annual flow at Atbara is 12 xion®/yr.
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Figure 2.5 Location of Tekeze - Atbara Basin (86uENTRO, (2007))

Five gauging stations are available in the Tekekibara basin with 20 years data (1980-
2000) Figure 2.2(b). In Ethiopia there are three stations, namely Bi@anEmbamadare
and Zarima. In Sudan there are two river flow etaj i.e. Khashm Elgirba at Atbara
River, and Kubur station at Upper Atbara River. fEhis flow gauge station in Wad
Elhiliew at Settit (Tekeze) river with less than yars data.

2.2.4 The Main Nile sub-basin

The Main Nile sub-basin starts from the conflueatée Blue Nile and the White Nile
at Khartoum at elevation of 400 m.a.s.l. to the Mthnean Sea in EgygEigure 2.6).
The sub-basin, occupying an area of 789,148, ksncharacterized by a relatively flat
topography. The main Nile River has only one tréoyt namely Tekeze-Atbara River.
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Figure 2.6 the Main Nile River Sub-basin (SoufeBITRO, (2007))

The climate ranges from arid climate at southerd eentral of the sub-basin to the
Mediterranean Sea climate in the northern partgyfpE The rainfall is negligible where
about 65% of the sub-basin has an average anno@élraf less than 50 mm/yr. The
average annual rainfall varies from 200 mm/yr inakbum with rains occurring in
autumn and decreases to 25 mm/yr in Cairo whemgait rain in winter. The average
annual rainfall starts to increase from Cairo tacte200 mm/yr in Alexandria near the
Mediterranean Sea. The average daily temperatuiesvcom 30C at Dongola and
Aswan High Dam to 1& in the coastal areas. Potential evaporation uBegman
method is estimated at 2,924 mm/yr in Khartoum22,7aim/yr at Dongola, 2,488mm/yr
at Aswan High Dam and decreases to 1,800 mm/ytarakdria (Shahin, 1985; Sutcliffe
& Parks, 1999).

The Main Nile average annual flow at Khartoum is7#4® m®/yr. At the confluence
with the Atbara River the average annual flow iases to reach 86.7X&%yr. The
flow decreases at Dongola to 85.5%10%yr due to losses of 1.2 x3Mm®/yr between
Hasnab and Dongola.

Four flow measuring stations are available in Suslgim a minimum 20 years data (from
1980) namely Tamaniat, Hasnab, Dongola, and WatfaH&igure 2.2(b)). In Egypt
there are five gauge stations along the Main Nith at least 20 years data. These gauges
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are at Aswan High Dam, Esna Barrages, Nagaa Hamardwge, Assiut Barrages and
Delta Barrages. Many other gauge stations areabtaiblong the abstraction canals.

2.3 RESERVOIRS, HYDROPOWER PLANTS AND IRRIGATION PROJECTS

The Eastern Nile countries utilize the rivers mgifior irrigation, hydropower, domestic
and industrial use, with irrigation having the kst consumptive water use demand.
About 85% of the total Nile (blue) water consumptiestimated at 55. 5x 40°/yr , is
devoted to agriculture with an irrigated area giragimately 4.9 x 19ha (Timmerman,
2005). About 97% of the irrigated area is locatethe downstream countries of Sudan
and Egypt, while rainfed agriculture is predominanapstream catchments (NBI, 2012).
However, many Nile riparian countries have planmsn@w irrigation developments. The
basin has a huge hydropower potential. The polelnyidopower in the Eastern Nile
basin is more than 13,850 MW, of which 3,895 MVXusrently operational through the
main dams of Aswan High Dam, Sennar, Roseires] 2aitie, Khashm Elgirba, Merowe
and Tekeze. The hydro system of the Eastern Nilesists of ten major hydraulic
infrastructures that are currently working as tisteTable 1 - Appendix-1. In Ethiopia,
the series start with the Tana-Beles Scheme, wdookists of an artificial link between
the Beles River, a tributary of the Blue Nile, drake Tana, the source of the Blue Nile,
to generate hydroelectricity (460MW) and to irrgaround 150,000 ha (planned). Then,
the Tekeze dam is the largest hydraulic infrastmgcin Ethiopia, with an installed
capacity of 300 MW (Goor, et al., 2010). Only snsadéle irrigation exist in the in the
Tekeze-Atbara river basin, but no large irrigatrojects.

In Sudan, there are two major dams on the Blue, Ritsseires (heightened by 10 meters
in 2012, to double its storage capacity) and Sedaars. The main objective of those
dams is to regulate the seasonal flow of the Blie Waters for irrigation of more than
one million ha of crops distributed over threegation schemes (Gezira, Rahad, Suki).
Their electricity production is relatively smaliitrébuted to the limited available head,
280 MW and 16 MW at Roseires and Sennar respegtig@h the Atbara River, the
Khashm Elgirba dam has a relatively small hydropavegacity (10.6 MW), and the new
Upper Atbara Dams Complex completed in 2016. Abhwamentioned dams in Sudan
face severe siltation problems. The siltation pgabht Khashm Elgirba dam is managed
by means of flushing. Reservoir sedimentation atdites and Sennar dams is managed
by keeping minimum water levels during the floods®, and only start filling after the
peak load of sediment has passed. Jebel Aulia iaated on the While Nile near the
confluence with the Blue Nile, provides water forgation schemes around the reservoir
estimated at 275,000 ha. At the Main Nile, closth®o4" cataract, Merowe dam (12.5 x
10° m®) has an installed generation capacity of 1,250 lslivdl can potentially irrigate
380,000 ha.

15



2. Study area

In Egypt, there are five run-of-river dams and omgor dam, the Aswan High Dam
(AHD) being the major dam of the basin. The mairectives of AHD are to produce
energy, to supply irrigation water, to regulate tlosvs to protect the downstream area
against flooding and improve downstream navigatibhne Old Aswan dam (OAD),
located downstream of the AHD, is operated as aoftmver hydropower plant. It is
mainly used for hydropower production and to retubthe daily outflows from AHD
(Goor, et al., 2010). The Esna run-of-river plamated downstream OAD is operated for
hydro-power generation. The last three barragesy#sDelta and Naga Hammadi divert
Nile water to collectively irrigate 1.3 million ha.

Many new reservoirs and irrigation projects argpsed to be constructed in the Eastern
Nile Basin, particularly in the Blue Nile sub-bagmEthiopia as demonstratedTable-

1, Appendix-I. Not all proposed dams would probably be constdictue to a number
of reasons, including financial obstacles, no grorarket (for demand) in the region to
use all potential hydro-electricity, and severaemoirs are proposed as alternative
options.

2.4 COOPERATIVE PROGRAMS AND PROJECTS FOR WATER RESOURCE S
DEVELOPMENT WITHIN THE NILE BASIN

As is well-documented, a series of agreements theeutilization of Nile water were
concluded during the colonial era and signed byaBrion behalf of most basin states
(Allan, 1999). An important treaty after independenms the one signed between Egypt
and Sudan in 1959, whereby these two countriesaild the mean annual flow of the
Nile (84x10 m®/yr) between them, namely 55.5210%yr to Egypt and 18.5x2am*/yr

to Sudan, while reserving 10>21®%/yr for evaporation losses from the Aswan High Dam.
Reviews of treaties and agreements on the Nilenbase given in Salman (2013),
Elshopky (2012), Fahmi (2007), Timmerman (2005)/lapenna (2001) and Abate
(1994). Different cooperative programs among tHe bBlbuntries (such as HYDROMET,
UNDUGU, TECCONILE, FRIEND Nile, NRBCF, NBI) havekan place (Arsano &
Tamrat, 2005; Demuth & Gandin, 2010; Hammond, 2(M8tawie & Sector, 2004;
Salame & Van der Zaag, 2010; Wolf & Newton, 20¥8)rief characterization of each
programme (or project) is given ifable 2.1 Yet, so far there is no cooperative water
management program encompassing all Nile riparamitties (Dellapenna, 2001; El-
Fadel et al., 2003). This is probably attributecthiie different interests of the eleven
riparian countries and political instability in tihegion, and to the absence of regional
institutions that govern water management issueéldrbasin. Water related issues are
thus linked to the geopolitics of the basin (Abdt®94; El-Fadel, et al., 2003; Sayed,
2008).
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The Nile Basin Initiative (NBI) was establishedli®99 to incorporate all basin countries
through two major programs: Shared Vision Progr&WR) and Subsidiary Action
Program (SAP). The NBI intended to provide a frammewfor basin-wide cooperation
with the identification and implementation of newint infrastructural projects (Goor, et
al., 2010). In parallel, the Nile riparian counsriembarked on a process to establish a
permanent legal and institutional Cooperative Fraork Agreement (CFA) (Mekonnen,
2010; NBI, 2010). However, only six countries (altated upstream) have so far signed
the CFA while the two most downstream countriesdé®uand Egypt) did not sign as no
consensus could be reached over one article iagreeement (Hammond, 2013).

The absence of a robust analysis of water resodesggdopment options in the Nile basin,
and of the differential opportunities and riskssitaereate for the riparian countries, may
have contributed to the lack of consensus and usisamong them (Subramanian et al.,
2012). It is our belief that careful scenario asalyof cooperative management
opportunities and risks can support basin or sugnbaide cooperation on Nile water
resources.
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NILE RIVER BASIN MODELLING
FOR WATER RESOURCES
MANAGEMENT — A LITERATURE
REVIEW !

The Nile basin water resources have been extegsstatlied during the last 125 years
for planning and management purposes, in partioulrregard to the use of blue water
in the downstream part of the basin, though regestine studies have also focused on
the upper parts. These studies show that there convergence of development plans
emerging among the Nile riparian countries. Thigpthr reviews river basin water
resource models as applied in the Nile River Badistinguishing between simulation,
optimization and combined simulation and optimizatmodels. The review aimed to
identify knowledge gaps to guide future researchwaier resources planning and
management in the Nile.

! This chapter is based on: Digna, R.F., Mohamed,,¥an der Zaag, P., Uhlenbrook, S.and Corzo,
G.A., 2017. Nile River Basin modelling for watesoeirces management — a literature review.
InternationalJournal of River Basin Managemef6(1): 39-52.
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3. Nile River Basin modelling for water resourcesnagement — a literature review

3.1 RESERVOIR-RIVER SYSTEM ANALYSIS MODELS

A river basin system consists of water source comapts and in-stream and off-stream
demand components (McKinney et al., 1999). In a&oldito natural and physical
processes, the river basin is characterized byloewvent projects and management
policies. River system planning and managemensiglly a multi-objective problem,
with many objectives being in conflict (M. Karamou&zidarovszky, F., , 2003). The
conflicts in river system planning and managemeiseawvhen the water demands of
different sectors are supplied from one river syséad river flow is less than in-stream
and off-stream water requirements. Infrastructis@sh as reservoirs are thus vital to
organize and allocate the water for different watasrs.

A river can have a single reservoir with one or tipié objectives, or a cascade of
reservoirs which are in series and/or in paraletystem of parallel reservoirs occurs in
a river that has many branches joint togetherjumetion point. Development of efficient
operations can achieve substantial increases iefiblenhowever, reservoir system
operation is complex. This complexity arises fromny sources such as uncertainties in
future inflows into the reservoir, demands, thedéraffs between wide ranges of
conflicting objectives, and the relation among reses in case of multiple reservoir
systems. Therefore, there is no single type ofrveseoperation problem, but rather a
large number of decision problems and situationsciglon-making situations and
decision support tools for reservoir operation t&ncategorized as pre-construction
planning involving proposed new dams, post-consibacplanning involving re-
evaluation of existing reservoirs operations, aal time operations (R. Wurbs, 1991).

Generally, system analysis models used to optimeservoirs system operations are
classified as: descriptive simulation models; priesige optimization models; and hybrid
simulation and optimization models. Simulation medare useful for studying the
operation of complex multiple reservoir systemg thave relatively few alternatives to
be evaluated. All values of operating decision ataes should be defined before
simulation can be performed. Optimization modets #sed to define a relatively small
number of alternatives that can be tested, evalumtd improved by means of simulation
(Loucks & Van Beek, 2005). Optimization of a muéservoir system can be categorized
based on method of computing inflow to stochastid a@eterministic. Whilst the
stochastic approach focuses on multi reservoiresystvaluation through changes of
inflow together with developing reservoir operatimges, the deterministic approach is
concerned with how well optimization technique peris (T. Kim et al., 2006).
Combining simulation and optimization models iseaftrecommended for water
resources planning and management. While optinoizatiodels can limit the range of
feasible alternative scenarios, simulation modelsa analyse these alternatives to
represent a realistic scenario system.
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3.2. Previous studies in the Nile basin

3.2 PREVIOUS STUDIES IN THE NILE BASIN

This section reviews the river basin modelling eigece in the Nile basin, organized by
modelling approach: simulation, optimization, araimbined models. Each modelling

approach start with a brief overview of the moaejliconcept highlighting advantages
and limitations, after which for each sub-basinréspective studies are briefly described.
The review aimed to identify an appropriate resersgstem modelling approach that

achieves the research objective-1 (see Section 1.2)

3.2.1 River basin simulation models of the Nile

Water resources simulation models mimic the opematf the system given inflows,
system characteristics and operating rules (Ye85)1%ome simulation models are not
limited to the technical aspects, but also inclsdgal, economic and political issues. The
performance of a simulated system can be assess#l gertain conditions using
hydrologic (i.e. in-stream flow, storage levels ay@herated hydroelectricity), economic
(i.e. cost and benefit) and reliability indices (R. Wurbs, 1993). There are many
advantages of water resources simulation modayg:giovide detailed and often realistic
representations of the physical, environmentalpenuc, and social characteristics of the
system (Simonovic, 1992). They are often flexibiel aelatively simple and provide
insights into the dynamics and the structure of d)gtem (Jacoby & Loucks, 1972).
Simulation models are therefore widely used by wegsources management agencies
(Lund, 1999; R. Wurbs, 1991).

First, simulation models built for the entire Ndee reviewed, before we discuss models
built for smaller parts of the basin. One of thstfsimulation model built for the whole
Nile basin was the Nile Valley Plan (NVP), develdga 1958 by Morrice and Allan
(1958). At that time the use of electronic compotaand computers was very limited.
Model runs were executed at the British ministrglefence in London, while other runs
were executed in Paris. The NVP was designed tsiigate the best controlling system
for the Nile and its tributaries through the coustion of dams (Morrice & Allan, 1958).
Their study focused on the hydraulic aspects cenisig topography and hydrologic
variability and used a trial and error approachdtve the water allocation problem. The
windows based simulator (NILESIM) for the entireldNriver basin simulation was
developed by the University of Maryland (Karyabwi2®00). It was primarily built for
educational purposes (Levy & Baecher, 1999). Thrikition is limited to the hydrologic
condition, other system conditions are not includethe model, such as future water
needs, water quality and siltation problems.

Several river basin simulation models have beerldeed to study subsets of the Nile
basin. In the Upper Blue Nile sub-basin an impdrtApdro-economic study was
conducted by the United States of Bureau of Rediam&USBR) from 1958 to 1963.
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The study investigated the potential of water resesidevelopment of the Ethiopian part
of the Blue Nile basin for hydro-electric power geation and irrigation. The report was
not limited to the hydrology, rather, it includedgndwater, sedimentation, water quality,
land use, geology, mineral resources, physiographit local economy (Guariso &
Whittington, 1987). The study concluded that thendf#/cost ratio for all major
hydropower infrastructures on the Blue Nile maiactewould be greater than 3.

A spreadsheet based hydro-economic model was gmafor the Blue Nile downstream
Roseires and Sennar reservoirs in Sudan to trddeetiveen sedimentation induced
losses of storage volume and benefits from hydr@poyeneration and irrigation. An
operation policy for the two reservoirs system a® determined (Yasir A. Mohamed,
1990). The study used net present value (NPV) &duete different operating policies.
Future irrigation expansion was however not considlen assessing the operating
policies. A trade-off analysis between irrigatiardénydropower generation for the same
Blue Nile multi-reservoir system was conducted gsan fuzzy set based stochastic
simulation model (Abdallah & Stamm, 2013). The nlodas applied to find reservoir
storages and releases using statistical flow, ssatimnd demand parameters. The study
showed that the model performed well in comprongfiatween the conflicting purposes
of irrigation and hydropower generation.

Several studies developed simulation models for @pecific) natural or artificial
reservoir (Abreha, 2010; Hurst et al., 1966; WasX®8). Hurst (1966) suggested fixed
monthly operation rules for the Aswan High Dam im a&tempt to find the optimal
operation that reduces the negative consequenaesth® basis of simple routing
calculations, the feasibility of the Toshka canahstruction was investigated. Wassie
(2008) used a generic simulation model, WAFLEX @&uaje, 1995), to assess the impact
of different development scenarios on the fluchwatf Lake Tana water level and its
outflow. Abreha (2010) used the RIBASIM model toaqtify the trade-off between
hydropower generation from Tekeze dam, downstreawranmental flow, and new
irrigation development in the western part of Effigo

For the Eastern Nile sub-basin, simulation modetduding SWAT, RIBASIM and
RIVERWARE have been developed under the Eastera Ridnning Model Project
(ENPM) (Belachew, et al., 2015). It appears thaséhmodels except for SWAT, and in
a simplified way, did not address the siltationlgheon in reservoirs. Those models were
presented in technical reports, and not widely ighked in scientific journals.

Kahsay et al. (2015) employed a Computable Gertegailibrium (CGE) modelling
framework using Global Trade Analysis Project mq@&TAP) to estimate the direct and
indirect economic impacts of the Grand Ethiopiam&esance Dam (GERD) on the
Eastern Nile economies. The study showed that tBR5 would primarily benefits
Ethiopia during the transient filling stage, white benefits would extend to Egypt when
the GERD gets operational.
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The previous planning studies were based on thargsgon that the historical climate
conditions provide sufficient information for a iedle prediction of future system
behaviour. While historical stream flows at theibascale have been relatively stationary,
multi-decadal trends are evident at sub-basin gcaleBlue Nile basin) (Meron Teferi
Taye et al., 2015). The inter-annual variabilitypoécipitation and thus streamflow of the
Blue Nile sub-basin is influenced by the El Ninou8@rn Oscillation (ENSO) climate
phenomenon (Beyene et al., 2010; Meron Teferi Telyal., 2015). Zaroug et al. (2014)
concluded that 83% of El Nino events starting imriApune lead to drought in the Blue
Nile upper basin, while occurrence of extreme flobds a 67% chance when a La Nina
event occurs immediately after an El Nino evenhuinber of studies have also indicated
the sensitivity of Nile water resources to climekange (Conway, 1996, 2005; U. Kim
et al., 2008; M. T. Taye et al., 2011). In geneddferent climate models gave different
results on the impact of climate change on Nileawegsources. Reviews of future climate
and hydrology of the Nile basin and the Blue Nilgb$asin are provided by Di
Baldassarre et al. (2011) and Taye et al. (20Espactively. The impacts of climate
change on water resources development in an ecoabeoaintext have been investigated
by many scholars (Jeuland, 2010; Jeuland & Whitting2014; Matthew P. McCartney
& Menker Girma, 2012). Jeuland (2010) applied arbyetonomic simulation framework
to large infrastructure projects proposed in theeBVile (Karadobi, Beko Abo, Mandaya
and Border) with a view to integrate climate chamgpacts into the economic valuation
of these projects. The framework links three madels. stochastic stream flow
generation, hydrologic simulation and economic agail, to estimate the benefits of
these projects in terms of their net present v@NieV). The stream flow generation
model used historical stream flow and pre-processedff projections from the A2
climate change scenario to synthetically generatpiences of stream flow using a
multisite autoregressive model. The study conclutied the benefits of the new Blue
Nile projects under climate change are higher coetpto the historical conditions. The
study assumed that the operation of the plannedsdanmainly for hydropower
generation while maintaining minimum flows. Themfrawvork helps to assess the risks of
infrastructure projects under different climatersa#os; however, the framework cannot
be used to develop the operating rules of thesagtrfictures to reduce the associated
risks. A similar study was conducted by McCartneg Menker Girma (2012), who
assessed the performance of existing and planngdation and hydropower
developments on the Blue Nile in Ethiopia underidramge climate change scenario
(A1B), while assuming no change in land use. Tihnedels were applied in the study: a
dynamic regional climate model COSMO-CLM, a raihfahoff SWAT model, and a
water resources WEAP model. The outputs of the miymanodel (rainfall, temperature
and evapotranspiration) were used as inputs irgdtdrologic model to generate river
flows and groundwater recharge, which were usedgaleith the existing and future
demand as inputs into the water evaluation andnpdgnmodel. The boundaries of the
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study were the upstream Blue Nile up to the bol#ween Sudan and Ethiopia. The
study showed that the construction of large danliscantribute largely to the short-to-
medium term economy because water availabilityhfgdropower and irrigation will
increase. Counter to Jeuland (2010), the study dstraied that climate change would
negatively influence the performance of large istiractures and the economy. According
to the study, the flow at the Sudanese-Ethiopiamédrowould decrease as a result of
climate change and upstream water resources deweldp.

The impact of climate change on the operation efBlue Nile cascade of dams, Beko
Abo, Mandaya and Border was also evaluated by Woagegnehu and Tadele (2015).
They combined a global (ECHAMS5) and regional cliematodel (RCM) of the A1B
climate scenario, with a hydrological model, HEC-BMand a reservoir system
simulation model, HEC_ResSim, to simulate curret future inflows and hydropower
generation. The results indicate that the maximunah @inimum temperature would
increase, as would evapotranspiration, but preipit would fluctuate. The results also
showed that the annual inflow into Beko Abo and Mya would increase due to climate
change, but the inflow into Border dam would desesddydropower generation showed
a similar trend of increase at Mandaya and Beko @mba slight decrease at Border.

In the same context and within the same domaiheBlue Nile river system in Ethiopia,
Jeuland and Whittington (2014) applied a methodpfog water resources development
planning and operating strategy under the uncéytaoi climate change through
addressing the change of hydrologic parameters t@émperature, precipitation and
evaporation) ranging from -15% to +15%. The propaagalysis framework combined a
hydro-economic simulation model that links systeydrblogy and climate change with
a sensitivity analysis using Monte Carlo simulasiom assess the variations of economic
outcomes for different combination of new dams with change of river flow. The new
dams considered included Karadobi, Beko Abo, Maadayd Border (in some
alternatives as GERD). The study concluded thatltegnative with a cascade of three
dams (Beko Abo, Mandaya and Border) was econorgigadist attractive. The study also
showed that including GERD in any alternative m#&deconomically less attractive
because of the high capital cost and lower econoeticns of GERD compared to Beko
Abo as an initial investment. According to the SUBERD can be a feasible alternative
when no more than two dams can be built, keepingmabstraction upstream low and
in case of flows increase due to climate change.

Filling of the Upper Blue Nile cascade of dams, &wbi, Beko Abo and Mandaya, were
studied by Mulat and Moges (2014) using MIKE BASiMdevelop filling policies that
minimize the impacts on hydropower generation oRBEand the heightened Roseires
dams and irrigation downstream. The model showatfiling duration of three, one and
two years for Karadobi, Beko Abo and Mandaya, respely would increase the
maximum mean cumulative annual hydro-energy by »6%e base scenario, in which

26



3.2. Previous studies in the Nile basin

GERD was assumed online. The study also demordtth&e the irrigation supply in
Sudan would not be affected as the supply religiwlould remain greater than 80%. The
study did not consider irrigation expansion doweestn, however. The findings illustrate
that impounding water upstream in the cascade wisdaould reduce evaporation from
GERD and Roseires reservoirs, implying that wassels at downstream reservoirs
would reduce. MIKE BASIN was also used to assessrttpacts of filing and operation
phases of GERD on the performance of Aswan High Dasegdew G. Mulat & Semu
A. Moges, 2014). The study showed that a fillingadion of six years would reduce the
power generation by 12% of its current conditiohjlevpower generation would reduce
by 7% after GERD would get operational. The resalso showed a slight negative
impact on the irrigation demands. The study assutingdno expansion on agriculture
would take place during the filling stage.

Wheeler et al. (2016) tested various filling stgge for GERD and reoperation of
downstream reservoirs using RiverWare and assuooogdinated operation of GERD.
The study concluded that adaption of downstreamrvegs operation and basin-wide
cooperative agreement can manage the risk to dosamstusers. A similar conclusion
was reached by Zhang et al. (2016) through asge#seninter-annual and decadal-scale
stream flow variability and different filling stegies of GERD.

King and Block (2014) evaluated the impacts ofadiht filling policies for GERD under
a range of climate scenarios. A tool combiningiafadi-runoff hydrological model with

a reservoir operation and hydropower generation eheths used to examine the
performance of the dam and the resulted downstflemmFuture precipitation scenarios
ranging from -20% to +20% were used to generatesidthastic time series of 50 years
each. Five filling rate policies were assumed: egl®p, 10, and 25% of stream flow
entering the reservoir, retaining all amounts edoegthe historical average stream flow
at dam site and retaining all amounts exceeding ®0%e historical average stream flow.
The study showed that hedging 25% of incoming stréaw is found to be superior for
filling time and generated hydropower, as it resdilin the highest cumulative power
generation and the shortest period of filling (141131 months corresponding to -20%
and +20% change of precipitation, respectively)nosely, 5% hedging policy would
cause the least reduction of average downstream flo

The literature showed that simulation modellingrapphes have been used for assessing
the system performance by means of scenarios.rBiffeaspects of water resources in
the Nile basin have been studied, giving most #itierio climate change issues and water
resources development planning. Climate changeysisavas handled through using
historical records and different climate changenades. Climate change studies showed
different results of the future impacts of climatethe planned infrastructures and their
economic feasibility. This is attributed to largecertainty of predicted precipitation
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under climate change conditions. Small precipitatibanges may result in large changes
in river runoff. Alternative filling policies of ne dams have also been investigated.

3.2.2 Optimization models of the Nile

Optimization models are mathematical models usdiddahe best way to meet different
objectives of reservoir system management (Simand@d92; R. A. Wurbs, 1993; Yeh,
1985). They are also used for planning purposesealeime operation. In large basins
that offer a variety of development opportunitig® number of alternative system plans
can be extremely large; here optimization modeldctscreen all alternatives to generate
a limited number of feasible alternatives. Among #lalvantages of optimization models
is their ability to incorporate values of sociabla@conomic variables in water resources
allocation. Optimization models are normally nosé@ on detailed system representation,
a simplification which make them less suitabletfer evaluation of system performance.
Water resources system analysis using optimizdtas been given more attention by
scholars in academia and system operational fidV. Brown et al., 2015b; R. A.
Wurbs, 1993; Yeh, 1985). The advances and impromemieoptimization algorithms
have enhanced the confidence in the findings reduor policy makers and sustainable
system management. However, reservoirs system izption needs more attention as it
is location-specific and depends on the scaleeatialysis (C. M. Brown, et al., 2015b).

Optimization techniques used include classicalojttion or mathematically based
techniques such as Linear Programming (LP), Noafifgogramming (NLP), Dynamic
Programming (DP), and computational intelligen@dteques or Heuristic Programming
such as evolutionary computations, Artificial Nduketworks (ANN) and Fuzzy set
theory (Labadie, 2004; Rani & Moreira, 2010). Opsation approaches can also be
categorized based on the flow data used: stochastic deterministic (Philbrick &
Kitanidis, 1999; R. A. Wurbs, 1993). Stochastic raggghes use statistical properties to
generate series of flow data, whereas determinggiproaches use historical series of
flow data. Stochastic optimization approaches hheeability to more realistically deal
with uncertainties of future inflows than deternsiic approaches. C6té and Leconte
(2015) have, however, demonstrated that the udetefministic scenarios is more robust
than explicit stochastic optimization (probabildigtribution) in stream flow forecasting.
Stochastic optimization cannot be applied to compielti-reservoir systems that have a
large number of variables, while deterministic optiation can be applied without
simplifications (Philbrick & Kitanidis, 1999). Datministic optimization can be applied
for systems with no inequality constraints, linegystem dynamics, quadratic
performance function and the stream flows are dageinand normally distributed
(Celeste & Billib, 2009; Philbrick & Kitanidis, 199.

In the Nile basin, a number of optimization stuchase been carried out. To evaluate the
feasibility of Toshka canal project in Egypt, (Gisar et al., 1981) developed a non-linear
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optimization model for the real-time managementhef AHD. The analysis of the over
year operation problem was compared with fixed afieg rules as suggested by Hurst.
A real-time management model proved superior indiyig a better hydrograph
simulation. The study concluded that the constomcidf the Toshka canal was not
feasible, even if the Jonglei canal project in 8dsidan would be completed. Stedinger
et al. (1984) demonstrated that both stationary ramstationary stochastic dynamic
programming models can identify better operatioticps of AHD reservoir when
improved hydrologic state variables are employeti{sas using forecast equations for
current period's inflow). In the same context, Kahret al. (1990) developed sampling
stochastic dynamic programming that differs frora tonventional stochastic dynamic
programming in that the complex spatial and tempohnaracteristics of stream flow
processes can be captured from a large numbereainstflow sequences.

Guariso and Whittington (1987) extended the worksofriso et al. (1981) to examine
the implications for Egypt and Sudan of the develept of the upper Blue Nile water
resources proposed in the USBR study of 1964. Tty sised linear programming (LP)
with the objective functions of maximizing the hgdower in Ethiopia, and maximizing
the water supply for agriculture in Sudan and Egyjpte study showed that water for
agricultural use in Sudan and Egypt would increas& hydropower generation would
decrease in Egypt as a result of reduced storafjelih The Rahad and the Dinder flows
would also decline as the result of irrigation poig proposed by the USBR in Ethiopia.
The model used many assumptions and approximafidresproposed four dams were
represented by a single reservoir with their comthinapacities; the hydraulic head on
the turbines was not included; and the evaporditamn all reservoirs was considered the
same while actually it was not. The issue of sediatéon was not included in the study.

The results of Guariso et al. (1987) were in agexg@mwith those obtained from the Nile
economic optimization model (NEOM), the first econo model of the Nile basin
developed by Whittington et al. (2005), which shdwhbat the majority of irrigation
benefits would be generated in Sudan and Egypt. ME@s developed to optimize the
entire Nile basin water resources in terms of hgdveer generation and irrigation,
considering the development of the four USBR pregogams. The model was a
deterministic non-linear (NL) constrained optimieatmodel in which water resources
network was presented as a series of nodes (reseaval irrigation schemes) and links.
The economic benefit analysis was conducted atdéwals: basin-wide level and country
level. They concluded that the total economic biénefould almost be equal in Egypt,
Sudan, Ethiopia, and the Equatorial States. Howether composition of the benefits
differed between countries. For instance, the ntgjaf the economic benefits of
hydropower were generated in Ethiopia and to aefesstent in Uganda. The model did
not include the economic benefits and costs offloontrol in the Nile, nor of reservoir
sedimentation. Being a deterministic model, the eh@ssumed a constant pattern of
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inflows in the future. The complexity of over yesdorage reservoirs cannot be addressed
in this model (i.e. AHD) as it was an annual moakich considers one year for the
reservoir drawdown-refill cycle.

Goor et al. (2010) used a stochastic hydro-economaidel to examine the mid to long
term operation of infrastructures, in particulae tour USBR proposed reservoirs in
Ethiopia and the AHD in Egypt under normal conditiof operation. Stochastic Dual
Dynamic Programming (SDDP) was used for the opttmn. Built-in multi-site-
periodic autoregressive hydrological model paramsetere estimated using flow data.
The analysis showed that the flood peak level @Bhue Nile would decline because of
flow regulation resulting from operation of the nelams. The hydroelectricity in
Ethiopia would be boosted by 1666%, while the walkycated to irrigation in Sudan
would increase by 5.5% and the inflows at AHD wordduce which was supported by
the findings of previous economic studies (Whittorg et al., 2005). The model assumed
that the operation of all infrastructures woulddeerdinated between the three riparian
countries. The study did not explore the beneditsdone if the three countries would act
unilaterally. Reservoir sedimentation was not ideld.

The same SDDP model was used to develop a hydmeato model to assess the
positive and negative impacts of GERD on Sudan lBggpt (Arjoon, et al., 2014).
Similar to the results of Goor et al. (2010), tesults showed that GERD would produce
great benefits for Egypt, Sudan and Ethiopia framgation and hydropower in case the
system would operate cooperatively. The results dEmonstrated that GERD would
play a significant role in removing hydrologicalagmtainty during the low flow period,
although the model did not handle the inter-anwaahbility of the flow. The study also
did not include the negative externalities that expected from GERD such as the
impacts on flood plain (recession) agriculture. étegir sedimentation was again not
considered.

An economic evaluation for the cooperative and cooperative sediment management
between upstream and downstream Eastern Nile bassediment control at AHD was
studied using optimal control theory based on dyngrogramming (DP) (Yoon Lee, et
al., 2012). Optimal soil conservation upstream detkrmination of the best timing and
technology for downstream reservoir sediment remowvas considered in this
deterministic model. Social benefits from coopeeatnanagement were larger than non-
cooperative and baseline management scenarios.

In the Blue Nile basin two techniques based orstbehastic dynamic programming were
used to derive the optimal operation policy of Blee Nile double reservoir systems in
Sudan (Ghany, 1994): sequential decomposition whacé reservoir in the system was
optimized and simulated separately, and convernt&toahastic dynamic programming,
in which the optimization for the two reservoirs smaarried out simultaneously. The
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conventional stochastic dynamic programming gaveebeesults compared to the
sequential decomposition algorithm.

For the Blue Nile and Main Nile in Sudan Satti et(2014) used the General Algebraic
Modelling System (GAMS) software to develop a daieistic hydro-economic
optimization model to study the impact of upstremfnastructure developments and
climate change. Climate change was considereddyn@ng a 20% increase and a 20%
decrease of the river flow. The findings showed tha Blue Nile regulation resulting
from upstream development would increase irrigatiathdrawals only if upstream
infrastructures induce a 50% decrease of the @#gtprice in Sudan, otherwise the
optimal management would shift towards hydropowenegation, including by
downstream reservoirs such as Merowe. The studyeber, did not include the planned
agricultural expansion in Sudan nor the effect p$tteam infrastructures on reducing
sediment load.

An economic study confined to the upper Blue Niteliag at the Ethiopian-Sudanese
border was conducted by Block and Rajagopalan (ROO7ey studied the economic
benefits and costs of the potential hydropower iamghtion associated with the USBR
proposed four dams during the filling stage andenmimate change scenarios, using a
hydrological model with dynamic climate capabiktiéinvestment Model for Planning
Ethiopian Nile Development, IMPEND). Block and Sfpek (2010) used the same
modelling framework for the economic valuation bk tfour proposed dams when
ignoring the filling and sequencing of dams condion and for different climate
scenarios, based on an analysis of historical dsc&@NSO and SRES. The study found
that ignoring the filling stages of the four damml aassuming that all dams would be
constructed simultaneously would overestimate #reebts by 6.4 Billion USD.

This review shows that most optimization methodsdua the Nile river system analysis
are mathematically based models. Similar to otlhesrrbasins, simple optimization
methods were used to analyse systems with moretW@aneservoirs. This is attributed
to the large number of possible state variablefieOmethods, such as data driven
optimization, have proven to be capable of anafysmmplex systems (Asfaw & Saiedi,
2011; Rani & Moreira, 2010). However, these methbdge so far not been used in
studies on the Nile.

3.2.3 Combined simulation and optimization models o  f the Nile
basin

Incorporating optimization techniques into a sintiola model has proven to be a useful
approach for the analysis of complex river bassteayns (Loucks, 1979; Loucks & Van
Beek, 2005; Rani & Moreira, 2010; R. A. Wurbs, 1p93he combined approach benefits
from optimization in screening the full range dieahatives to generate the most feasible
ones and from simulation in evaluating the resparfsthe system generated by these
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alternatives. The combined approach can be camsgbraccording to the adopted
mathematical model; the type of links between satioh and optimization modules such
as: (i) use of simulation as sub-model of optima@atnodel, (ii) imbedding optimization
into simulation model, or (iii) the in parallel usé optimization and simulation; and to
the operation rule that can be parameterized inlsition (Sechi & Sulis, 2009).

Few studies combined simulation and optimizatiomet®for the Nile river basin system
analysis. Musa (1985) introduced a new approa@ihdmptimal operation guidelines for
the Blue Nile double reservoir multi demand systesithin Sudan. The approach
combined river basin simulation model (MODSIM) with heuristic optimization
procedure and a linear programming model. Storage®servoirs and shortages at
demand sites were statistically analysed. The stoolycluded that the operation
guidelines derived from the combined approach viepgoved over those obtained by
using simulation alone. However, heuristic optinima cannot guarantee a global or
local optimum solution to an optimization problem.

For the same reservoir system, a methodology ftoamapoperation during the dry season
and trade-offs for the use of water for irrigatiand hydropower generation was
developed by Hamad (1993). An adaptive forecastlgition and optimization model
(AFSOM) was used. The study combined four modetsuding: (a) an analytical model
(REFORM) to forecast low flow, (b) a simulation nebtio determine the maximum area
which can be planted during the dry season, (c)Rih® model to calculate and forecast
irrigation water requirements, and (d) a simulaton optimization model called Slice
to optimize hydropower generation from the resergystem. The combined model
showed a considerable capability in enhancing detisnaking on hydropower
generation and dry season cropping.

A simulation-based optimization model was used @wetbp a filling strategy for the
proposed Mendaya reservoir on the Blue Nile in &ilda to minimize the impact on
hydropower generation by the Roseires reservoirndtn@am in Sudan (Hassaballah,
2010). The multi objective optimization used a mmminated sorting genetic algorithm
(NSGA-11). The MIKE Basin simulation model was usecevaluate the optimization
results for filling the Mendaya reservoir. The stutbncluded that NSGA-Il was an
efficient tool for solving optimization problems &ncomplex water resources system. A
limitation of the study was that it focused on nmaiging hydropower generation rather
than the overall economic benefit of hydroeledlyigroduction. Moreover, the future
operation of Roseires reservoir was assumed toinehmasame as the historical operation,
which was mainly based on reducing the sedimeninguhe flood. This condition is
likely to change, not only after doubling its stgeacapacity (completed in 2012) but more
so with the construction of upstream reservoirs.

The Nile River Basin Decision Support Tool (DST)swdeveloped by Nile basin
countries in collaboration with Georgia Water Rases Institute. It aimed to serve as a
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neutral tool for the use of the Nile countriesseess the benefits and trade-offs associated
with different water development and managemenbopt The Nile DST contains six
main components (Andjelic, 2009): data base, rigsgnulation and management,
hydrologic modelling, agricultural planning, rematensing, and a user-model interface.
The model simulates the Nile response to differeewvelopment, hydrologic, and
management scenarios. Hydrologic watershed moddistatistical procedures are used
to generate stream flow forecasts where hydrologmdels are unavailable. The
optimization is based on the Extended Linear Quedi@aussian Control method
(ELQGC). For river simulation, river and reservmuting models are used to simulate
the movement of water through the river (A.P. Gakegos, 2007). DST was used to
develop the Lake Victoria Decision Support Tool @ST) (A. a. Y. Georgakakos, H
and Brumbelow, K and DeMarchi, C and Bourne, S Biudlusky, M, 2000), and the
High Aswan Decision support system (A.P. Georgakalk006) to support decision
relates to water and energy resources in Ugandaaneservoir operation in Egypt,
respectively. Georgakakos (2006) assessed the ingfathe proposed four large
hydropower projects on the Blue Nile on the flowd éwydropower in the Nile basin using
DST. The results showed a substantial increaseydfopower generation in Ethiopia,
slight increase of hydropower generation in Sudaeh @ decrease of irrigation water
supply deficit in Sudan. These results were coo@d on that consumptive water use
would not increase in Ethiopia and Egypt, and SBatlanese and Ethiopian reservoirs
were cooperatively managed. The study did not cdemseservoir sedimentation problem
and its potential impact on hydropower generation.

The Nile Basin Initiative (NBI) developed a new wgan support system that improved
the regional modelling system. The Nile Basin DecisSupport System (NBDSS)
encompasses three components: information systemlytigal part containing
simulation and optimization tools, and multi crigeanalysis tool (Hamid, 2013). NBDSS
uses stand-alone modelling tools for simulation aptimization, including the MIKE
group of models and WEAP. The NBDSS is designedraimulation and optimization
models separately or in combination. The capabditof NBDSS extended to model
sedimentation, water quality and erosion. Hamid1®O0used NBDSS to assess the
impacts of planned Ethiopian dams on the Sudaresswoir system up to Khartoum.
The study showed that the Blue Nile flow during dng season would increase five times
the current flow, along with significant social aedvironmental impacts resulted from
losing floodplain agriculture and a reduced grouatbvrecharge rate.

Despite the advantages of the combined use of atrooland optimization method, there
are few applications that outline the best managerfte the Nile basin. Most of the
studies were carried out for the Blue Nile systerd @ery few were conducted for the
entire Nile.
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3.3 STUDIES ON MANAGEMENT OF TRANS -BOUNDARY RIVER BASINS

Transboundary river water development can leadotdlict or cooperation between

riparian (M. Karamouz et al., 2011; Madani, 201@gBrs, 1969). Benefit sharing is
suggested to resolve water conflicts (Dombrowsk@09). However, Wu and

Whittington (2006) argued that cooperation betwegarian may not resolve water

conflicts, if costs of cooperation are not justifiby the scale of benefits. Therefore,
determining and understanding the (wide) range@fielated costs and benefits is key
for improved management of trans-boundary riverd #ws better relations among
riparian states (Sadoff & Grey, 2002).

The literature showed various conflict resolutieatniques applied to shared river basins
worldwide. Among these methods multi-criteria malécision making approach based
on conventional optimization methods is populau BRial. (2009) applied multi-criterion
decision making approach to resolve water conflint$Geum River Basin in Korea
between upstream and downstream resulted from romtisn of two multi-purpose
reservoirs.

Game theory is another conflict resolution methditiv based on multi-criteria decision-
making approach. Madani (2010) argued that gameryhesults differ from those of

optimization methods in such a way that in gamermheach party tends to maximize
individual benefits, contrary to optimization whicassume cooperation towards
maximizing the whole system benefits . He alsodatid that despite the novel and
usefulness of game theory, its integration intoegahsystem analysis is not yet well
achieved.

Larijani (2009) developed cooperative game thdmse method to resolve the conflict
between hydropower generation companies and emagohspecialist in USA as a result
of climate change impact on Federal regularity Cassian. Game theory is also applied
for conflict resolution in many basins such as Hapds and Tigris (Kucukmehmetoglu,
2009), Sweden (Young et al., 1980), Nile Basinr(i&ln et al., 2008).

Giordano et al. (2005) used a new approach forlicoresolution called cognitive
mapping approach to develop a Community Decisiopp8t System. Their work
demonstrates that the system can assist in discussid collaboration by helping
participants to: formulate their problem, find cait available alternatives and the
corresponding effects and constrains, and finallidéentify their preferences. To assess
performance, system is applied to a river basiiénsouth of Italy which has a problem
of water allocation in dry periods indicating thetgntial of the approach with slight
improvement of negotiation facilitation using fuzzst theory, artificial intelligence and
argument analysis.
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The literature also showed other methods applieddoflict resolution such as watershed
process simulation which applied to improve watgutation policies for hydropower
and irrigation in Nepal (Pokharel, 2007), and grapddel for conflict resolution applied
to Northern America (Hipel et al., 2002) .

In the Nile basin, Wu and Whittington (2006) apg@lmooperative game theory to study
the incentive structure of cooperative and non-eoafive plans for different states of the
basin, through assuming partial and grand coaktidlile Economic Optimization Model
(NEOM) is used to maximize the benefits of suggestelitions.

3.4 RESERVOIR SEDIMENTATION ANALYSIS MODELS

Reservoir sedimentation has been intensively inyastd and studied in the literature.
However, a good understanding of many sedimentgironesses is not yet achieved.
Sedimentation processes prediction models areresther simplified or very complex,
thus they cannot represent the reality (Garcai@g828loff, 1991). Prediction methods
for reservoir sedimentation processes are divided empirical and mathematical
methods.

Mathematical methods can include the interactiotwéen hydraulic elements (i.e.
energy equation, Manning's equation, and contirprityciple), sediment movement, and
boundary geometry (i.e. upstream boundary disckamd@vnstream rating curve, and
storage-water surface elevation relation) (Morrig&n, 1998; J. W. Nicklow & Mays,
2001). Compared to empirical methods, mathematiegthods are more accurate and
time dependent processes as well as the spatiaVioein of sediment and flow can more
easily be analysed. However, full mathematical nioagfor the processes is not desired
as it makes the model very complex. Some procemsedescribed empirically for the
lack of knowledge. A lot of data requirements amigerent errors limit the reliability of
the results (Sloff, 1991).

Trap efficiency (TE) method is an empirical mettgeherally derived from records of
reservoir sedimentation to give a quick approxioradf the loss of storage capacity over
time. TE is defined as the ratio of incoming anthireed sediment load to the total
incoming sediment load. The main parameters tleaT & depends on are the watershed
characteristics, water and sediment inflow andlowtfand reservoir storage (Kummu et
al., 2010; Sloff, 1991).

Kummu et al (2010) developed a protocol to estinbaiEn-wide TE of the existing and
planned reservoirs in the Mekong Basin based omé&sumethod, in which TE is a
function of residence time (equal to the effectiggervoir volume divided by the mean
annual discharge). Other factors that TE dependsuamh as reservoir and dam type and
sediment properties, are assessed through setysénalysis.
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In most reservoir sedimentation models TE has eiti@ been incorporated (i.e.
assuming 100% TE) or been considered a constam vi@ine independent (Annandale,
2006; Minear & Kondolf, 2009). However, few studieave considered the dynamic
aspects of TE. A dynamic TE was developed by Molthifi®90) as a function of
sediment patrticle fall velocity and rate of flowdhbgh the reservoir, assuming other
factors such as reservoir operation method, typmutiét, age and shape of reservoir are
negligible as they are constant for different opecapolicies. Lewis et al. (2013)
modified Churchill equation to predict the dailylsaent trap efficiency for the Burdekin
Falls dam in Australia.

Minear and Kondolf (2009) incorporated both thergeaof TE with time and the impact
of upstream reservoirs in trapping sediment inrtheodel to iteratively calculate

sediment yield using spreadsheet. They calculate@dsed on Brown's method which
depends on reservoir capacity and the drainage &teaever, other variables that
influence the TE were not considered, limiting thedel when detecting regional trend
and assessing the potential risk of sedimentatigaservoir is required.

Most of the techniques used to derive the optirparation of reservoirs have not taken
into account the loss of usable storage resultmg feservoir sedimentation. Few studies
have paid attention to the relations between reseoperations, sedimentation processes,
and storage preservation (Schleiss, et al., 2016).

The relation between reservoir operations and semdliation processes along the river
and/or within the reservoir was investigated by ynasearchers (i.e. Carriaga and Mays
(1995a) ; Nicklow and Mays (2000); Bringer and iNiowv (2001); Rashid et al. (2015);
Bai et al., 2015).

Carriaga and Mays (1995b) developed a mathematiodkl to determine the optimum
single reservoir releases that minimize sedimenirsand deposition in downstream river
reaches. Different optimization techniques (NLPvenl DP procedure, and DDP
procedure) interfaced with a finite different mdohg for sediment routing simulation.

Reservoir sedimentation was not investigated.

A similar sedimentation problem but for a multieesir network was investigated by
Nicklow and Mays (2001). An optimal control modehsvdeveloped to derive a multi
reservoir release schedule that minimize sedinmntrsand deposition in both rivers and
reservoirs using optimization-simulation interfaCehe sedimentation problem was
formulated as discrete time optimal control problemd solved using successive
approximation linear quadratic regulator optimiaatalgorithm. The objective function
was to minimise the cumulative change in riverd aservoir's bed elevations subject to
operational constraints. All hydraulic and sedimiansport relations are modelled in a
finite different simulation model. Empirical trajfieiency based on Churchill method
was used for reservoir sedimentation simulatiore fitethodology was mainly to solve
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the network sedimentation problem without consittprihe other purposes of the
reservoirs. However, the model can be expandatttoporate multi objectives covering
the other aspects of reservoir operation.

Chang et al. (2003) investigated the relation betweeservoir operation and storage
preservation. A combined reservoir simulation amdliment flushing model was
developed. GA was used in the reservoir simulatrmdel to determine the optimal
flushing operation rule curves. The sediment flaghinodel was used to estimate the
amount of flushed sediment volume to update theagéllen- storage relation. Khan and
Tingsanchali (2009) developed reservoir optimizasomulation with sediment
evacuation model. They used GA for rule curvesnojzition and simulation model for
sediment evacuation modelling. An optimization-dismion with sediment evacuation
model was also developed by Rashid et al. (201iBguSA optimization technique and
Tsinghua equation to optimize the operation of rabjectives multiple reservors system
on Indus River in Pakistan.

A summary of different methods suggetsd in thediiere for studing reservoir operation
with sediment management are includedppendix-V.

3.5 CONCLUDING REMARKS

This chapter reviewed a large number of modellinglies of the Nile River Basin for
planning and management purposes, which are susedarTable 1 - Appendix-II. A
critical discussion was done by considering bottdetlong concepts and water related
issues handled.

Simulation, optimization and combined modelling E@ches have been used for both
improving management of existing reservoirs systamd for water resources

development planning. Most reviewed studies focusethe latter. Despite that the Nile

basin provides a wide spectrum of alternatives lkbgweent options that cannot be fully

investigated using simulating approaches, the tisemulation models in water resources
planning analysis was dominant (half of the reviéwgéudies), compared to the other
types of river basin models (36%, and 15% of tivéemeed studies were optimization and
combined models, respectively). Optimization metheogere based on conventional
methods such as mathematical, while data-drivenhandstic optimization approaches

were dominant in combined simulation and optim@atnodelling approaches.

Various water resources development related idsaes been investigated in the basin
using river basin modelling, including

i. the impact on downstream water availability of vgsin developments;

ii.  the economic impact of water resources developments

37



3. Nile River Basin modelling for water resourcesnagement — a literature review

ili.  downstream impacts of alternative dam filling amgndoperation policies; and
iv. the impact of climate variability and change onevatvailability.

Although reservoir sedimentation is salient, sedinmeanagement has so far largely been
ignored in the EN basin models, in particular imalti-reservoir context.

This review was limited to river basin modellingidies that focused mainly on surface
water. Since groundwater plays an important roleiver basin management and its
conjunctive use can, in cases, alleviate watesstie the basin, it is recommended to
consider groundwater in future studies.
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DEVELOPMENT OF THE EASTERN
NILE SIMULATION MODEL USING
RIBASIM “

In Chapter 3, it is mentioned that simulation mehgrovide detailed and realistic
representations of the physical, environmentalpenuc, and social characteristics of the
system. A river basin simulation model was develofper the Eastern Nile basin

including twenty dams and twenty-one irrigationesties.

In this chapter, the implications of water resoardevelopment in the Eastern Nile basin
on water availability for hydropower generation amgjation demands were assessed at
country and regional levels, using scenario anslygthods. Sixty-four scenarios were
used to test developments of several dams andatiig demands, Grand Ethiopian
Renaissance Dam (GERD) operation options, and teralla (status quo) versus
cooperative transboundary management of dams. &dudts show that water resources
developments would have considerable but varyirmgaits for the countries.

2 This chapter is based on: Digha, R.F., Mohamed, Yu&n der Zaag, P., Uhlenbrook, S. and Corzo,
G.A., 2018a. Impact of water resources developmemwater availability for hydropower production and
irrigated agriculture of the Eastern Nile Bash&CE Journal of Water Resource Planning and
Managemen144(5): 05018007
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4.1 INTRODUCTION

Water resources related issues in the Easternakéleomplex (Belachew, et al., 2015).
The river flow regime is characterized by largesee@l and inter-annual variability
(Goor, et al., 2010). On the basis of source amdafisvater, the basin countries can be
divided into two groups: the upstream countriegtbfiopia and South Sudan, which are
net producers of Nile water and use relatively $maatounts, and the downstream
countries of Sudan and Egypt, which are net conssiofeNile water and use relatively
large amounts of water. Most of the existing wadsources developments in the Eastern
Nile basin have taken place in the downstreamgdatte basin. The emerging upstream
water resources developments would affect the iegistownstream dams, leading to
both positive and negative externalities.

Literature review in Chapter 3 showed that the Ni&sin was modelled to address
(specific) water resources related issues and m$sdcimplications, e.g., filling of
planned dams, optimization of reservoir operationpacts of climate change, etc.
Different approaches were used (simulation, opttiin, economic analysis, etc.), for
varying topologies of the system, using differegndths of the boundary conditions.
Although good insights of the system and expeatgahcts were given, still the picture
is not fully understood for different topologiesdaprobabilities of river inflows.
Therefore, studying water resources developmenbmptin a regional context is still
important to quantify the impacts both at regioaatl at country level. Quantifying
benefits of managing the reservoirs system as orgesunit, i.e., regardless of the
political boundaries, is a prerequisite to quaintify potential benefits of cooperative
management, which may stimulate cooperation amoagiparian states.

In this chapter, the Eastern Nile water resoure®&ldpment options are quantitatively
analysed, based on the recent plans for dam aightion development (2012),
considering different management options. Four cadirs are used: hydro-energy
generation, irrigation supply reliability, evapoaat losses induced by the reservoirs and
the change of the basin's flow regime. A river basmulation model for the Eastern Nile
basin has been developed using RIBASIM. The arslyas been carried out through
developing different scenarios for dam and irrigatidevelopments, hydropower
demands and system management optidablé 4.1). The scenarios have been run on a
monthly time step for 103 years (1900 to 2002). fitstorical stream flows of the Nile
basin have shown to be relatively stationary, tosgme trends are evident at localized
tributaries (Meron Teferi Taye, et al., 2015). Taysl Willems (2012) demonstrated the
occurrence of a multi-decadal pattern in the Blile Nver. Therefore, use of a short data
set of stream flow might be not sufficient. Unlikeost previous deterministic and
simulation-based studies, a long series of hisibstteam flow data has been used in the
model to capture the temporal variability of flows. addition, the use of RIBASIM
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simulation model facilitates a manual optimizatadrthe scenarios through varying the
sources of supply of the water users.

4.2 MATERIALS AND METHODS

4.2.1 Model and data

The Eastern Nile systenfrifure 4.1) up to the Aswan High Dam (AHD) is modelled
using a river basin simulation model, RIBASIM. Téeenarios have been selected to
represent the base case (S0), and then differemd’ development in both Ethiopia and
Sudan, as well as irrigation demands in both caemtiThose reservoirs on the stem of
main tributaries with high generation capacitied #mose irrigation projects with large
demands for water are considered in this stéityufe 4.1). Six potential dam sites have
been identified along the Main Nile in Sudan withogal potential energy generation
capacity of 1,600 MW (Verhoeven, 2011). The potdndf new irrigation in Sudan is
estimated at 590,000 ha withdrawing water fromBhe Nile, 90,000 ha from the White
Nile and 285,000 ha from the Atbara (ENTRO, 2007;NVM. Van der Krogt & Ogink,
2013). It should be noted that all current and plfor new irrigation development in
Sudan on the Eastern Nile have water requiremdras would exceed its agreed
allocation with Egypt. Ethiopia’s planned irrigatidevelopments would further increase
the pressure on water resources, in particulaEfypt. It is therefore unlikely that all
planned irrigation developments would materialise.

RIBASIM simulates the performance of a system udiygrologic time series and
allocation rules (Abreha, 2010; W.N.M. Van der Ki,d2p08; W.N.M. Van der Krogt &
Boccalon, 2013; Verhaeghe et al., 1988). The mosket nodes and links to represent the
river system components. The model links hydrolagputs at various locations in the
basin with water users. Water allocation can baikited by setting source priority list
for each water user. To allocate water among nlaltpmpeting demands, each water
user has a specified water allocation priority. Tanthly available water is allocated to
the users by priority, first priority 1, next prityr 2, etc. till the last specified priority. If
users have the same water allocation priority therupstream water users get the water
before downstream users. As an example of theigrisystem of RIBASIM, water
supply for the Gezira Scheme (abstracting upstr@ammar dam), is first supplied from
Sennar dam, if not enough then from Roseires dam.

Data of the Eastern Nile basin has been colleat®u f/arious sources, including: the
Ministry of Water Resources and Electricity (MWREpudan, Nile Water Master Plan
(MOI, 1979), Roseires Heightening Report (McLellab987), periodical reports
published by the Ministry of Agriculture - Sudan i(N&stry-of-Agriculture, 2013) and
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data of the Eastern Nile Planning model (ENPM)feNTRO (W. N. M. Van der Krogt

& Ogink, 2013)
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To model the irrigation schemes of the basin, adikrigation node was used. It requires
data in the form of irrigated area (ha) and netaye monthly demand (mm/day). In
reality, the demands for most irrigation schemesédpt those for perennial crops such as
sugarcane) vary annually, as the cultivated argabaadjusted to fit the expected inflow.
In this study, the demand (per ha) was assumeent@in constant over the years. The
total potential area is used and assumed to bdleglistributed between the different
crops. Effective rainfall was considered negligitdad ignored when determining
irrigation demand. The potential areas of exiséind planned irrigation projects in Sudan
and Ethiopia have been taken from the Nile Watest®taPlan (MOI, 1979) and from
ENPM. Crop water requirement (ETcrop) (mm/day) bé tpotential and existing
irrigation schemes have been calculated from FAR@ oecluding crop factors (Kc) and
the Penman-Monteith reference evapo-transpiraidm) (mm/day). The total irrigation
demand of Sudan in the base scenario thus amaouwrit8.5 x 16 m®yr. The annual
irrigation demand in Egypt was assumed to be equadypt’s water demand in the 1959
agreement between Sudan and Egypt (55.5xr#§r). The monthly demand pattern is
taken from Oven-Thompson et al. (1982), the maxinmaonthly demand occurring
during June and July. A similar assumption has lusea by Goor et al. (2010) and Van
der Krogt and Ogink (2013).

In RIBASIM, variable flow nodes are used to repraggbe natural water flowing through
the river system. Water balance calculations aphiegpusing a spreadsheet to generate
the monthly time series of incremental natural floitributaries (represented by variable
flow nodes) between gaugtations (record nodes). The hydrologic time s€fié8 years

of monthly data set from January 1900 to DecembB@&2p of the recorded (measured)
station, rainfall and evaporation data at dam sitee supplied by ENTRO and as used
in the ENPM. The model uses rainfall and evaponatiata for the water balance
calculations of the reservoirs. Effective rainfadita (1960-2000) are based on ERA40
gridded daily rainfall from the European Centre Medium range Weather Forecast
(ECMWEF). Potential evaporation rates data of Egigphiopia and Sudan are based on
the FAO database (W. N. M. Van der Krogt & Ogink13). More details on data
processing, generation and validation are availebiéan der Krogt and Ogink (2013).

Model data of reservoirs in RIBASIM are the physicharacteristics of the reservoir,
main gate and hydropower plant characteristicdifter capacity, efficiency, tail water
level and losses), firm energy (demand and alloogtriority) and operating rules. The
operating rules are defined by identifying the 8amntrol, target and firm storage levels
and applying two hedging (reduction) methods fotevaeleases from reservoir when
water level drops below the specified firm storbayel. Here, storage-based hedging was
used. Storage-based hedging is supply based apenatiere reservoir releases are
determined by the available storage and upstrediowirrather than the demand of
downstream water users. Storage-based hedgingesqigfining distinct zones below
firm storage and for each the percentage of thgetarelease (full demand of all
downstream users) that will be released for eank @able 1- Appendix-I1l) ; the lower

45



4. Development of the Eastern Nile simulation mags#hg RIBASIM

zone from which water is released, the larger ¢ldeiction of the target release (W. N. M.
Van der Krogt & Ogink, 2013). Operating rules oé gplanned dams are not known; we
have chosen to simulate dam releases using thegsttrased hedging method.

4.2.2 Simulation model

Two Eastern Nile models have been developed, osedban cooperative transboundary
operation of all dams in the basin, and one wheuaties operate the dams unilaterally.
This can be modelled in RIBASIM by settings in $wurce priority list. The list can
either be empty or not. The default source pridistygenerated by RIBASIM model for
each water user in a network includes all upstreapply sources that a user can receive
water from. Water users with an empty source pyidist cannot claim water from
upstream sources to satisfy their demand and chnuge the water available at their
location, including uncontrolled flows (natural\its from variable flow nodes) and water
released from upstream sources without considediognstream demand. A more
detailed description of the water allocation pragedof RIBASIM is given in Van der
Krogt and Boccalon (2013). For modelling coopematnansboundary management of the
Eastern Nile system, the source priority list facte water user contains those upstream
supply sources that can be used to satisfy the miéinaving the same logic of network
links. In the unilateral scenario, the source fydrst of the dams located near a border,
i.e. Roseires, Khashm Elgirba (which is replacedbitit dam once it gets online) and
AHD were set as empty. The source priorities ofrdst of the dams were not empty as
there still is coordinated dam operation withinfeaguntry; however, users cannot claim
their demand from upstream sources beyond the bdese in their country.

Priorities of water users do not change with timedo with space depending mostly on
the purpose of the supply infrastructure or danthéfdam is constructed to be operated
for hydropower generation only, such as the upstr&ue Nile dams in Ethiopia,
generating firm demand will take priority over dastieam demands. In case there is
sufficient water to satisfy both firm energy andwthstream water demands, such a
reservoir releases water to fulfil all demands.cbse water is insufficient, power
generation takes priority over downstream demamdistiaerefore the amount of water
released for downstream demands will be reducatégpecified hedging rules.

If a dam is multipurpose for both hydropower andvdstream irrigation, such as all
existing dams, the priority will depend on the attperation. For example, Roseires and
Sennar on the Blue Nile of Sudan are operated dthr hydropower and irrigation with
the priority given to the irrigation demands of 8an Gezira and Managil schemes. For
new dams with both hydropower and downstream itivgadams such as Hummera and
Settit on the Tekeze-Atbara River, hydropower aodristream irrigation were assumed
to have the same priority.
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The simulation cases within each model were comb#reassess the implication of
planned new dams and irrigation demafRissearch objective 1)The two models were
also compared to assess the value of cooperattvaratateral operation for the dams in
the entire basin and all countrig®esearch objective 2)

4.2.3 Simulation cases

Apart from the baseline (S0), 12 scenarios wereld@ed from the combination of (1)
three dam development options (S1, S2 and S3}w@)rrigation demand conditions;
before any potential irrigation project realizat{&@10, S20, and S30), and after (S11, S21,
and S31); and (3) two system management conditioogsoperative transboundary
management with cases denoted as Sxx0, and uallatanagement, with cases denoted
as Sxx1 (able 4.1). Development of irrigation projects varies wittesarios because
they are associated with the development of sommsdtnat will be operated for
hydropower generation and irrigation. The additlaevelopment of irrigation in S31 is
attributed to development of irrigation schemeghm White Nile River; however, there
are no planned dams on the White Nile. OperatidrGERD are based on the uniform
firm energy generation that can be satisfied 95%@timulated time horizon. According
to our simulations, the firm energy demand that GERn satisfy is equivalent to 1,725
MW of continuous generation, while total energygation reaches 15.1 TWh/yr, which
is in line with Bates et al. (2012).

The baseline scenario (S0) considers the systemtlas year 2011 before the heightening
of Roseires reservoir. Data of the actual abstrast(e.g., for Gezira Scheme) are used
to calculate the cropped areas A (ha) for modebiion and validation. In actual
operation, the cropping areas of operational itiigaschemes in Sudan vary annually,
based on the predicted inflow to Roseires damjstparticularly true for the winter crops

in central and northern Sudan. The average abstnaof irrigation projects per each
month is therefore used to estimate the croppeal usig given the monthly crop water
requirement. The potential areas of irrigation @ctg are then used in the base and other
scenarios.

The first scenario of dam development (S10) remrssthe system after GERD, and
Roseires Heightening, with no additional irrigatdevelopment. The first scenario with
irrigation developments (S11) includes additiomayated agriculture in Ethiopia (total
demand 1.32 x fan®/yr), and in Sudan (total demand 25.2 instead d ¥8LC m/yr).
Therefore, the impact of GERD on the current systam be assessed by comparing
scenarios S1x against SO. E.g., comparing S11 wilSihdicate the impact of GERD
on agriculture expansion of Sudan and also the d¢npé agriculture expansion on
hydropower generation of the three countries.

The second scenario (S2) considers all dam devepfsrupstream in Ethiopia at the
Blue Nile and Tekeze-Atbara river§gble 4.1), represented as S20 and S21 for no, and
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complete agriculture expansion, respectively. Tioeeg comparing S2x to SO will reveal
the impact of upper basin full development on tlydrbpower and irrigation in the
Eastern Nile system.

The third scenario (S3) represents full developn@nthe basin dam and irrigation
projects. S3 differ from S2 in that the Main Nilends (S30) and irrigation projects (S31)
in Sudan get online. Comparing S3 to S2 will inthcthe impact of upstream and
downstream water resources development on the'®asiantries.

In the cooperative transboundary management sosnatl water users are connected to
one or more upstream sources depending on the retinks. In case of two parallel
reaches, water user located downstream the cowftueil have two sources, the order
of these sources depends on how much water each heae. The most downstream
demands are connected to the most upstream sduroegh the intermediate sources.
For example, AHD demands can be fulfilled fromugstream source Dal dam, and Dal
dam's demand from Kajabar dam, until the demanche=aRoseires and then GERD.
When the system is managed unilaterally, the sopiiceity list of AHD being empty,
the demand of AHD cannot be fulfilled from Dal;hrat, AHD receives only what Dal
dam releases according to its own demand to produeegy (there is no irrigation
demand between Dal and AHD). In other words, dameach country are operated
independently for the unilateral scenario, but ddu¢ dependently operated within the
country.

4.2.4 Model assumptions

In this study, the current operation rules of alséng reservoirs are assumed to remain
the same. All dam developments are assumed onithataoperational stage; the transient
stage (filling) and their short-term impacts hawva been considered. In the initial
condition of simulation, water levels of all reseing in the system are assumed full. The
existing and proposed developments in Baro-Akobbabsub-basin have negligible
effects on the system compared to the proposed la&ggrvoirs in the other sub-basins
and were therefore omitted. The potential irrigatiprojects of the upper basin
withdrawing water from the Blue Nile and Tekeze-&tb rivers are estimated at 0.2 x
1P ha (Goor, et al., 2010; W. N. M. Van der Krogt &jifk, 2013). Domestic and
industrial demands are negligible in the Easteta basin compared to irrigation demand,
therefore they were not considered. We furtherrassthat the historical time series of
1900 to 2002 is representative of future dischargéss neglects any climate change
effects, which is beyond the scope of this papealle storage of the reservoirs was
assumed to be constant in future, despite thetfiattdue to the siltation these storages
are likely to reduce over time.
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4.2.5 Model calibration and validation

For model calibration, the monthly irrigation derdamas assumed to be identical to the
measured abstractions of all irrigation projectsrdythe year July 1970 - June 1971. The
simulated abstractions of irrigation schemes asdri®ir releases were compared to the
measured ones.

Hedging rules based on storage, target levelseobgeration rule and the power plant
factor were used as adjustable parameters forratbn. The storage between firm level
and dead storage level was divided into zones, rvadlecation at those zones were
considered as a percentage of target releasessted for different percentages between
100% and 20% resulting in significant improvememttihe model outpufTable 1-
Appendix-Ill) . The model was run for different target levelsgiag between full
reservoir level and firm level (or minimum operafido adjust reservoir releases and
supply of irrigation demand. As the power plantdaof existing dams of 90 % gave the
best results, this factor was used. The resultsvstidhat the simulated and measured
downstream releases and water levels of RoseigeSannar dams are more or less the
same. Also, the demand (measured) and supply @ied)lof irrigation projects are equal,
indicating that the model performs well.

To reduce errors during model verification thatldaesult from the change of available
storage due to siltation, and thus resulting ifed#nces between simulated and measured
values, the physical characteristics of Level-Avedume relations of reservoirs derived
from the available bathometric survey were adjustambrding to the years of calibration
and validation. Additional calibration data andulésare provided idppendix-111 .

The model was validated using demand data for theees (July to June); 1977-1978,
1984-1985, and 1988-1989 representing normal, mbiynaet years, respectively. For each
hydrologic condition year, the model was run fag #ntire period (1900-2002) with the
demand fixed at the actual abstraction of the yEae. identification of the wet, dry and

normal years was based on a comparison betweesawvtrage monthly flow at Border

(Eldiem) station 1965-2012 and the average moriltwy of the three years.

4.3 RESULTS AND ANALYSIS

Although results have been analysed for the 12as@®s) the analysis focuses on the
results of the scenarios that include GERD devetgmunder both cooperative
transboundary and unilateral management, and widhvathout agriculture expansion.
Other major results will be mentioned where relévieiowever, the full set of results is
available inAppendix-1ll . The section starts with presenting the validateEsults, then
follow hydropower generation, irrigation developrheand their impacts on evaporation
losses from reservoirs and on the hydrographs.
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4.3.1 Model validation results

Figure 4.2displays the simulated and measured flow at tiie Blile, and the Main Nile
for a dry, normal and wet year. The results shoseght differences between simulated
and assured flow during the wet season (July-Ocatmvnstream of dams in the Blue
Nile River (Figure 7-Appendix-lll ). These differences are in part due to the filamgl
operation of Roseires, Sennar and Kashm Elgirb@ddiment management. The time
step used for filling (daily for 45 days) of Rossirand Sennar reservoirs differs from that
used in the model (monthly). For reservoir sedimeoih management, all gates are
opened to release the coming inflow to pass th& peéaediment (and not to meet the
downstream demands). The results also showedithalaged flow at Dongola station at
the Main Nile is less than the measured flow, pbbpdecause of small flows from

unmeasured tributaries of the Main Nile or to uedémated abstraction from the Main
Nile.

The results of supplies and demands of Gezira, §ibaad New Halfa irrigation projects
during the three years showed that all the demghdsmeasured abstraction) are met,
indicating the capability of the model to simul#te demand.

Model validation- Dry year - Roseires Model validation- Normal year - Roseires Model validation- Wet year - Roseires
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Figure 4.2 Measured and simulated flow at key lmecet in the Blue Nile, Atbara River

and the main Nile at years of different hydrologpmditions: dry (July 1984-June 1985),
normal (July 1977-June 1978) and wet (July 1988eJ1:889)

The model accuracy was tested by calculating timeeel performance evaluation
criteria: Root Mean Square Error (RMSE), Nash-$iclcoefficient (E) and the
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correlation (f) for the simulated and measured stream flow atipusly mentioned key
stations. The resultS éble 4.2 showed reasonable RMSE values (< half of measured
flow standard deviation, according to Moriasi et @007) ) except at Khartoum,
Tamanyat and Dongola station during the dry yeawéter; the correlation between
simulated and measured flows at the two sites ang high (> 0.9) and Nash-Sutcliffe
coefficients are reasonable (>0.5).

Table 4.2 Results of three measures for the mad&nnance evaluation

Dry year (July 1984-June Normal Year (July 1977- Wet Year (July 1988-
1985) June 1978) June 1989)

Location RMSE Nash- Correl RMSE Nash- Corre RMSE Nash- Correl
(m3sec) Sutcliff ation (m3%sec) Sutcli lation (m%sec) Sutcli ation

coeffici  (r?) ff (r?) ff (r?)
ent (E) coeffi coeffi
cient cient
(E) (E)
Roseires 130 0.93 0.97 205 0.99 0.99 544 097 0.98
(<1/2CV) (<1/2 (<1/2
CV) CV)
Sennar 185 0.92 0.97 294 0.98 0.99 673 095 0.96
(<1/2CV) (<1/2 (<1/2
CV) CV)
Khartoum 475 0.71 0.97 612 0.93 0.96 1215 0.86 0.89
(> 1/2CV) (<1/2 (<1/2
CV) CV)
Atb_K3 78 0.99 0.92 147 096 0.97 140 0.98 0.99
(<1/2CV) (<1/2 (<1/2
CV) CV)
Dongola 633 0.81 0.91 1098 0.92 0.98 1465 091 0.91
(>1/2CV) (<1/2 (<1/2
CV) CV)
Tamanyat 278 0.89 0.96 455 0.98 0.97 1020 0.94 0.94
(> 1/2CV) (<1/2 (<1/2
CV) CV)
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4.3.2 Hydropower generation

Figure 4.3 shows box-plots of the annual generated hydroggnef the three countries
for the base scenario (S0), and with GERD dam odeweént (S1xx), including
with/without  irrigation  developments  (S10x, S11x),and cooperative
transboundary/unilateral management scenarios (S8&l). Hydro-energy generation
in Ethiopia would boost by 1,500% after GERD geaterational (S100). Sudan hydro-
generation showed an increase of 17% (S100) compatbe present generation. Hydro-
energy generation at AHD in Egypt would slightlycosase by 1% after GERD (S100).
Despite the variation in the methodology and thergiream boundaries of the studies,
the results have a similar order of magnitude asdheported by Arjoon et al. (2014)
after GERD gets online; they found that energy gemen would increase by 1,114% in
Ethiopia, by 15% in Sudan and by 2% in Egypt. Tae that we find a slight decrease
for Egypt can be explained by the possibility oéaging AHD under relatively low water
head level (Guariso & Whittington, 1987).

Figure 4.3 also displays the impact of irrigation developnsemin hydro-energy
generation, where a general trend of reductionnefgy-generation of the countries is
shown compared to the without irrigation developtnscenarios. This is expected
because of the consumptive nature of irrigatiorewdinergy generation in Sudan would
reduce by 6.5% (S110), because most potentialatrog lies between Roseires and
Sennar which both give priority to irrigation. Theduction in the case of AHD would
reach 13% after upstream irrigation development($p1The four scenarios for Ethiopia
(S100, S110, S101, and S111) show no big differehrcether words, hydropower
generation from the GERD is not affected by iriigatdevelopment — because the latter
mainly occurs downstream. The overall basin hydnmrogeneration is boosted by the
GERD from 20,000 to over 35,000 GWh/year. This @ mfluenced by either
cooperative transboundary or unilateral managem#rdugh slightly reduced by
irrigation development.

Ethiopia- Annual Hydro-generation (GWh/yr) Sudan- Annual Hydro-generation (GWh/yr)
18,000 10,000
16,000
9,000 =
14,000 :[ —
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10,000 = 1
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2,000
I 4,000
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Figure 4.3: Box plot of the annual generated energy (GWh/yr) of the basin countries for
each GERD dam development (S1xx) scenario, with (Sx0x) and without (Sx1x) irrigation
development in case the system is managed in a cooperative manner (Sxx(0) and
unilaterally (Sxx1)

Table 4.3 Average annual generated energy at each country for irrigation development
scenario, and cooperative transboundary and unilateral system management

Ethiopia Sudan Egypt
Simulation
case / Non- Non- Non-
scenario Coop Coop Coop Coop Coop Coop
(GWhlyr) (GWhlyr) (GWhlyr) (GWh/yr) (GWhlyr) (GWhlyr)

SO 1,040 1,040 7,635 7,635 11,600 11,600
S10 16,865 16,865 8,951 8,951 11,526 11,768
S11 16,950 16,947 8,369 8,471 10,157 10,428
S20 35,260 36,034 9,273 9,081 11,777 11,698
S21 35,235 36,035 7,892 8,652 9,394 9,097
S30 35,260 36,034 15,220 15,074 11,875 12,064
S31 23,604 36,035 13,129 15,001 9,919 10,897

The results of considering additional hydropower dams (S2 and S3) are presented in Table
4.3. Although hydropower generation increases substantially by the new dams, all
scenarios show no significant difference between cooperative transboundary and
unilateral management except for S31. In the S31 scenario, Ethiopia hydropower
generation reduces from 36,035 to 23,604 GWh/yr if the system operated in a cooperative
fashion, while for Sudan (S310 vs. S311) hydropower generation reduces from 15,001 to
13,129 GWh/yr. Both reductions are attributed to the fact that in the cooperative case of
system management, Ethiopian dams are operated considering the demand of the
downstream countries, which has much increased because of the development of
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irrigation projects irSudan; yet these demands would not be considered in the unilateral
case. Similarly, the reduction of Sudan hydropogemeration is because downstream
demand of Egypt would be considered when operafiaglams in Sudan, in addition to
the increased demand resulting from the developwientigation projects upstream the
new hydropower dams of the Main Nile. Hydro-eneggyeration of Egypt would not
much be affected by GERD, with or without coopematiransboundary management.
This result is similar to that found by Arjoon ¢t @014), who show a negligible loss or
gain in Egyptian hydropower generation resultingnfrunilateral management of the
reservoir system (GERD). In the unilateral managemscenario Egypt would
nevertheless benefit from water released from tlezoMte dam at the Main Nile for
energy production, as this scenario (S111) doesyebtonsider irrigation expansion
immediately downstream of Merowe.

4.3.3 Irrigation development

Table 4.4summarizes the monthly supply reliability (averagenthly supply to demand
ratio) of existing and potential irrigation projsctThe table shows a decrease in the
supply-demand ratio of existing irrigation in Egypt 1% after the GERD (SO vs. S100
and S101), indicating no differences between caper transboundary and unilateral
management of the system.

The reliability of irrigation supply to Sudan isggatically not influenced by the GERD,
but reduces by about 8% when upstream developnm&hthaw irrigation expansion
materialized. Cooperative transboundary managedusd not change results except for
the last scenario S31, whereby reliability reduitesr 90 to 80% from cooperative to
unilateral management. For Ethiopia, reliabilityimigation supply significantly differs
for cooperative transboundary and unilateral mamage (S11, S21, and S31).

The analysis of the probability of non-exceedantermation supply of existing and
potential projects in Sudafifure 4.4) reveals that the supply reliability of the exigfi
irrigation in Sudan has a chance of 0.99 to bedrigfran 80%, in all scenarios and under
both cooperative transboundary and unilateral mamagt of the system, except in the
case of full basin development and managed undllyethe chance would reduce to 0.75
(S301)(Figure 9-Appendix-111) . A supply reliability of 80% represents an accbfga
assurance of supply for irrigation schemes, given gossibility of practicing deficit
irrigation (Steduto et al., 2012). Unilateral maaangnt of the system would not affect
the chance of achieving a supply reliability of 8@86 existing and potential irrigation
with dams development except when all dams geteri$311) when it would reach 67%
(Figure 9-Appendix-IIl) . The supply reliability of irrigation projects iathiopia (not
shown here) would be 1.00 for the scenario of GE&&elopment under both
cooperative transboundary (S110) and unilateralagament (S111).
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Table 4.4 Monthly irrigation supply reliability (avage monthly supply to demand ratio
(%)) of irrigation schemes in countries
Cooperative
Simulation transboundary Unilateral management
system management

Supply/ Demand ratio (%) Supply/ Demand ratio (%)

Case/scenario Sudan Sudan
Ethiopia & S. Egypt Ethiopia & S. Egypt
Sudan Sudan
SO - 99 100 - 99 100
S10 - 100 99 - 98 99
S11 96 99 95 97 98 95
S20 - 97 100 - 98 99
S21 72 92 91 100 93 88
S30 - 96 100 - 93 99
S31 72 90 92 100 80 97

Supply/demand ratio of irrigation projects - Sudan after GERD development

100 + N ——
g o] 35 ,-=f" ------- S0
2 80 $100
z { { — 4. — 8110
I ¥ o
- t —_—
£ 60
S =
s
2 40

30 . . ; : : . . ; : .

0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50
Non-exceedance probability [-]

Figure 4.4 Non- exceedance probability of the average monthly supply to demand ratio
(%) of Sudan existing(Sx0x) and potential (SxIx) irrigation projects after GERD
development (Slxx) under cooperative system management (Sxx0), unilateral
management (Sxx1) and Base

4.3.4 Net evaporation losses from reservoirs

Figure 4.5 displays the average annual net evaporation fesarvoirs of the countries
at each dam developments scenario, with and witirogation development, under
cooperative transboundary and unilateral manageafeahe system.
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In case of cooperative management and withoutaitiog development, evaporation
losses from Ethiopian reservoirs would increasenf@®20 x 18 m*yr (S0) to 1.8 x 19
m3/yr after GERD is operational (S100). The averagaperation loss from Sudan
reservoirs showed an increase to 6.2 %nitlyr after GERD. Net evaporation from AHD
would decrease from 13.3 x10r/yr (S0) to 12.1 x 10m®/yr after GERD (S100) gets
operational, due to the reduced storage of AHD.uResn Figure 4.5 indicate that,
compared to the scenarios without irrigation depelent, the development of irrigation
projects would induce small reductions of the netperation in Ethiopia and Sudan, and
large reductions from Egypt's main reservoir, whishexpected, because less water
would be flowing into Egypt, resulting in AHD watkavels to drop and with it the water
surface area.

Taking a basin level perspective, the change oemaporation from all dams would be
insignificant after dam development in Ethiopia,iletevaporation would increase with
developments of the Main Nile dams. Unilateral eystoperation would have
insignificant impact on net evaporation comparedhiat resulting from operating the
system in a cooperative manner, until the develapprobthe Main Nile dams, when net
evaporation would increase as indicateéigure 4.5due to the high evaporation losses
in the Sudanese reservoirs on the Main Nile.
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Figure 4.5: Average annual net evaporation from reservoirs under cooperative and
unilateral management for the system, with and without irrigation development of: (a)
Ethiopia, (b) Sudan, (c) Egypt, (d) entire basin
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Figure 4.6 Average monthly flow [ m3/s] at (a) Sudanese Egyptian border [Aswan High
Dam (AHD)] and (b) Sudanese Ethiopian border [Border (Eldiem)] when GERD gets
operational (SIxx), with existing (Sx0x) and potential (SxIx) irrigation projects under
cooperative (Sxx0) and unilateral (Sxx1) system management

4.3.5 Stream flow hydrographs

The average monthly inflows of the Main and theeBNile at the Egypt -Sudan (AHD)
and Sudan-Ethiopia (Border or Eldiem) border amnshinFigure 4.6 The results show
significant impacts of basin developments on the ftegime, represented by a reduction
of the inflow during the wet season (July to Sefderhand an increase during the dry
season (October to April). In case of no irrigatprnjects are developed and the system
is operated in a cooperative transboundary marnimerverage monthly inflow at AHD
would range between a minimum and a maximum of(k4235 ni/s (average 2,186
m?/s) after GERD (S100) compared to the base sce@fd (1,055-7,071 #s with
2,733 nils average). Development of irrigation projects ldaeduce flows to 1,239-
3,570 ni/s (average 1,915%s) after GERD (S110). The results are similahtofindings

of Goor et al. (2010) and Arjoon et al. (2014) veiso observed an augmentation of low
flows and a reduction of high flows with GERD dep@inent. In case of unilateral system
management, the variation would follow the saméepat with a slight increase of the
flow compared to those resulting from cooperatiystesn management.

Inflows from Ethiopia at Border (Eldiem) would remduin variability due to upstream
dam developments. If the system is operated iroparative manner, the minimum and
the maximum average monthly inflow would be 1,31868 n¥/s after GERD gets
operational (S100), compared to the base scenS0) (134-5,447 ffs). Unilateral
system management would not significantly changsetilows at Border (Eldiem).
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Annual Inflow to AHD - Scenario of GERD Annual Stream flow at Border- Scenario of

1.00 GERD
T o090 | Egyptshare ), / /ﬁ'_ — 1.00 =
> +losses according 30 = 0.90
= 0.80 | to1959 Agreement §== E‘ ‘{7 — 50
8 3 0.80
€070 , S100 || g |4 —— 5100
o / / | 0.70
& 0.60 P S110 < l — 3110

) / / o 0.60 y
8 0.50 ——Si01 || g i ——s101
g V7 S 0.50 i
T 040 17 S111 | |8 g40 s111
(]

$ 030 TV @ 0.30 /{,”
‘2 0.20 7 & 0.20 71
S 010 S o010 —

0.00 = 0.00 =

35000 45000 55000 65000 75000 85000 95000 105000 115000 2500 22500 42500 62500 82500 102500 122500 142500 162500
Annual flow [Mm 3yr] Annual flow [Mm 3/yr]
() (b)

Figure 4.7 Cumulative distribution function (CDH)tbe annual stream flow at (a) AHD
and (b) Border when GERD gets operational (S1xx)) existing (Sx0x) and potential
(Sx1x) irrigation projects under cooperative (Sxx@d unilateral (Sxx1) system
management

Figure 4.7 displays the probability of non-exceedance ofaheual inflow at AHD and
Border (Eldiem). According to the 1959 Nile watgreement between Sudan and Egypt,
the inflow to AHD was supposed to be 65.5 X bf/yr, accounting for both Egypt’s
share (55.5 x fom3yr) and the additional evaporation losses duééoAHD that were
then anticipated (10 x 2@n®/yr). Figure 4.7(a)shows that the probability that Egyptian’s
claim is not met would increase from 23% in theebasenario (SO) to 42% if GERD
(5100) would be in place and the system would beaged in a cooperative manner. The
modelled probability of non-exceedance is relayivegh in the base scenario compared
to the generally accepted observations that AHDsbdar mostly received annual inflow
greater than the claimed share of Egypt. The highetted value of probability of non-
exceedance is because the model assumes thaigaition schemes considered in the
base scenario have been developed to their pdtargm, which is not yet the case.

The annual flow at the Sudanese-Ethiopian borderd® or Eldiem) shown ikigure
4.7(b) demonstrates that the probability of getting inilogreater than 48 x 1@/yr is
greater than 50% in the base case. The probabilityetting the same inflow would
remain the same in all dam development scenarib80(SS200 and S300). When the
system is operated unilaterally, the probabilityudonot significantly change compared
to the cooperative operation of the system.

4.4 CONCLUSION

A simulation model for the Eastern Nile basin wasaloped with which 12 scenarios
(plus base scenario) were evaluated to assessnthaci of dams and irrigation
development in the basin based on four performamtieators: hydropower generation,
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irrigation supply reliability, evaporation lossesrh reservoirs, and change of the flow
regime. The analysis focused also on the effesysfem management, i.e., cooperative
transboundary and unilateral management scendiestesults of the simulation model
indicate that dams and irrigation developments d@dnerally have significant impact
on the performance indicators.

The results indicated that compared to the cursgnation, the overall all hydropower
generation of the basin would increase by 170%oWahg hydropower dam
developments in Ethiopian and cooperative manage{8200). Results also showed that
irrigation expansion with hydropower dams developtria the basin, development of
irrigation projects reduces the potential generataergy from the proposed hydro dams
because of the consumptive nature of the irrigat®imilarly, full development of the
proposed hydro projects would reduce the supply&tehratios of irrigations schemes
when all irrigation projects get developed, howetse supply/demand ratios are greater
than 80% of the minimum crop water requirements.

The model provides quantitative information to wstend the consequences of the
available plans of dam development and agriculexphnsion in the basin. The analysis
does not include the influence of the high sedintead of some rivers (i.e. Blue Nile,
Tekeze-Atbara) that significantly affects the usaBlorage of existing and future
reservoirs. Further analysis of the silting upesfarvoirs is required to better understand
how dams affect and are affected by the sedimettiggm. In the Eastern Nile, sediment
loads in rivers are a transboundary issue.
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DEVELOPMENT OF THE EASTERN
NILE OPTIMIZATION MODEL USING
GENETIC ALGORITHM (GA)?

Optimal operation of multiple reservoir systems H&en a subject of research for
different water issues in different locations waride. Water resources system analysis
using optimization methods allows to incorporateebonomic values of water allocation
between different water users and riparian in astvaundary river basin. This chapter
presents the development and application of hydom@&mic optimization model for the
Eastern Nile basin. The chapter ends with the tesiitained and conclusion.

3 This chapter is based on: Reem F. Digna, M.E. 6&38&ma, Pieter van der Zaag, Yasir A. Mohamed,
Gerald Corzo and Stefan Uhlenbrook, 2018b. Optispakation of the Eastern Nile system using Genetic
Algorithm, and Benefits distribution of water resoes developmentWater10(7), 921
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5.1 INTRODUCTION

Water resources system analysis, focusing on mamagestrategies for sustainable and
optimal use of water resources, can play an importde in conflict resolution by means
of understanding conflicts and cooperation optidliater resources system analysis, in
particular, multi-reservoir system optimization,shheen given much attention by
scholars in academia and system operational fi@ndA, Brown et al., 2015a; Chow &
Cortes-Rivera, 1974; Kougias & Theodossiou, 2018sbtn, 1968; Mirchi et al., 2010;
Murray & Yakowitz, 1979; Wardlaw & Sharif, 1999; R. Wurbs, 1993; Yeh, 1985).
The advances and improvements of optimization #@hlgos have enhanced the
confidence of policy makers in the search for gnatale system management. However,
reservoir system optimization needs more atteragoihis a location-specific and depends
on the scale of the analysis (C. M. Brown, et2015a)

The literature suggests various conflict resolutiechniques applied to shared water
courses. These techniques use multi-criteria decisiaking approaches based on
methods, such as conventional optimization fronrafen research, to more advanced
ones, such as game theory. Madani (Madani, 209Qdrthat game theory results differ
from those of optimization methods in such a wat,tim game theory, each party tends
to maximize his benefits. This is in contrary tdiopzation, which assumes cooperation
towards maximizing the whole system benefits. Naghilibrium solutions can be
applied in game theory to maximize the benefitaari-cooperation conditions between
players. In the Nile Basin, game theory is apptedtudy various levels of cooperation
and non-cooperation among the states of the bBsma & Nigatu, 2013; Elimam, et al.,
2008; Wu & Whittington, 2006).

In the context of system analysis, the Eastern RiNer system, with its many reservoirs,
can be defined as having multiple objectives, pmadantly for hydropower and
irrigation, constrained by conflictive objectivegand high upstream—downstream
interdependencies (R. F. Digna et al., 2017). Msohplars have applied different system
optimization techniques to study the Eastern NileeRsystem, addressing the allocation
of water from existing and planned dams among wiffeusers and riparian countries
under different management options. These methodside mathematically based
(conventional optimization) techniques, such aseam Programming (LP) (A.P.
Georgakakos, 2007; Guariso & Whittington, 1987)nNwear Programming (NLP) (P.
Block & Strzepek, 2010; P. J. S. Block, Kennethdgapalan, Balaji, 2007; Guariso, et
al., 1981; Guariso & Whittington, 1987; Jeuland, att, 2017; Satti, et al., 2014,
Whittington, et al., 2005), Dynamic Programming j@Rrjoon, et al., 2014; Goor, et al.,
2010; Habteyes, et al.,, 2015; Y. Lee, et al.,, 20B2d computational intelligence
techniques (Hassaballah et al., 2011). Chapteo@iged a comprehensive review on
diverse Nile River Basin models and simulation megbes. The findings of these studies
showed some discrepancies and common agreemehieampact of development of
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water resources infrastructures upstream in theeEas\ile Basin on downstream

hydropower generation and irrigation water supflipe results showed a common
agreement that water availability for irrigationght increase and hydropower generation
may not be affected or reduce slightly, while thisréiscrepancy on quantifying these
impacts.

There are, however, some limitations of the appboaof conventional optimization
techniques, in particular when they are used iaraptex multi-reservoir system having
hydropower generation as one of its main objectilzegear optimization techniques are
efficient for large-scale systems with high-dimemsil variables, but require all relations
among variables in constraints and objectives tbriwar (F. Li et al., 2013; Loucks &
Van Beek, 2005; Rani & Moreira, 2010). Thoughsihbt applicable for system analysis
with inclusion of hydropower generation, withoutdarization and/or simplifications.
Nonlinear Programming is effective for handling hoearity; however, it requires that
all relations must be differentiable, which migltt rlways be applicable for complex
problems that have non-concave, non-convex, disugois and non-differentiable
functions. Dynamic programming can handle nonliitgan objective functions and
constraints and continuity of the functions. Howedmensionality or handling multiple
state variables is one of the dynamic programmimgdtions. The number of discrete
combinations of state variables increases expaibn#s the number of state variables
increases. Evolutionary computation approachesh s Genetic Algorithm (GA),
overcome the limitations of conventional optimipatitechniques in reservoir system
analysis, and deal with nonlinear, discontinuows)-convex and multi-functions (John
Nicklow et al., 2010). GA has been successfully liadpworldwide for reservoir
optimization (Rashid et al., 2015). GA has beennébio be superior among other
conventional methods in that it can get globalearglobal optimal solutions because of
its search concept of population of solutions (Maimein & Dariane, 2007). GA uses the
operators for initialization, fithess, crossoved anutation to generate a multiple Pareto-
optimal solution in one run for a multi-objectivgtonization problem. GA can save
computation time when used for large-scale problénesto its parallel processing nature,
in addition to the possibility of using the samenguter code for different problems.
However, GA is not appropriate for highly consteainproblems because of the big
portion of infeasible solutions, which may resalthe population (Hakimi-Asiabar et al.,
2010). Despite its robustness, evolutionary contmrtaalgorithms have not yet been
applied in the complex Eastern Nile system.

The aim of this study is to analyse optimal scersafor water resources management in
the Eastern Nile with regard to hydropower generatand irrigation development
(Research objective 3 in section 1.2 hydro-economic optimization model based on
GA is developed to determine the maximum benefits tivo scenariofResearch
objective 4 in section 1.2)(i) non-cooperative management of hydraulic istinactures
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by the riparian countries, and (ii) cooperative avatsources management among the
riparian countries.

Application of GA in water resources problems is new; however, specifically in a

complex system, such as the Eastern Nile Basitheédoest of our knowledge, most
approaches used before are single-objective odeatebased on diverse operation
research methods. Such a deterministic optimizategpproach allows for the

simultaneous inclusion of all hydro-dams and itiiga schemes, existing and planned
without simplification, such as handling over-ystorage. A deterministic optimization

approach is recommended for complex systems, Waege numbers of variables can be
analysed without simplifications (Philbrick & Kitats, 1999).

5.2 MATERIALS AND METHODS

5.2.1 The Eastern Nile Optimization Model (ENOM)

To assess the distribution of benefits betweenrifrgian countries from the optimal
operation of the system under both cooperative ramttcooperative management, a
deterministic hydro-economic optimization model fioe Eastern Nile basin (ENOM) is
developed. Hydro-economic models economically prirthe impact of water resources
development and hydrological changes on the relatadr system and riparian states
(Harou et al., 2009; Jeuland, et al., 2017) .Thedehdwas two components: (i) an
optimization model and (ii) a river basin simulatiomodel.Figure 5.1 illustrates the
conceptual framework of the ENOM. Both optimizatiand river basin simulation
models are coded in MATLAB. The optimization modees a Genetic Algorithm (GA)
to optimize the water releases from reservoirdja@ropower generation and irrigation.

The ENOM is formulated to maximize the aggregatedoenefits associated with water
allocation for hydropower generation (f1) and iatigd agriculture (f2) by identifying
optimal turbine release and irrigation withdrawdRRat each time step (t) over time
horizon (T). The optimization problem is writtenfaows.

5.2.1.1Decision variables

Decision variables (Rt) represent each reservtgases through the turbines (Rw) and abstracts
for irrigation (IR) at each time step (t). Rt is@ctor of the following form:

[Rt] = [Rw1,1, Rwoy, ..., Rwr; Rwaj, Rwej, ..., Rwrj; ...; Rwa, 3 Rwe, 3 ..., Rwr 3 IR11
IR2,1, ..., IRT1; IR1, i, IR2,i, ..., IRTi; ...; IR, 1, IR2, 1, ..., IRT, ]

The total number of decision variables (nvar) isa&do:
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5.2.1.20bjective function

nvar = Tx* (J+1)

The objective (F) is to find the combined reservimteases and abstraction from
reservoirs (RIRt) that leads to maximize the retifrom hydropower generation (f1 and
irrigation projects (f2) of the whole system duritige time horizon (T). The objective

function can be written as:

F(S¢, I, Re) = RrigafL 2} (5.1)
T)J
fl = P, z HP,, (5.2)
t
HPj = C* 1y * mg; * nge" * Ry; (5.3)
T,1I
f2= P, z IR (5.4)
ti
where:
Symbol Unit Description
HPt,j MWh/month  Total generated energy from Reserfjpat time (t)
Pe US$/MWh The economic benefit of generated energy
C N/ Constant represents specific gravity and unit eosion
Ty hours/month ~ Number of hours in period (t)
Ne - Turbine efficiency
Hgft m Turbine Net Head of reservoir (j) at time (t)
Rw ; m3/month Turbine discharge of reservoir (j) at tirtje (
Re j m*/month Release state variables from reservoit @ijree (t)
B, US$/n? The economic benefit of withdrawal water for iaigpn
IR m3/month Withdrawn water for irrigation (i) at timg (
S; m*/month Storage state variable at time (t)
I; m*/month Inflow state variables at time (t)
T month Planning time horizon
J - Total number of dams in the system
I

Total number of irrigation schemes in the sgste

5.2.1.3Constraints

The objective function is subject to the followiognstraints:
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Energy generation constraints:

HP;; < HPj** (5.5)
qii™ < Rwy; < g (5.6)
Reservoir storage limits:

S < Sy < S (5.7)

Irrigation withdrawal limits:
IRIY™ < [Ry; < IR\ (5.8)
IRP™ =ocx (A *x CWy;) IRP™* = (A; * CW,;) (5.9)

0<x<1 (5.10)

Continuity (mass conservation) constraints:

Sts1j = Sej + lgj + C (Rwyj + Spyj) + G5 (IR;) — ey (5.11)
ej = Aoj * Evyj + Ay * Evej * (Seyj + Sij)/2 (5.12)
SPj = Serr = S Af Seyqy > ST (5.13)
Otherwise, Sp; = 0 '
End-storage constraint:
Vi, Srj= Dy (5.14)
Non-negativity constraints:
Rwij, Sej, IRgi, HPy =0 (5.15)

Additional constraint for Sudan’s irrigation wittedval from the Nile Agreement (1959),
which identifies Sudan’s share of the total Nilaaoti:

Y Isu

Z Z IRjsy¢ < 18.50 x 10°[m?/year] (5.16)

y=1igy=1

where:
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Symbol Unit Description
HP ™ MWh/month  Maximum hydropower energy could be getegtdrom
reservoir f) at time ¢)

qgljin m*/month Minimum turbine discharge of reservg)rdt time ¢)
qej m3/month Maximum turbine discharge of reservjrat time )
St j m®/month  Storage state variable of reservpiaf time f)
smin m? Minimum storage volume of reservojj (
S m? Maximum storage volume of reservgiy (
D; me Target end storage of reservgjrdt time (T)
IRZ;”I m3 Minimum water withdrawn for irrigation) at time )
IR me Maximum water withdrawn for irrigation)(at time )
A; m? Irrigated area of schemg (
CWe; m/month Crop water requirement of irrigation scheémat time )
x - Coefficient representing supply/demand ratio
St+1,j m°/month  Storage state variable of reservpiaf time ¢ + 1)
Iy j m*/month Inflow state variables at reservoir sjjeaf time )
Spej m*/month  Spillage of reservoij)(at time )
e m*/month Evaporation loss of reservgir &t time ¢)
Ayj m? Surface area of reservojj &t the dead storage level
Ayj m2/m? The area per unit storage of reservpir (
(,‘]."*k - Reservoir system connectivity matrix = -1 when

abstraction, +1, receives water from upstream veser
[reservolir |) receives water from reservoK}){

CciR - Irrigation system connectivity matrix = -1 when
abstraction, +1, receives return water from upstrea
irrigation [reservoir j) receives water from irrigatiom)]|

Two functions are performed in the optimization mlodf the ENOM; computing the
fitness values (objective function) for each setdetision variables, and generating
reservoir releases (decision variables) for hydwmyaand irrigation. First, parameters of
GA operators are selected, such as populationasidecreation functions (constrained
and unconstrained), numbers of generations, sefecatiutation and cross over methods,
and termination criteria. The GA generates sefsopllations. At each generation, sets
of decision variables (releases) forming a popolafire randomly generated between
upper and lower bounds basedExnuations (5.6)and(5.8-5.10) The fitness values are
then computed for each set of decision varialdegiétions (5.1), (5.2) and (5.4)and
ranked; the sets with high scores are kept fonthe generation. Releases are used in the
river basin simulation model to compute reservtorages, water levels and generated
energy, based daquations (5.3), (5.11-5.13nd Figure 5.1). The termination criteria
are checked following evaluation of fitness valudgs model stops if the criteria are
satisfied, otherwise, the next generation continuiés new generated sets of decision
variables and those carried from the previous ggioer with high scores. The process
continues evolving towards optimal solution tilettermination criteria are satisfied.
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START

Optimization model

GEN=0

A 4

GEN=0, Generate initial population of
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STOP/Obtain releases with best

objective function

Figure 5.1: Conceptual framework of Eastern Nileti@yzation Model (ENOM)

To overcome the GA limitations on handling the tygtonstrained system, the nonlinear
constraints are satisfied in different ways to $famm the constrained optimization into
the unconstrained one. The computation of resestorage in the river basin simulation
module is based on the continuity equation; theegfoontinuity constraint is satisfied.
Storage and end-storage constraints are includedhe objective function in form of

penalty functions. The deviation from the minimumdamaximum storage and end-

storage are penalized by square differences framtrnts limits as:
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ZE}I c1 (min (O, (S]-min — St,j)))z (5.17)
> (min (o, (Se; — s,-W‘X)))2 (5.18)
%/ ¢s (min (0, (D; - ST.j)))z (5.19)

where cl, c2, c3 are constants, representing thghtvef the penalty terms in the
objective function.

The ENOM runs on a monthly time step. ENOM allovesessing different system
management and water availability conditions. Tloelehcan optimize the whole system
as one unit or per country to represent the codperand non-cooperative system
management condition. It also has an extended racdukimulate sedimentation in
reservoirs using the trap efficiency method. Alees/oirs on the stem of the main rivers
of the basin were modelled; those developed osrtial tributaries were not considered.
The simulation networkHigure 5.1) includes 20 existing and planned dams: 6 dams on
the Blue Nile reach (4 planned dams on the EthroBiae Nile reach and 2 existing dams
on the Sudanese part), 1 dam on the White Nilaugla8, 6 dams on the Tekeze—Atbara
River (4 dams in the Ethiopian part and 2 dam&énSudanese part of the river), 7 dams
on the Main Nile (6 in the Sudanese part and henEgyptian part), and 21 irrigated
agriculture schemes representing existing and pldntevelopments in Sudan and
Ethiopia. The total water storage capacity of f&tem is approximately 341 x 10 to
irrigate an area of approximately 3 million lagure 5.1). The downstream boundary of
the simulation network is AHD. Irrigation demandsle downstream AHD are assumed
as 55.5 x 19m3/yr (Oven-Thompson, et al., 1982), equivalent tyfEg water demand
according to the 1959 agreement between Egypt addrf due to data limitations.

For the purpose of this study, the model was rambnthly time step, and included only
9 reservoirs and 14 irrigation schemes, represgihia existing system as well as the
Grand Ethiopian Renaissance dam (GERD) in Ethioplaich is under construction
(Table 5.1). The analysis covered system optimization tesgathe demands of the main
users in the basin, irrigation and hydropower;id not cover other impacts of system
optimization on reservoir sedimentation, environtakwriteria or flood control. The
ENOM was not intended for real-time or operatiopalkposes. The operation we
attempted to optimize was mid-to-long term operati6or planning purposes, the
monthly time step was quite fair, especially inecagover-year storage reservoirs.

The data used in the simulation model were obtafireed the previous chapter (Digna et
al., 2018a). The key input data were the physibalacteristics of dams, stream flows,
evaporation from reservoirs, and irrigation watemands. The data were primarily
collected from the Ministry of Water Resources d&ldctricity of Sudan, ENTRO’s
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Eastern Nile Simulation Model (ENSM) (W. N. M. Vaer Krogt & Ogink, 2013),
periodical reports published by the Ministry of Agiture of Sudan (Ministry-of-
Agriculture, 2013), Nile Valley Plan (MOI, 1979)né Roseires Heightening Report
(McLellan, 1987).

Table 5.1 Eastern Nile Hydropower and Irrigatiors&ms Included in the

Analysis
Name River Hydropower Capacity Lateral Irrigation
(Country) (MW)
Name Irrigated
Area (ha)
GERD Blue Nile 5250 Beles 138,720
(Ethiopia)
Roseires Blue Nile 280 Upper Sennar 131,040
(Sudan) Rahad 126,000
Sennar Blue Nile 15 Gezira & 880,000
(Sudan) Managil
Ginaid 60,060
Jabel Aulia Nile 28.8 Kenana 37,800
(Sudan) Asalya 23,520
WN Sugar 63,000
WNProjects 214,200
TK5 (Ethiopia) Tekeze— 300  —=mememm 0 memeees
Atbara
Settit (Sudan) Tekeze— 320 Upper Atbara 168,000
Atbara
Khashm Tekeze— 10.6 New Halfa 168,420
Elgirba Atbara
(Sudan)
Merowe Main Nile 1250 Main Nile 230,706
(Sudan)

Aswan High Main Nile 2100  ==meemeem e
Dam (Egypt)

5.2.2 Scenario development

Seven scenarios were investigated in this studly.séénarios considered the GERD
reservoir to be fully developed and operationad; tilansient stage of filling the dam was
not included in the analysis. The Eastern Nile aysin Sudan was assumed to be
constrained by the 1959 Agreement in all scenandsch limits water withdrawals in
Sudan to 18.5 x 2an®yr measured at the AHD. Each scenario was chaizeteby the
criteria of water availability and management. Wat@nagement criteria here referred
to cooperative and non-cooperative managementeofyistem (two scenarios). Non-
cooperative management means optimizing the systesach country to maximize its
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benefits. The first scenario (S1) is the status sgenario, of which results have been
taken from Chapter 4, where we used the RIBASIMrrigasin simulation model to
simulate the existing system and management conditof the Eastern Nile Basin. The
simulated network in the (S1) represent the exgstigstem in 2015 before the start of
operating Settit Dam on Tekeze—Atbara River. SBdin has become operational since
2016; therefore, it is considered as an existing dad irrigates 16,800 hddble 5.1).
The second scenario (S2) represents the Eastemn system under cooperative
management. The third scenario (S3) correspondsrtecooperative management of the
system. Each of water management scenarios wastigatd under three water
availability conditions, namely dry, normal and wegdrological conditions (seven
scenarios in total: three hydrologic conditiongsces x two management scenarios and
one status quo). The RIBASIM model developed ingi¢ra4 is not an economic model,
and therefore, partial comparison is conductedgutie common parameters, such as
generated energy, irrigation supply/demand ratmsevaporation losses.

5.2.3 Hydrological conditions considered

A monthly flow time series of 103 years of the Ta&eAtbara, Blue Nile and White Nile
(W. N. M. Van der Krogt & Ogink, 2013) were analgsi®d estimate 7-year periods of
dry, normal and wet conditions. Ninety-six periodere generated from 103 years by
taking every consecutive 7 years as one period, (@egiod-1 = year 1 to 7, period-2 =
year 2 to 8, etc.). The average annual flow of yweonth in each period was compared
with the average in 103 years of each river tordefihe dry, normal and average
conditions Figure 5.2). A 7-year time period was chosen to deal with rindti-year
storage capacity of the system. The resHigure 5.2 showed that the dry, normal, and
wet periods of the Blue Nile and Tekeze—Atbara Rivecurred in 1980-1986, 1917—
1923 and 1954-1960, respectively. The White Nillyeed a different pattern: the dry,
normal and wet periods occurred in 1920-1926, 19906 and 1963-1969, respectively.
Since most of Nile water is generated in the Bluke,Nand the major water resources
developments will take place in Blue Nile, Tekezthaka and Main Nile rivers, the
hydrological periods corresponding to the Blue Nitel Atbara Rivers were considered
in the analysis. The model was run on a monthlysbfms each hydrologic condition
(1980-1986, 1917-1923, and 1954-1960) to assesseiisitivity of optimal reservoir
operation to hydrological variability. It is worthentioning that the annual average of the
monthly flow affects the operation of reservoirgdese of the inter-annual variability of
the Nile River, which is evident (Eltahir, 1996a8i & Eltahir, 2015). The effect varies
with the capacity of reservoir: the effect will bmall, or there will be no effect in case
of over-year-storage reservoirs and large in cdsanmual-storage reservoirs. We
considered, however, the annual average monthiysfim identify the periods of dry,
normal and wet conditions, because most smallvessrin the system are controlled by
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the two large over-year storages as they are positi between the upstream GERD and
the downstream AHD.

5.2.4 Model parameters and assumptions

A planning horizon of 7 years (T=84 months) wasduseconsider the over-year storage
capacity of the Eastern Nile system. The planné&dstructure considered in this study
is GERD.

The large infrastructure developments in Ethiopeaassumed to be operated mainly for
hydropower. It is assumed that there would notaoge irrigation developments on the
main stem of the Blue Nile, only Tana-Beles irrigatscheme existing upstream GERD
is considered. No predefined hydro-energy demandassumed to estimate the
hydropower benefits.

The irrigation demand varies between upstream amhstream according to the crop
water requirement (CWR) which depends on the crgppattern (crop factors Kc), and
reference evapotranspiration (ETo). Crop waterirequents have been estimated based
on FAO data (W. N. M. Van der Krogt & Ogink, 201%jigure 2 in Appendix-Ill shows
the regional variation of ETo, indicating lower CVifRhe upper basins and higher CWR
in the downstream Main Nile River basin. The par@mgx) representing the supply
reliability (supply /demand) is used to constrdia maximum and minimum volume of
water withdrawn for irrigation, the maximum withdral water corresponds to supply
equal to demang¢kx=1) while the minimum amount correspond to maximacoeptable
water stress for crops, assumed here agc=8.8).

The net price of hydropower generation and watieased for irrigation are considered
as 0.08 USD/kWh and 0.05 USDimespectively, and are assumed identical throughou
the basin. The water value impacts the optimizatlenision as that more water goes
where the highest return can be achieved withitagerboundary conditions and
constraints. The water return varies between wasers and countries; therefore, an
economic analysis is required to estimate the watiee. Such analysis is beyond the
focus of the study; therefore, the economic retaresassumed the same for all countries.
Similar assumptions have earlier been made by @pak (2010) and Whittington et al.
(2004). These values are consistent with internatiexperience (Goor, et al., 2010).
Jeuland et al. (2017) used 0.07 and 0.1 USD/kWhydropower price without and with
power trade between countries, respectively. Insbudy, the energy transmission and
initial infrastructure cost are not included ast pdithe hydropower generation.
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Figure 5.2. Consecutive dry, normal and wet periedth average flow of
Tekeze—Atbara River, the Blue and White Nile, eséichfrom 103-year monthly

flow data (e.g., January = month 1)

5.3 RESULTS AND DISCUSSION

The section starts with the results of the econaeatiarn from hydro-energy and irrigation
of the Eastern Nile system, at the basin levelsiaring average (normal) hydrologic

conditions, i.e.,

from 1917 to 1923 (water avali&i and cooperation and non-

cooperation between countries in managing the sysiénen, a comparison of various
system indicators at the country level under noopeoative management of the system
will be conducted. The section ends with the dismrson the sensitivity of the results to
dry and wet hydrologic conditions. Only the sengyi of the Ethiopian system is

discussed here, because Ethiopia contributes rhare85% of the Eastern Nile water

yield.

5.3.1 Cooperative versus non-cooperative system man

agement

In the cooperative system management scenariddltern Nile was optimized as one
system and generates system-wide economic retartie non-cooperative management
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scenario, the system within each country was opgnohiseparately, without concern for
downstream demands; releases from the optimalraystate in the upstream country
were used as regulated inflows for optimizing tleevdstream country’s system. Both
irrigation and hydropower objectives had the saraght, and therefore, were optimized
simultaneously as a Bi-Objective optimization.

Figure 5.3depicts the trade-off between average annual heméfrrigation and hydro-
energy at the basin level, under the two differgygtem management conditions and
under normal hydrological conditions, which weretfdd for the minimum, 25th
percentile, median, 75th percentile and maximumrretvalues of hydro-energy and
irrigation, taken from the population of the optinRareto set. The results showed that,
in case of non-cooperative management, the averagation benefits would have a
relatively wider margin (1.85 to 2.01 x %$)/yr) compared to the hydro-energy benefits
(2.91 to 2.98 x 10$/yr), indicating the sensitivity of irrigation tthe management
condition. Reduction in the hydro-annual generatieturn by 1.0 x 10$/yr would
increase the irrigation return by 2.3 X*#yr. The average annual hydro-energy benefits
could increase from 2.8 to 3.1 x°1yr without any change in irrigation benefits9&..

x 10° $/yr) under the cooperative system managementcdhetries where irrigation is
dominant would be negatively impacted by the nooperative management. In line with
findings of Whittington et al. (2005), the resutisowed that the total returns collected
from hydro-energy and irrigation are almost eqondloth system management scenarios;
however, the distribution of this return vary skiggantly between irrigation and hydro-
energy and thus between countries. This is bedhesepstream country (Ethiopia) has
mainly hydropower potential while the downstreamartoes have both hydropower (HP)
and irrigation potential (Sudan and Egypiable 5.2 shows the average total annual
return of each country from both hydro-energy amdjation for both management
scenarios and average hydrologic conditions. Thalte showed that non-cooperative
management would have insignificant impacts oridted annual returns for Ethiopia and
Sudan, while it would reduce the total returns Egypt by 7%. Results showed the
limited negative impact of the GERD developmentarmritie non-cooperative scenario,
because the GERD is a non-consumptive water uskoanscenarios did not consider
possible future additional water abstraction prgj@t Ethiopia and Sudan. The over-year
storage capacity of AHD and its capability to beraped at a lower water level can further
reduce these impacts. Our results support thenfysdof Jeuland et al. (2017), which
showed that non-cooperative management would retiec®tal return for Egypt by 9%
compared to cooperative management.

With the GERD in place, hydropower generation wouwidsurprisingly increase

enormously in Ethiopial{able 5.3. Hydropower generation in Sudan would benefitrfro
the presence of GERD, in both management scenartesestingly, Egypt would benefit
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from the GERD in the cooperative management sagnasi its hydropower generation
from the AHD would increase by 8.7% and 12.6% camgdo the status quo and the
non-cooperative scenario, respectively. The laggidigeneration capacity of AHD and
its location at the most downstream of the systemlevencourage the system to release
more water towards the AHD for maximizing the hyérergy generation of the whole

system.
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Figure 5.3. Trade-off between annual hydro-generatind irrigation benefits. Optimal
Pareto Front of two objective functions over thdimyzation period for: (a) non-
cooperative system management (Non-Coop), andofiecative system management
(Coop) of the Eastern Nile Basin, under normal lnjolgic conditions

Table 5.2 Summary of financial returns comparingperative and non-cooperative
management scenarios

Ethiopia Sudan Egypt
Coop. N coop. O™ coop. MO
coop. coop. coop.
Average annual
returns from
combined 1,363 1,372 1676 1,663 1,974 1,827

hydropower and
irrigation [Million
$lyr]
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Table 5.3 Summary of key performance criteria caingahe status quo (without
GERD) with the cooperative and non-cooperative ngangent scenarios

Ethiopia Sudan Egypt
Status Non- Status Non- Status Non-
Coop Coop Coop

quo coop quo coop quo coop
Annual
energy 138 164 168 7.6 955 939 115 125 11.1
generation
[TWhr/yr]
Irrigation
supply

reliability 100 100 87.5 98.9 85,5 815 100 100 87.8
(supply/de
mand) [%]

Annual
reservoir
evaporatio 0.205 2.80 2.82 5.26 598 7.66 13.30 8.07 6.94
n rate
[10%m3/yr]

Irrigation supply reliability is generally sensiéivto the management scenario chosen,
with all three countries benefiting from cooperatimanagementr@ble 5.3. In this
scenario, both Ethiopia and Egypt are not affetigdhe GERD, while Sudan sees an
irrigation supply reliability decrease from 99%86%. This reduction is attributed to the
irrigation scheme developed with Settit Dam andptesence of the trade-off between
irrigation schemes and downstream hydro-demandesbivie and AHD.

Total evaporation from reservoirs in the Easterrie NSystem, in the cooperative
management scenario, would decrease by about 1€%4hei GERD in full operation (a
saving of approximately 1.9 x 4°/yr). The increase in evaporation from GERD would
be less than compensated by a decrease in evapoli@in existing reservoirs in Sudan
and Egypt. Non-cooperation would increase evapmattes in Sudan and decrease such
rates in Egypt.

Figure 5.4depicts box- and whisker-plots of monthly wateels of the GERD, Roseires
and AHD reservoirs for the cooperative and non-eoalive management scenarios. The
lower and upper dash lines indicate the minimum arakimum operation levels,
respectively.

Typical to hydro-electric reservoirs constructedroghly seasonal rivers, the monthly
water level of GERD under both cooperative and cooperative management scenarios
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(Figure 5.48 would drop (drawdown) during the dry seasonsramse (refill) during the
wet season (July—October). Water levels would tlatd# more in the cooperative
management scenario.
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Figure 5.4 Boxplot of the monthly water level of R&E (a), Roseires (b), and AHD (c)
for both cooperative (Coop) and non-cooperative (M@oop) Eastern Nile system
optimization, under normal hydrological conditions
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5. Development of the Eastern Nile optimization elagsing Genetic Algorithm (GA)

Figure 5.4bdepicts water levels of Roseires reservoir. Thieect drawdown-refill cycle
(not shown) would disappear with the GERD in pldog,both cooperative and non-
cooperative scenarios. Interestingly, water lewgdtéiations would become minimal in
case of non-cooperative management.

Under the cooperative management scenario, watefslef the AHD would remain

between 154 and 182 m.a.s.l., while these wouldaedy 4 m when the system is
managed non-cooperativelffigure 5.49. Yet, the minimum operation levels of both
management scenarios would still be higher tharctiteent minimum operation level
(not shown). The drawdown-refill cycle of AHD woutdperience a slight shift from the
normal seasonal pattern of the Nile River with @eRD in place, indicated by lower
water levels in November and December.

5.3.2 Hydrologic sensitivity

The Eastern Nile was optimized for different hydgit conditions to assess its
hydrologic sensitivity. Here, we only presented tkeults for Ethiopia’s hydrologic
sensitivity for the non-cooperative management a@cen which represent the
unfavourable condition for the downstream countri@gure 5.5 displays the edges of
the optimal Pareto front of two objective functipmich are hydropower generation and
irrigation of the upstream GERD for the three hyolgec conditions; dry, normal and wet.
The results showed that the variation (betweenanthmax) of energy returns is slightly
higher in wet conditions. The average returns fesrargy varies from 1.23 x 1@/yr for
dry, 1.33 x 18 $/yr for normal hydrologic conditions, and 1.491€° $/yr for wet
conditions, indicating that energy generation iss#teve to the hydrologic condition, as
expected. The variation of the irrigation returrnigh under dry and normal conditions,
but low under wet conditions, because there woalduificient water to satisfy irrigation
demands.
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5.3. Results and discussion

Figure 5.5 Optimal Pareto Front of two objectivenétions for Ethiopia’s part of the
Eastern Nile system for three hydrologic conditi¢thy, normal and wet) for the non-
cooperative management scenario

Figure 5.6andTable 5.4show monthly water levels and releases for theethiydrologic
conditions. The change of hydrologic conditions dooot significantly change the
monthly operating rules of GERD, and the minimuwrelas about 19 m higher than the
designed minimum operation level (590 m.a.s.l.)RBEwould have the capability to
release the same average volume of water duringraiynormal conditionsTéble 5.4,
with the minimum and maximum water releases ran@iom 1.2—4 x 1®dm*month,
while under wet conditions, releases would remairstant at their maximum. The ranges
of the monthly firm energy generation of GERD undgy, normal and wet conditions
(Figure 5.7) would be 0.43-1.54, 0.58-1.57, and 1.30-1.62 Tiwbmth, respectively.
Compared to the average (normal) hydrologic coowl#tj dry conditions would reduce
annual average electricity generation from 16.104@ TWhr/yr, a reduction of 8.1%,
while wet conditions would increase electricity geation by 7.9%.

Table 5.4 Monthly water levels and releases ofGERD

Water Level (m.a.s.l.) Water Releases (203/month)

Dry Normal Wet Dry Normal Wet
Minimum 610 615 614 1.19 1.64 4.00
Average 629 630 629 3.47 3.61 4.00
Maximum 640 640 640 4.00 4.00 4.00

Water Level -GERD

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71 76 81
Month

Figure 5.6 Monthly water levels of the GERD foretahydrologic conditions over the
entire 7-year period considered
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GERD Energy Generation at different Hydrologic

Conditions
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Figure 5.7 Monthly energy generation of the GEREhate hydrologic conditions

5.4 CONCLUSIONS

This study provided a quantitative analysis of th&ribution of benefits resulting from the
optimal operation of the Eastern Nile system, folltg the development of the largest
hydropower generation infrastructure in the basia, GERD. A deterministic hydro-economic
optimization model for the Eastern Nile Basin, #OM, was developed using the GA. The
analysis presented a comparison between two extiysEm management scenarios, the
cooperative and non-cooperative management. Inctoperative management, basin-wide
system optimization was carried out, assumingdodiperation between countries to manage the
whole Eastern Nile system as one entity. Non-caper system management considered
optimizing the system within each country withoakihg into consideration downstream
demands. Water withdrawals from the Eastern Nigesy within Sudan was constrained in both
management scenarios by the 1959 Nile Water Agreer8ensitivity of the system to water
availability was also analysed.

The study showed that, in case of the Easternr¥fervoir system managed cooperatively, the
basin countries could benefit from the GERD in temh hydropower generation and maintain
regulated flow, without significant change in iaigpn supply. The economic return of
hydropower generation and irrigation projects wobid 1,363 million $/yr in Ethiopia, 9.55
million $/yr in Sudan, and 11.5 million $/yr in Boty compared to 1.38, 7.6 and 11.5 million $/yr,
respectively, in the current situation. One wortkntioning finding is that non-cooperative
management would negatively affect the irrigatieatsr in Ethiopia (-12.5%) and Sudan (-4%)
in comparison with cooperative management; thiskeexplained by the geographic locations
of large hydropower dams downstream of irrigaticeaa within these countries.

Furthermore, the results showed the sensitivithefEastern Nile system to changing hydrologic
conditions by focusing on Ethiopia. The GERD wordduce the average monthly flow to the
downstream countries under normal conditions by 18%e historical average runoff of the
Blue Nile at the location of GERD. However, the atveam countries, in particular Sudan, are
hardly impacted, not even under dry conditions beeaf GERD’s capability to regulate the flow
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and release almost the same volume under dry amgahoonditions. Under wet conditions, the
GERD would release the same volumes, on averagle dsstoric runoff.

The results showed the capability of the Eastete Qptimization Model ENOM, developed in
this thesis, to optimize the Eastern Nile Basin aggment. The model can be used for similar
basins; however, objective functions for optimiaatwould need to be adjusted to address the
basin-specific transboundary issues.
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DEVELOPMENT OF THE EASTERN
NILE RESERVOIRS SYSTEM
SEDIMENTATION MODEL

Addressing sediment management in the context tifnggng the operation of multi-
purpose reservoirs is important, in particulartfee EN where rivers carry large amounts
of sediment. This chapter describes a new modellipgroach for optimizing the
operation of such a reservoir system consideriegtémporal and spatial variation of
sediment deposition. The chapter also describesppécation of the new model for
calibration and verification to Roseires dam onBlige Nile river in Sudan. The model
is applied and shows that there is no trade-ofivbeh hydropower and irrigation water
users and sediment management. Although the methsdleveloped for multi-reservoir
systems, it was applied for a single reservoiris study due to the computation time
demand and limited time available in this PhD study
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6. Development of the Eastern Nile reservoirs sgysedimentation model

6.1 INTRODUCTION

Sedimentation poses a serious threat to the sabihin of reservoirs. The loss of storage
capacity of existing reservoirs worldwide is estietbat 0.5—-1% per year (Kummu, et al.,
2010). Sedimentation has various levels of impat#pending on location and capacity
of reservoirs. Small-capacity reservoirs locatedegions of high-sediment yield (active
geological regions) are the most exposed to sededsnentation problems. The effects
of sedimentation on the function of reservoirsud: reducing the usable water storage
volume, turbine damage, and interference with théets (Minear & Kondolf, 2009;
Morris & Fan, 1998). Sediment deposition in reses/mcreases the risk of dam failure
during earthquakes because of the extra forcessetpon the structure due to the higher
density of sediment (Minear & Kondolf, 2009). Refag sediment in reservoirs can have
environmental and economic impacts on the upstr@agndownstream river and coast.
Deposition of sediment can cause upstream backwlateting. Reduction of sediment
load carried downstream changes the morphologivefs, which could in turn damage
infrastructures and impact ecosystems. Lack ofdilog causes shortage of sediment
deposition in flood plains and deltas and discotsde river from its flood plains. This
results in fertility reduction of the areas adjaderthe river (Kummu, et al., 2010).

A wide range of sediment management strategies b@ee implemented worldwide to
preserve reservoir storage, and these strategeeslassified into three main categories
(Kondolf, 2013): methods to regain reservoir cagyai.e. flushing and dredging),
methods to pass sediment through or around ressr{i@. sluicing and turbid density
current), and methods for watershed managemermdiace sediment yield such as soll
and stream bank ersoin control. Similar to sedinteag, implementation of sediment
management strategies influences the functionaflitgservoirs, which are generally used
for hydropower generation, irrigation, domestic ardustrial water supply, flood control,
and recreation. For example, sluicing requiresipgsthe high flow during the flood
seasons, which would lead to a loss of head fordpalver generation and hinder flood
control.

Not all sediment that is transported by upstreararsi is trapped in the reservoir. Trap
efficiency (TE) is the ratio of sediment trappedhe reservoir to sediment inflow over a
certain period of time. Many factors affect the @i reservoir — sediment properties,
reservoir characteristics, such as volume, shapa, and dam operations (Kummu, et al.,
2010; Morris & Fan, 1998). Several methods are tsedtimate the amount of sediment
that is trapped in reservoirs, including the nuecarimorphodynamic model and
empirical formula (Morris & Fan, 1998). The mostpptar empirical formulae for
assessing the TE of reservoirs are those by CHu(tB48), Brune (1953) and Brown
(1958).
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Different methods are suggested in the literatorgtudy reservoir operation considering
sediment management. They are applicable to eathsting or planned reservoirs and to
single or multi-reservoir systemappendix-V provides a summary of the reviewed
literature, classified based on region, method @pgimization, simulation) and reservoir
system condition (i.e. single/multiple, existingfphed reservoirs). Empirical formulae
are generally used for planned reservoirs in resesimulation studies for which no field
data can be found. For existing reservoirs, thetraosurate method to estimate the TE
is by measuring the change of reservoir volumedifiymetric surveys and then relating
these changes to the inflow and outflow of suspérthel bed sediment loads. Empirical
formula are used in some existing reservoirs ardcafibrated on the available data.
Siyam et al. (2001) calibrated Brune’s formula Roseires Reservoir on the Blue Nile.
Lewis et al. (2013) calibrated Brune’s and Chuishibrmulae for Burdekin Falls Dam
reservoir in Australia at the time step of a dayittavith tropical dams, where the intra-
annual variability of inflow is very high. Kummu at. (2010) introduced a method to
estimate the TE of existing and planned reseninitbe Mekong Basin, using Brune’s
empirical formula. Minear and Kondolf (2009) devsa a method to estimate reservoir
sedimentation of a multiple reservoir system, pamhich has measured sedimentation
rate. They used Brown’s empirical formula to esterthe TE.

There are two ways to consider reservoir sedimiemtathile optimizing the system. (i)
Reservoir sedimentation can be considered throungtlating its impact on the change
of available storage for operation when optimizivager allocation. In this case, methods
similar to those used in previously mentioned nesieisimulation studies can be applied.
(i) The reservoir sedimentation problem can berasiskd by assessing the optimal
operation for sediment management and water altotatn this case, a predefined
sediment management option (e.g., flushing, slgjcican be added as an objective
function to the overall multi-objective optimizatioof the system. The Tsinghua
empirical formula for flushing simulation is widelised with a Genetic Algorithm (GA)
to optimize an existing single reservoir (e.g.,Wa: Chang et al., (2003); Iran:
Hajiabadi & Zarghami, (2014); Ecuador: Gonzalezgl@z, (2017)) and multiple
reservoir systems (Pakistan: (Rashid, et al., 201Sjudies of optimal sediment
management of existing reservoirs can be founkdriterature, but less attention is given
to considering sediment management in the operafiptanned dams during the design
phase (Minear & Kondolf, 2009).

Reservoir sedimentation is the foremost probleexadting reservoirs in the Eastern Nile
Basin (e.g. Omer et al., 2015). Loss of upstreard thue to high soil erosion has resulted
in an increase in sediment loads to rivers. Rosara Sennar Dams on the Blue Nile
River and Khashm Elgirba Dam on the Tekeze-Atbavamhave already lost 50%, 34%,
and 43% of their storage capacity, respectively thusedimentation (ENTRO, 2007;
Gismalla, 2009). Sluicing and flushing practices adopted in the operation of Roseires
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and Khashm Elgirba Dams. However, these dam®asttbunter reduction in their storage
capacity. Unlike sluicing, flushing is consideredast-ineffective practice for sediment
management at Roseires Reservoir, given the sagadioity of the reservoir with respect
to the flow of the Blue Nile River, with an averafi@v of 50 x 16 m*/year, most of it
occurring over three months, hand in hand with makisediment load. The reservoir is
kept at the minimum level, with all the gates opleming the flood season to pass the
sediment peak, the so-called sediment sluicingcily sediment management strategy
conflicts with the main objective of storing watésr irrigation and hydropower
generation. Large water releases through maineduaad low reservoir level reduce the
benefits of irrigation, hydropower, or both. Theeeage sediment load of the Blue Nile at
Eldiem Station, near the Sudanese—Ethiopian basdestimated at 140 million tons/year,
accounted as 15% bed load and 85% suspended se¢@Alie8014).

In this study, a new model is developed to optintlee operation of the Eastern Nile
multi-objective multi-reservoir system for hydropewand irrigation, with sediment
managementResearch objective B The model uses the TE concept for reservoir
sediment management simulation of a multiple resesystem. The method was first
introduced by Minear and Kondolf (2009). An optiatibn-simulation model using GA
developed in Chapter 5 ( Digna et al., (2018) igliad to optimize water allocation for
hydropower, irrigation, and sediment management.

This study is thus distinguished by consideringrésrvoir sedimentation issue in water
guantity optimization of planned and existing muoltijective reservoir systems for

hydropower and irrigation, which has so far beeglewed in previous studies on the
Eastern Nile basin. This study also investigatestéimporal and spatial variation of the
sedimentation rate of the system.

6.2 METHODOLOGY

In this study, the dynamic interrelation betweeremesir operation and sedimentation
problems is considered in optimizing reservoir afien. The available storage for
optimizing the operation varies with time, depegdon the decisions of operation. A
reservoir system optimization and simulation widdisment management (RSOSSM)
model was developed to optimize the operation ahudti-objective multi-reservoir
system considering sediment management. The caradé@mework is shown iRigure
6.1 The model includes three modules: the optimizatimdule, the reservoir operation
simulation module, and the sediment managementlaiion module. The optimization
and simulation model developed in Chapter 5 waptadato include a new module for
sediment management simulation. The model was cadeMATLAB 2015, and
optimization was carried out using the GA availablthe optimization tool of MATLAB.
The optimization module assesses the objectivetiime given by the decision variable
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and reservoir operation—related parameters. Thervaiss’ state of storage and water
levels are estimated in the reservoir operatiorution module. Sediment deposition,
TE, and updates for the reservoir Level-Area-Volugiationship are calculated from the
sediment management simulation module, as illedrat the following Section. The
model runs at a monthly time step. It is develdjpedhe Eastern Nile system and applied
to the Roseires single reservoir for model calibratand verification. The model,
however, can be applied to other similar systems.

( START :

T Simulation module
Optimization module GEN=0

GEN=0, Generate initial population of

reservoirs releases and irrigation Sedimentation simulation model
withdrawal water randomly
Computer:
Formation of generatior Trap Efficiency - Sediment Deposition rate

\4
v

-> Reservoir storage capacity> Level-Area-
( ‘ \Volume Relationshir

Selection, /
Crossover, Calculate the objective
Mutation, function/ fitness value / \
< Operation simulation model
Elitist J
Operators Computer:
Evaporation ->Water spillage> Water
NO level> Reservoir storage>» Generated
GEN=GEN+1 [€ Termination Kenergy. J
Criteria

YES

STOP/Obtain releases with best

objective function

Figure 6.1 Conceptual framework of reservoir systeptimization-simulation with
sediment management
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6.2.1 Reservoir system sediment management simulati  on model

Despite the sediment data limitation in the ba®w, measurement data and estimates at
downstream reservoirs in Sudan are documenteceihténature. The following method
describes a modification to the method introducgdviinear and Kondolf (2009) to
compute sediment inflow to a reservoir. The maincept of the method of Minear and
Kondolf (2009) is based on the following:

i.  The catchment area of the tributary has homogengearsorphic characteristics
(similarity in climate, relief, geology, and vegeda). The sedimentation yield of
the tributary is assumed to be linearly proportiot@ the drainage area
contributing to the tributary runoff. It is alsosasned that the tributary is
morphologically stable; there is no in-stream seghtryield resulting from bank
erosion. In the case of the Eastern Nile BasinHtgopian and Eritrean plateau
is the source of most of the sediment yielded frioeBlue Nile and Tekeze Rivers,
respectively. Despite the change of geomorphicadtaristics of the upstream
and downstream part of the catchment, the assumpmgiovalid because all
reservoirs (new or planned) of unmeasured sedigielat data are located within
the Ethiopian Highlands of similar characteristiaed the reservoirs for which
measured data are available are located downstrglene geomorphic changes
occur.

ii. The sedimentation rate in new (planned) reservoas be estimated using
temporally varied TE and considering the specistriiution of reservoirs (i.e.,
upstream reservoirs) in the same tributary.

Four functions are performed in the sediment mamagée simulation model to estimate:
(i) sediment yield rates for multiple reservoir t&ys, (ii) trap efficiency, (iii) reservoir
sedimentation rates, and (iv) reservoir new capaartd update of the Level-Area-
Volume relationship.

Estimation of sediment vield rate for multiple resevoirs system [Y:, ] (tons/month)

For a cascade of reservoirs located at the samédry and in the part of the catchment
of similar geomorphic characteristickigure 6.2, given the sediment yield at the

reservoir (c) at the most downstream locatioljs.)(and the drainage area (Ac), the
sediment yield rate at a planned reservoir, witldata located upstream of the reservoir
(c), can be estimated as:

A

Yip = A_E *Yic (6.1)
Aa

Yea = Ao * Y (6.2)
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Figure 6.2 Cascade of reservoirs in the same tehu

For a cascade of reservoirs, given the sedimeid gethe reservoir (a) at the most
upstream locationst{,), the sediment yiled rate at a planned reservaith no data

located downstream of the reservoir (c), can benased as:
A
Yip = A_: * [Yya(1 — TEga)] 6.3)
Ac
Yee = 70 * Yeo[ (1 = TEep)] (6.4)

where Y, a Yt b, Yt c (tons/month) are sediment yield rates at reses\aiib, and c; &
Ap, Ac, are the drainage areas of reservoirs a, b, aaddcTEa and TEp are the TE of
reservoirs a and b.

The above conditions assume that each reservaiveclateral flows and sediment load

from its drainage area. In case the drainage a&rd¢hei same for two reservoirs, i.e.,

Aa=Ab=Ac, given the sediment yiled at reservoir (a) atrtiost upstream locationg (),

the sediment yiled at a planned reservoir, witkata located downstream of the reservoir
(c), can be estimated as:

Yip = [Yea(1 — TE¢a)] (6.5)
Yie = Yop[(1 = TEgp)] (6.6)

Estimation of Trap Efficiency (TEt, |) (decimal)

Given the objectives of this study, the TE appraoadbund to be an appropriate method
to simulate reservoir sedimentation, since itngpde and related to operational problems.
Also, the literature shows a considerable applicatif the TE model in similar situations
(Garg & Jothiprakash, (2009); Kummu et al., (201®Mnear & Kondolf, (2009);
Mohamed, (1990)). Mohamed’s (1990) concept for Smation is selected over other
TE methods for several reasons. First, TE is espess a function of the optimization
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decision variables, releases from reservoir anégey and thus water level that has direct
impact on hydropower generation. Explicit relatibetween TE and optimization
decision variables would relatively reduce the utaiety associated with simplifying
complex functions of sediment dynamics. Second¢cditbe estimated at different time
scales, such as ten days, monthly, and annualB0(18\li et al., 2014 demonstrated that
Brune and Churchill formulae overestimate the @fiigiency of Roseires dam compared
to the observed values.

The trap efficiency (TEj) of reservoir (j) at time step (t) is proportiortal storage-
capacity ratio (STR;j) and inversely proportional to the flushing opinmat(FIR;).
Storage- capacity ratio is the ratio between resely) storage at time t ¢(S) and the
maximum storage capacity at time ts}¢; ). Flushing operation can be expressed as
ratio between outflow (Qo) and inflow (Qi j). Inflow (Q, ;) refers to the total
unregulated lateral flow and releases from upstress@rvoirs.

STRy;

TEyj ® Tre (6.7)
Stj
STRy; = = 6.8
t) spax (6.8)
_ 0y
FIRyj = G (6.9)
TEyj = Csd * o % = (6.10)

max
St—1j Qogj

Where:Csd =constant (0<cs<1), can be determined from moaldration for reservoir
having data. Different values for Csd between @& lge tested for reservoir having no
data.

Estimation of reservoir sedimentation rates (on mothly time step) [SDRt,j]

(m3/month)

Sediment deposition of a cascade of reservoirsn@ stream Kigure 6.2) can be
estimated as follows:

SDRyc = TE_qc * [(Yt,c/(P) - SDRt,b)] (6.11)
SDR¢p = TE(_qp * [(Yt,b/(P) - SDRt,a] (6.12)
SDR,, = % (6.113)

where:g is the sediment dry bulk density (estimated agdnzn?® (Ali, 2014)).
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Estimation of reservoir new capacity and maxSt, jifi3) and update the Level-Area-
Volume:

Sediment deposition cumulatively reduces the redepapacity for water storage. The
distribution of sediment deposited in the reserwvesults in change of Level-Area-
Volume relation. The storage capacity of reserysjf;*j) at time (t) after sediment

deposition during time (t-1) can be estimated as:
Sgj " = S¢27j — SDRy; (6.14)
whereS["7’; is the storage capacity at time (t-1)

There are many techniques proposed to estimatsdtienent distribution within the
reservoir, such as the Empirical Area Incrementathmd, and the Area Reduction
method (Ali, 2014; Rashid, et al., 2015). A simpled practical concept is applied to
update the Level-Area-Volume relationship, since dletailed distribution of sediment
with reservoirs is beyond the scope of this stdhe Level-Area-Volume relationship is
calculated assuming the intercept in the origie&dtronship remains constant, and only
the slope varies with the water level, since sedindeposition is mostly anticipated to
deposit upstream along the reservoir and less wbeldeposited in front of the gate
because of sluicing. The Level-Area method is usealculate the reservoir surface area
given water level at each time step to estimateetragporation loss from the reservoir.
The Level-Volume relationship is used to identifater levels (head) corresponding to
the storage at each time step, which is used tma&tst the hydropower generation as
described in Section 6.2.2, below.

6.2.2 Optimization model

The optimization problem is formulated to maximitee aggregated net benefits
associated with water allocation for hydropoweregation (f1) and irrigated agriculture

(f2) and minimize the sediment deposition (f3) dentifying optimal turbine release,

irrigation withdrawal, and release for sedimensfling (R) at each time step (t) over

time horizon (T). The problem is mathematicallynhoriated as follows (see also Chapter
5):

Objective function

Three objective functions are developed to maxirtheereturns from:

(i) hydropower generation (f1)),

(i) irrigation releases (f2) and

(iisediment released (f3)
of the system during the time horizon (T). Mininmgisediment deposition is converted
to maximization by multiplying the accumulated seent by (-1) in the objective
function. The overall objective function (F) is tiein as:
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F(S¢, It, Rwe,Rsg, IR; ) = "R{w f1(+) + w, 2(0) + w3 3(.)} (6.15)
T“ (6.16)
f1 = P, Z HP,,
t’]‘
HPyj = ¢ Tyj* ey * HET * Ry (6.17)
T,I
f2 =P, ZIR ;
YL (6.18)
t1
T)
f3 =P ZSR ;
’ " (6.19)

where SRy; isthe sediment released from reseroivr (jyaétlt), w,, w,, w; are weight
factors of the respective objective functions aais$y the conditionv; + w, + w3 =

1, Rt is the vector of decision variables that repnesige reservoir’s releases through the
turbines (Rw;), releases for irrigation (I, and releases for sediment flushing:fRat
each time step (t). The vector is in the followfogm:

[Ri] = [Rw11 RW2 1,., Rwr1; Rwaj Rwej,., Rwrj;..;Rwa g Rwe .., Rwr g IR11 IRz 3., IRT 15
IR1,i IR2,;,.., IRyi;..; IRy IR2,,., IRT; RS,1 RS1,., RS 1, RS RSy, RSj..;RSLIRD 3.,
Rsr.3]

Releases for the three water users are discretizggtimization model to allow allocating
water for water users of different priorities amésarios development. These releases are
however used conjunctively for the three usersepeh user constraints similar to the real
operation of the reservaoir.

Constraints

The objective function is subject to the followiognstraints:
Energy generation constraints:
HP;; < HP;™ (6.20)
ai™ < Rw; < qff™ (6.21)
Reservoir storage limits:

S < S(j) < maxSj (6.22)
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where maxS;) = S{"®*  at the initial condition(t = 1)

Irrigation withdrawal limits:

Continuity (mass conservation) constraint:
St+1,j = St,j + It,j + C]F'{k (th,]‘ + RSt,]- + Spt,]) + C]I,l; (IRt,l) - et']' (624)
erj = Aoj * Evej + Ay * Evej * (Seenj + Stj)/2 (6.25)
Sptj = St41j — maxSe;) if Sepq; > maxSy; Otherwise, (6.26)
Spt,]' =0
End storage constraint
Vj,Srj= D (6.27)
Non-negativity constraints:
th’]' ) RSt’]-, St,j 1] IRt,i 1] Hpt’]', TEt’]' 2 0 (6.28)
Required flow downstream Roseires dam:
DSDy; < Qoy; < QO{’f}aX » Qogj = Rwyj + Rsyj + Spyj, Yy (6.29)
Where:
Symbol Unit Description

HPt, | MWh/month  Total generated energy from reser(j) at time (t)
Pe USD/MWh The economic benefit of generated energy
c N/n?? Constant represents specific gravity and unit eosion
Ty hours/month ~ Number of hours in period (t)
Ul - Turbine efficiency
H?jt M Turbine net head of reservaoir (j) at time (t)
Rw,; m*/month Turbine release from reservoir (j) at tirt)e (
P, USD/n? The economic benefit of withdrawal water for iaigpn
IR ; m*/month Withdrawn water for irrigation (i) at timg (
Rs,; m®/month Sediment flushing release from reservoiat(jime (t)
TE,; - Trap efficiency of reservoir (j) at time (t)
Rs,; m®/month Water for Sediment flushing of reservoiragXime (t)
Ps USD/ m The economic benefit of released sediment
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6. Development of the Eastern Nile reservoirs sgysedimentation model

Symbol Unit Description

HP{™ MWh/month  Maximum hydropower energy generated freservoir (j) at
time (t)

qg;.i" m3month Minimum turbine discharge of reservoir g}iee (t)

Qe m3/month Maximum turbine discharge of reservoir {jjiae (t)

S m3/month Storage state variable of reservoir (jjraet(t)

S}"i" m? Minimum storage volume of reservoir (j)

st m? Maximum design storage volume of reservoir (j)

D; m® Target end storage of reservoir (j) at time (T)

DSD; m3/month The minimum flow required downstream RoseReservoir,
including environmental flow and downstream demand
Khartoum, estimated at 244 x®1®%month

Qo™ m® /month Maximum release capacity of the reservoiinge (t)

Ev,; m/month Monthly Evaporation rate from unit areaofface of reservoir

(j) at time (t)

A; m? Irrigated area of scheme (i)

CW,; m/month Crop water requirement of irrigation scheat time (t)

« - Coefficient representing supply/demand ratio

Ev, m/month Monthly Evaporation rate from unit areaofface

I m3/month Inflow state variables at reservoir siteafjJime (t)

Sp.; m*/month Spillage of reservoir (j) at time (t)

e m3/month Evaporation loss of reservoir (j) at time (t

Ayj m? Surface area of reservoir (j) at dead storagd leve

Ay m?/m? Area per unit storage of reservoir (j)

C}fk - Reservoir system connectivity matrix=-1 when edxgton, +1
receive water from upstream reservoir [reservirggeives
water from reservoir (K)]

c]’.f; - Irrigation system connectivity matrix= -1 whensédaction, +1
receive return water from upstream irrigation [rese (j)
receives water from irrigation (i)]

T Month Planning time horizon

Total number of dams in the system
Total number of irrigation schemes in the sgste

Further discussion on the assumptions used toalefinstraints is given in section 6.3.3.

6.3 STUDY AND SCENARIO DEVELOPMENT

6.3.1 Case study

Roseires Dam is selected as the case study forlnoallleration and verification, for

several reasons. First, Roseires Dam is locatdteaBlue Nile River, which contributes
to more than 80% of the Nile total sediment loathjolv is estimated at 160 million
tons/year at Aswan High Dam (AHD) (Ahmed & Ism&Q08). Second, the location of
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Roseires Dam can be considered a divide for thee Blile catchment on the
geomorphologic bases into upstream, the sourceediim&nt and water runoff, and
downstream that conveys water and sediment lodobwuiitsignificant contribution. Third,
Roseires Dam is the first sediment trap in the Blue (Ali, 2014) Figure 6.3). Fourth,
despite sediment data limitation in general inldbein, there are relatively fair sediment
data that can be used for model verification.
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Figure 6.3 The Blue Nile and Reservoirs systenuaas

Roseires Dam is a multi-objective dam for hydropogeneration and irrigation that
started operation in 1966. The dam was developesipport the operation of Sennar
Dam, to satisfy the downstream demands. The clarstots of the river and the dam are
shown inTable 6.1 The reservoir lost more than 50% of its capadigble 6.2 because

of sediment load carried by the river, estimated4@ million tons/yearFigure 6.4
displays the average monthly inflows and the peasggndistribution of sediment flow of
the Blue Nile at the location of Roseires Dam. ©peration of Roseires was changed a
few years after commissioning, as a result of sedindeposition, so that filling starts
after the peak sediment load pass. This is gegeaaaticipated between the 1st and 26th
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6. Development of the Eastern Nile reservoirs sgysedimentation model

of September, annually, depending on the amountatér inflow, and continues for
forty-five days. The dam is kept at the minimum mapien level of 467 during the first
two months of the flood period, as shown in therapen rule of Roseires Dam kigure
6.5. After the filling period, abstraction from thesexvoir continues from November to
April, depending on the downstream irrigation ded®anThe reservoir is operated with
priority given to irrigation over hydropower demand
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Figure 6.4 Average monthly inflow and percentagseafiment inflow of the Blue Nile at
the location of Roseires dam

Roseires Operation Rule (before heightening)
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Figure 6.5 Operation rule of Roseires Dam (befoeeghtening)
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Table 6.1 Summary of Roseires Dam characteristics

Roseires Reservoir before Heightening

Completion year 1966
Catchment area [kfh 177.2x 18
Annual runoff [18 m*/year] 50
Evaporation loss [f0m®/year] 0.405
Total sediment load (including bed load) {k@/year] 140
Design reservoir length (before heightening) [km] 57
Design reservoir area (before heightening) at 1486l m [knf] | 290
Maximum operation level (m.a.s.l.) 481
Minimum operation level (m.a.s.l.) 467.0
Design storage capacity at maximum operation I[E@I m? 3.024
Live storage at full supply level [¥0n°] (1992) 2.020
Number of spillways 10
Number of sluice-gates 5

Table 6.2 Trap efficiency, storage capacity andadéied sediment of Roseires
Reservoir (Ali, 2014; A. M. Siyam et al., 2005)

Operatipn Tr_ap Storage capacity Deposited
Years yearssince efficiency (10°m?d) at Level Sediment (16m?)
1966 (%) 481
1976 10 45 N/A 550
1981 15 36 N/A 665
1985 19 33.2 2337.6 1102
1992 26 28 2191.6 1225
2005 39 26.1 N/A 1394.3
2007 41 24 1953.8 1408.1

6.3.2 Scenario development

Three scenarios of operation policies are studjediving a variety of priorities for the
main objectives of reservoir operation (hydropovgemeration and irrigation) and
sediment management, described below. Similareéaehl operation of Roseires dam,
irrigation demands are given priority over hydrogoweneration, by giving hydropower
half the weight of irrigation in the objective furan (w1=1/3, w2=2*w1). The total sum
of weight is equal to one.

(i) The first scenario (S1) maximizes the weighted eodn return of hydropower
generation and irrigation withdrawal, irrespecitfeeservoir sedimentation. Here,
reservoir sedimentation is incorporated in the rdaé no sediment flushing is
performed (i.e. Rst is set to zero as shownaible 6.3. Sediment load carried by
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water releases through turbines and for irrigation is used to estimate the trap
efficiency and the economic return of sediment released.

(i) The second scenario (S2) prioritizes sediment management over hydropower
generation and irrigation in the objective function during the flood season (June to
September), when the reservoir receives most sediment load from upstream rivers
(Table 6). In this case, a decision variable for additional water release for sediment
flushing (Rst) is optimized during flood season, with maximum release being equal
to the maximum release capacity of the dam. The upper and lower limits of
decision variables of irrigation and hydropower are assumed to be zero during the
flood generation. Hydropower generation and irrigation are yet optimized during
the remaining periods (Table 6.3). Although the hydropower generation and
irrigation are not included in the objective function during the flood season, water
releases for flushing are used to fulfil irrigation demand and generate hydropower.

(iif) The third scenario (S3) is designed to maximize the economic return of
hydropower generation, irrigation, and sediment management, with equal priority
weight given to the latter two (Table 6.3). Decision variables for hydropower,
irrigation and sediment flushing are optimized with upper bounds set as the
maximum generation capacity, maximum irrigation demand and maximum dam
release capacity for sediment management, respectively.

Table 6.3 Priority weights (w) for each objectiuadtion at the three scenarios

Scenario S1 S2 S2
Objective October June- October June- October June-
weights -May September -May September -May September
Hydropower ;) 54 0.33 033 0 0.33 0.2
(wl)

Irrigation 0.67 0.67 0.67 0 0.67 0.4
(w2)

Sediment

management O 0 0 1 0 0.4
(w3)

6.3.3 Model parameters and assumptions for the case study

The optimization model parameters are showdable 6.4 The economic value of

hydropower generation and water released for iingaare assumed at 0.08 USD/kWh
and 0.05 USD/m3, respectively. These values arsist@mt with international experience
(Goor, et al., 2010; Jeuland, et al., 2017; Whgtiom, et al., 2005). The economic value
of released sediment (Ps) is identified based eridbst avoided” concept. The unit cost
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of new dam storage can be avoided when a sedimamagement policy is adopted in
the operation to reduce sediment deposition and lfs water storage capacity.
Construction cost of some storage dams in the megie used as indicator for avoided
cost, shown inTable 6.5. The unit cost of storage of the recent Roseireghbening,
estimated at 0.33 $/inis used to estimate the economic return of seatimanagement.
Heightening of Roseires dam could have been avafdbd sediment deposition had not
significantly reduced the usable storage. The seitgiof operation parameters to this
adopted return of sediment management is assessed.

Irrigation demand is estimated based on fixed ati@n area and cropping pattern.
Chapter 5 provides details on irrigation demandziaeand Managil irrigation schemes
(880,000 ha) as well as Upper Sennar irrigationsese (131,000 ha) and Rahad
irrigation scheme (126,000 ha). The total releaseconstrained by the minimum
downstream water requirement including environmlefitavs, estimated at 8 x £0
m3/day (244 x 16 m* /month).

The system is optimized for a twenty-year time hami, from 1993 to 2012. The average
monthly sediment load percent and inflow of optiatian period is shown iRigure 6.4.
Despite the environmental changes resulted fronanization and human activities
upstream, sediment load over the 7 years (1993)1&8@%assumed to be the same over
the 20-years of optimization period, due to datathtion. The TE coefficient (Csd) is
calibrated by performing several runs for the setioh model using different values of
Csd (Table 6.6, against known TE in 1985 and 1992 from survegsneements, as well
as actual storage (St), actual storage capagft§*), water outflow (Qot), inflow (Qit)
and sediment load (Yt) during the period 1985-19Be calculated TE by Csd value of
0.403 (Table 6.9 is approximately equal to that observed in 199able 6.2. The
calibrated value of Csd is small compared to thee/@.78, calibrated by Mohamed (1990)
for sediment deposited during 1966—-1983 and ustiigestep of ten days. The variation
of Csd value is attributed to the difference inpleeiod and time step used for calibration;
this is explained by the fact that the TE reducesnare sediment accumulates in the
reservoirs. Csd is calibrated in this study for pleeiod of 1966-1992, using a monthly
time step for estimating TE, and assumed constaitle 6.6 shows the calculated TE
for different values of Csd.

Table 6.4 Optimization model parameters used irsthdy

Parameter Value
Economic value of hydropower generation 0.08
[USD/kKWh]

Economic value of water withdrawn for ~ 0.05
irrigation [USD/n]

GA-Population size 1000
GA-Number of generations 5000

99



6. Development of the Eastern Nile reservoirs sgysedimentation model

Parameter Value

GA-Selection methods Tournament method and size=2
GA-Crossover fraction 0.8

GA-Crossover function Intermediate

GA-Mutation fraction 0.025

GA-Mutation function Constraint dependent
GA-Stopping Criteria-Objective Function 1x10°

Tolerance

GA-Stopping Criteria-Constraints Tolerance 1x°10

Table 6.5 Construction cost of some dams in thsmneg

Merowe Roseires Upper GERD
Heightening Atbara
Complex
Dam
Total Cost [18 USD $] 2.4 1 1.4 6.6
Storage [1&m7] 9 3 3.5 74
Cost per storage unit [$Ain 0.27 0.33 0.40 0.09

Table 6.6 Calibration of trap efficiency coefficien

Trial Csd The calculated Trap
Efficiency (TE)-1992

1 1 0.696

2 0.2 0.139

3 0.3 0.209

4 0.4 0.278

5 0.41 0.285

6 0.403 0.280

6.4 RESULTS AND DISCUSSION

This section presents and discusses the restlte tiree different scenarios of optimized
operation of Roseires Dam, including sediment mamamnt, and compares them with
current operational practice. GA solutions showegroving values of the objective

function with the evolution of generations; thect#tions were terminated when the
difference between objective function values was khan 186.

Table 6.7 presents the economic return and trap efficiendy) (of Roseires Dam
resulting from the three scenarios of optimizatidhe results showed that the average
annual economic return of hydropower generatiagigadtion and sediment management
would be 136, 549 and 77 million USD, respectiveifnen sediment management is
considered in the optimization (S2). Returns tgyation and hydropower generation
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would reduce by 6% when priority is given to irtiga and hydropower generation
during the flood season (S1), resulting from seditraeposition and loss of storage.
Sediment accumulation is the highest in S1 comptrestenarios S2 and S3 because
water is released only for irrigation and hydropogeneration based on the upper and
lower boundary of each, and more water storage dvoctur and thus water head would
be created in favor of hydropower generation. Stheee is no possibility for additional
releases during the flood season compared to SBZantdydropower generation in S1
occurred by the head created from increased stotiageefore more sediment has been
deposited. Despite the lower water head availghititS2, the hydropower is generated
by discharge as it is generated from water relefweitlishing which is greater than the
required turbine releases for energy generation.

The current operation of Roseires is similar tois3jiving the priority to sediment
management during the flood season. The economuicre/ould slightly decrease when
the operation is optimized for all three objecticesnpared to S2, by 1% for hydropower
generation and 4% for irrigation.

Trap efficiency (TE), the percentage of depositediraent of the total sediment inflow,
was observed at 26% in 2005 under current operalitom optimization results show that
the average TE over the 20-year period is 54% whermperation focuses on irrigation
and hydropower generation (S1), compared to therdtho scenarios. As highlighted
earlier, the current operation considers sedimeabhagement as the main objective
during flood season. The results show improvemeneservoir operation in terms of
sediment management. The TE of Roseires Dam irrafkys estimated at 28% and 31%
for S2 and S3, respectivelydble 6.7).

The average irrigation supply as percentage ohthemum crop water requirement is
shown inTable 6.7 Despite optimizing reservoir operation for irfiga in (S1), the
average monthly supply-demand ratio is estimate2B&&, with deficits occurring 10%
of the time. These instances, where releasesrigation were less than the minimum
requirement, occurred mostly in the second hathef20 year optimization period. This
deficit is attributed to the reduction of usealiteage resulting from sediment deposition
during the 20 years. The ratio of irrigation supglyhe minimum crop water requirement
are 100% in the case of S2 and S3, where lossm@gt is reduced by including sediment
management in the operatidhigure 6.6illustrates the monthly water requirements from
Roseires reservoir and the reservoir releaseseotittee optimization scenarios. The
average downstream demands estimated at 876 m*Ifionth and minimum of 244 x
10° m¥month, include the required environmental flows&hartoum. The results show
slight variation between the monthly releases ef tiiree scenarios; the total annual
releases, however, remain similar. The minimum tmlgrreleases are 304, 442, and 428
x 1®m3month, in S1, S2, and S3, respectively.
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Figure 6.7 presents box plots of the water levels of RosebDasn for the three
optimization scenarios. The drawdown—refill cycte shown in the three scenarios;
however, water levels for S1 are kept higher coegbdo those in the other scenarios.
Unlike in S2 and S3, the reservoir in S1 wouldilbed during the start of the flood season
and would remain full for a relatively longer tinre favor of hydropower generation.
Water levels show similar patterns when considesiediment as the objective, as in S2
and S3, with a lower level in August, and fillinftbe reservoir occurring in September,
after passing the sediment peak flow that genewaburs in August. The results show
that optimizing irrigation and hydropower considersediment management (S3) would
incur a drop in water level compared to second ater(S2) in the pre- flood season
(January—May) and post flood season (October—Noeemb

Fluctuations are shown in the optimized operatidas when sediment management is
considered, as in scenario (S2) and (S3), compardide current smoothed operation
rules. The fluctuation is related to the stochadt@racteristics of GA that modify releases
to maximize the objective functions. The optimizgzbration rule can be smoothed by
restricting the variation of some parameters, sisgcthange of water levels; however, this
restriction might reduce the maximum return of tigective functions. Therefore,
operation rules were smoothed without changingtiective function values.

Table 6.7 Summary of the annual economic returiligmiUSD/year), and trap
efficiency of the optimization scenarios

Trap
ScenEconomic Return Efficiency Storage loss Irrigation Supply/
ario (Million USDlyear) (for 20 (in 20 years) Demand ratio*
years)
Hydro Irrigation Sedime Total TE (%) % % Frequency
power nt
S1 128 520 38 686 54 78.7 98% 216/240
S2 136 549 77 762 28 41.1 100%  240/240
S3 131 543 75 748 31 44.6 100%  240/240

1. Average monthly irrigation supply is calculatedlas percentage of the minimum c

water requirement, assumed as 80% of total croprwaguirement.
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Roseires Water Releases- and Downstream Water Requirements-52
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Figure 6.6 Releases from optimization scenarios amointhly downstream water
requirements (including Gezira and Managil irrigati demand), averaged for the period
of 1993-2012
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Figure 6.8 Downstream releases of Roseires Dam &wisting and optimized operation
rules in 1995
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Figure 6.9 Reservoir water levels of the optim@atscenarios and current operation rule in
1995

Table 6.8 Summary of sediment inflow, outflow, d&ed, and trap efficiency from optimized
scenarios in 1995, and observation

Scenario Inflow Outflow Trap Deposited
Efficiency

1P (m3yr) 108 (md/yr) (%) 108 (m3/yr)
1 89 47.2 79
2

167 .4 126 25.1 42
3 119 29.3 49
Observed 101.36 39.5 66.04

The releases from Roseires reservoir for the thceeaarios are compared with observed
releases in 1995, as shownHigure 6.8 The results show that the releases from the
scenarios are generally compatible with the exgstateases, because the storage capacity
of the dam is by far less than the inflow. More evatvould, however, be released when

105



6. Development of the Eastern Nile reservoirs sgysedimentation model

sediment management is conducted in the period-Aulyust, while less would be
released in September. The increase of releasegydamgust in S1 is attributed to the
filling of the reservoir that would start in Maydbecome full in July, while the objective
of reducing sediment deposition in S2 and S3 ise¢hson for releasing more water during
July and August. Results show no significant ddferes in the total releases when
sediment management is considered in optimizaéisin S2 and S3.

Figure 6.9 compares water levels of the three scenariostéloperation rule for 1995.
The actual water level in 1995 is assumed to remtebe theoretical operation rule used
for operating Roseires Dam. The results show tlaemievels in the modelled scenarios
are kept higher compared to observed levels, Wwilhtghest water levels occurring when
optimizing the operation for hydropower and irrigatonly (S1). Unlike in the observed
operation, in S1 the filling starts as early as Mag continues until July, and the reservoir
is kept full until December. Drawdown starts in Jary and continues until April,
compared to continued drawdown starting from Novemintil August in the observed
case. Taking sediment management as the obje&&ar{d S3), the optimized operation
would be compatible with the current operation os&res during the flood season (July—
October), which aimed to increase the amount ahsext outflows. Results show higher
water levels from December to June (S2) and Aprilune (S3) compared to current
operation, to create head for hydropower, drop ugust when the maximum sediment
flows occur, and rise again to the maximum wateellen October.

Table 6.8 summarizes the comparison of sediment outflow &&dcomputed from
optimized scenarios with the measured sedimentosuih 1995. The results show that
TE of the optimized scenario would be 47.1% whedirsent management is not
considered as an objective. The TE would drop # 28en considering only sediment
management as the objective during flood seasotm@ation of operation for the three
objectives — hydropower, irrigation, and sedimeiahagement — would resultin a TE
of 29%. The record shows that the TE resulting fittwn current operation is 39.46%,
estimated from sediment inflow and outflow valuescase of S3, TE is higher compared
to S2 because hydropower generation is includebjastive function. Water level would
rise in June to create head in favor of the hydneyayeneration, allowing deposition of
incoming sedimentTable 6.8also shows that, when considering sediment manaigiem
as the main objective during the flood season (8&jiment deposition would reduce by
36% compared to sediment deposition observed froistieg operations. In S3, the
reduction would reach 25% when sediment, hydroppeed irrigation are optimized.
Sediment deposition would, however, increase by W@fn operating the reservoir with
the objective to maximize hydropower and irrigatmny. The results demonstrate that
the optimized operation rules in S2 and S3 enhardénent management of Roseires
Reservoir compared to the existing operation.

106



6.5. Sensitivity analysis

6.5 SENSITIVITY ANALYSIS

The optimization results presented above are baseth economic return equal to 0.33
USD/n? of sediment released. The sensitivity of the ojatiation framework to changes

in this value is examined by how it would changeenevels in the reservoir, the quantity
sediment released, hydropower generated and iotgatater supplied. The sensitivity

of the operation parameters is assessed by calguthe elasticities (E), which refer to

the percentage change of dependent variables divigethe percentage change of
independent variables (Pannell, 1997), expressed as

E = @Y/8X). (XIY) (6.30)

Similar to “Slope”, Elasticity provides quantitatéivmeasures for the rate of change of
dependent variables with respect to the changenddépendent variables; however,

elasticity overcomes the difficulty of comparin@ttate of change of different parameters
where the unit of measure is not comparable.

Table 6.9 presents the price elasticities of the reservperation parameters resulting
from an increase and decrease of the economiarefisediment management by 25%
and 50% of the base price (0.33 USPByrithe values in the table are the average monthly
percentage change of operation parameters divigeabsolute value of the percentage
change of sediment management return. The sighigéicate the increase/reduction of
parameter value resulted from the absolute chahgedment management price. The
price is considered elastic or the dependent visadre sensitive to the change of price
if the elasticity value is greater than 1 or ldsat-1.

Table 6.9 Sensitivity of selected operational pagtars for the assumed cost of water
storage capacity

Operation Change of Economic Return of Sediment Management
Parameters  (from 0.33 USD/n¥)

-50% -25% +25% +50%
Water level 0.000 0.000 0.000 0.000
Rel(_eased -0.006 -0.002 0.004 0.007
sediment
Generated 0.020 0.013 -0.015 -0.035
hydropower
Irrigation 0.014 0.002 -0.007 -0.018
Supply

The results inrable 6.9show that (a) the elasticies have the expected(sig. when the
value of sediment increases, hydropower decreaseis(b) all elasticities are close to 0,
and therefore not sensitive to the change of tlesea value of sediment. The largest
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elasticity (in absolute terms) is found with hydoager: if the value of sediment increases
by 50%, hydropower generation will reduce by on§98. These small changes may be
because other factors may affect the changes suttfeasequential relation of operation
parameters over time.

6.6 CONCLUSIONS

This study presented a new methodology for optimgizhe operation of a multi-objective
multiple reservoir system considering sediment rganmeent. A new hydro-economic
model for reservoir system optimization and simalatwith sediment management
(RSOSSM) was developed. The model combines GA wadervoir operation and
sediment management simulation models. The optimizamodule assessed the
objective functions given the decision variable sggrvoir operation—related parameters.
The reservoir’s state of storage and water levelewstimated in the reservoir operation
simulation module. Sediment deposition, TE, andatgsl for the reservoir Level-Area-
Volume relationship were calculated from the seditmanagement simulation module.
The model was calibrated and applied for an exgssingle, multi-objective reservoir at
the Blue Nile system of Sudan, Roseires Dam. Théyais focused on assessing different
levels, considering sediment management in optioizaf reservoir operation, using a
scenarios approach. The results were also compéatbdhe observed data of current
operation, as obtained from the literature.

The results showed that considering sediment managgein reservoir operation would
increase the economic return of hydropower ger@rdtt8 million $/yr) and irrigation
((+29 million $/yr), because of utilising storadet is maintained through flushing. The
study concluded that there is no trade-off betwasehment management and water users,
including sediment management in operation rule ldvomot negatively impact
hydropower and irrigation returns.

Despite the model and suggested method are suftabtaulti-reservoir systems, this has
been applied for a single reservoir because dirthited time available in this PhD study
and the computation demand of complex system pmodhldhe model is currently being
run for the multiple reservoir system of the Eastblile multiple reservoir system,
including the Grand Ethiopian Renaissance Damydbkalts of which will be hopefully
published in a future article.
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CONCLUSIONS AND
RECOMMENDATIONS

The Eastern Nile river basin hosts more than 200iomipeople, who live in four
countries, Ethiopia, South Sudan, Sudan and Egygatdition to the large water projects
that already exist, the Eastern Nile basin witngssereasing competition over water
resources to support the growing population demandsdevelopmental needs in those
countries. This study is a scientific contributimnsupport decision making for optimal
water resources management, both at national asid lsaales. Therefore, it can be
considered a contribution to support peace anésadtility in the region.

First, the study prepared a comprehensive reviethefliterature on water allocation
modelling techniques used in the Eastern Nile bsidentify relevant knowledge gaps.
Second, a river basin simulation model was devel@e parameterised based on the
hydrology of 103 years to study the effect of umital and cooperative water
management of the reservoir system in the Eastden R’he same model was used to
assess the impacts of upstream dam developmegitstiie. Grand Ethiopian Renaissance
Dam) on the existing water use in the downstreaomtes of Sudan and Egypt. Next,
the simulation model was equipped with an optimaratlgorithm to derive optimal
operations for both national and basin scale systé&mknowledging the importance of
sediment management for the sustainable use oédeevoir system in the Eastern Nile,
a new optimization model was developed. This mag#imizes water allocation for
hydropower generation and irrigation water suppifile dynamically considering
reservoir sedimentation effects.

This chapter presents the main conclusions ofitér@ature review in section 7.1, the river
basin simulation model in section 7.2, optimal a@gien of the system in section 7.3, and
sediment management in section 7.4. Relevant reemdations to support future
sustainable development of water resources in #s¢en Nile basin are presented in the
final section.
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7.1 NILE RIVER BASIN MODELLING TO SUPPORT WATER RESOURCES
MANAGEMENT

The review of the Nile River Basin modelling stuli®r planning and management
concluded that some of the models use time sdrasare too short given the natural
climate variation and their findings can therefoeemisleading. Most models point at the
basin-wide benefits of reservoir developments, itttteased hydropower production
potential and the possible expansion of irrigatgdcalture enabled by these reservoirs.
None of the models, however, quantified the pdaltdimensions and societal, economic
and environmental risks associated with such dewesmts, which could possibly explain
why certain developments are opposed by some aipaountries.

More than 75% of the reviewed studies simulate alsts of the Nile River Basin, the

majority of which having focused on the Blue Nildsbasin, being the largest contributor
of water to Nile flows. Less attention has beeregivo the Tekeze-Atbara and Baro-
Akobo-Sobat sub-basins. The Equatorial Lakes/\Niileesub-basin has not been studied
extensively on its own but features in the studhed cover the entire Nile River Basin.

Therefore, it is recommended that there is merdarefully studying the two main sub-

systems of the Nile River Basin, i.e. the Easteile Bind the Equatorial Lakes regions,
and assess how the many different developmentreptdfect the countries riparian to

both sub-systems. For example, the combined imgfdabe planned developments on the
different sub-basins in the Eastern Nile regionluding the Main Nile in Sudan, has so
far not been established.

Climate change is a recurring theme in most studias studies come to sometimes
diametrically opposing conclusions. The variationtbe impact of climate change is

probably due to the type of the climate change aterand projection methods used in
the studies (Di Baldassarre, et al., 2011). lissahcerting that most studies still rely on
SRES emission scenarios and outdated climate nmgledittempts and not on the

Representative Concentration Pathways (RCPs) ofiftie Assessment Report (IPCC,

2013), and on more recent climate modelling outcofsee e.g. (Mastrandrea et al., 2011;
Qin et al., 2016; Riediger et al., 2016; Rogelalet 2012). It remains uncertain whether
in mid-century the Nile River will carry less or mowater. The socio-economic

implications are therefore impossible to predict.

There are significant variations in the findingstloé economic valuation of the current
water resources plans, especially when climate gdés considered. For instance, one
group of studies highlighted the great benefitdhaf Blue Nile cascade dams under
historical conditions and that these benefits woirldrease under future climate

conditions, whereas another group of studies fihdsclimate change would negatively
influence these benefits.
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One issue that is neglected in most studies isi¢lagy silt load in the Blue Nile and the
impacts on reservoirs and irrigation canals. Theeru silt concentration during the flood
season reach 10,000-14,000 ppm, five times moreithdne 1920s. Reservoir operation
affects and is affected by the sedimentation pseEsstherefore, considering reservoir
sedimentation is important when studying the ecdoowalue of water resources
developments in the basin. A second neglected isghat the impacts of both unilateral
and cooperative management for the entire bastersyseed to be accurately quantified.
A third neglected issue is that certain componehtke river basin have not been given
attention, including water resources developmefeces on fisheries, navigation, and
flood plain (recession) agriculture. In this disagon, | considered reservoir
sedimentation explicitly as well as the cooperative non-cooperative management of
the system.

7.2 THE EASTERN NILE MODELLING USING RIBASIM

The impacts of Eastern Nile water resources dewvednp options on the basin countries
were assessed using the RIBASIM simulation modél tinough scenarios analysis.
Different management options for dam operation vievestigated including unilateral
and cooperative transboundary management of damsatéral management was
modelled in RIBASIM by setting the source prior@lyborder dams as empty, meaning
that dams of an upstream country would not take aansideration the demand of a
downstream country; water users of a downstreammtcpuhus cannot claim their
demands from an upstream country’s dams and wli} ase what is released from
upstream dams in their own country. In case of ecafye management, each water user
is connected to the upstream water supply infragira that can support its demand, even
if this upstream supply infrastructure belongsriother riparian country.

In the study, the current operation rules of alk&ng reservoirs are assumed to remain
the same. All dam developments are assumed ontideaboperational stage; and the
transient stage (filling) and their short-term irofgahave not been considered. In the
initial condition of simulation, all reservoirs the system are assumed full. The existing
and proposed developments in Baro-Akobo-Sobat ssbithave negligible effects on
the system compared to the proposed large ressrivothe other sub-basins and were
therefore omitted. All assumptions related to thedel and scenario development are
detailed in chapter 4.

The findings indicate that new dam developmentsEihiopia would boost the
hydropower generation in Ethiopia, particularly whdollowing a cooperative
management approach. Hydropower generation wouldease in Sudan and
insignificantly change in Egypt, when the systenoprated in a cooperative manner.
Development of Ethiopian dams show a small impacEgypt hydropower generation
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because of operating AHD at lower water levels vabult in lower evaporation losses
from it. This finding is not new, but was alreadyserved by Guariso & Whittington
(1987) and others. Development of new irrigatioojgets would, however, reduce the
hydropower generation of the three countries, &g than 15%. Power generation losses
at AHD are very small due to dam developments mdpia; however, power generation
would be significantly reduced with the planned axgion of irrigation schemes in the
upstream areas.

The development of the GERD in Ethiopia would (siig) increase the supply reliability

of existing irrigation projects in Sudan, but vélightly reduce if additional irrigation is

developed. The supply-demand ratio of Sudaneggatron projects would be reduced
with the development of new irrigation projects entboth cooperative transboundary
and unilateral system management, with greaterctemhs in the latter. Full development
of all planned dams in the basin would cause greatiuctions in the supply-demand
ratio for irrigation, because most new large dameperated for hydropower generation.

Development of dams would also significantly afféhet total net evaporation losses from
reservoirs compared to the base scenario. Whiledka-wide evaporation losses from
reservoirs showed insignificant changes with theettgment of Ethiopian dams, the
losses would increase with the development of tr@nMNile dams in Sudan from
17.5x10 m®/yr to 22.5x18m?/yr.

As expected, the flow regime would be significantiffluenced by dam and irrigation
developments. Flows in the high flow season wo@dréase while they would increase
during the low flow season. The average flows atDAWould decrease to 2,800%s
from 5,400 n¥/s in the high flow season (3 months), and woutddéase from 1,500 s

to 1,700 n¥s in the low flow season (9 months) after GERD amdooperative
management and assuming that the potential arexisfing irrigation schemes are
developed. Under non-cooperative management, grag® flow in the high flow season
would increase to 3,000¥s while the average dry season flow will be 1,766, similar

to the cooperative management condition. The resigb reveal that the probability of
Egypt not receiving its share of Nile water (infemto AHD of 65.5 x 1®m3/yr) would
increase by the development of a cascade of hydreppdams upstream of GERD as well
as new irrigation schemes including those in th&eZe river, irrespective of the
management conditions (cooperative or non-coopesiati

Managing the system unilaterally showed that, coegbato cooperative system
management, the generated power would increasthiodta, and decrease in Sudan and
Egypt by dam developments in Ethiopia, even witlamyt further irrigation development.
Power generation in Sudan and Egypt would, howaverease when the Main Nile dams
in Sudan (four new dams) get operational. Irrigataevelopment would generally
decrease the generated hydropower from the proptzsed. Supply reliability of existing
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irrigation projects would not be affected by danvelepment until the development of
the Main Nile dams in Sudan, when the reliabilityuld reduce.

Most of the new large dams in the Eastern Niledmsigned for hydropower generation
(largely non-consumptive use of water). Resultseharerefore shown limited influence
of dam developments and system management optiotiseoinflow to AHD and thus
hydropower-generation and downstream releasesaSdhie Main Nile reservoirs in
Sudan are planned for hydropower-generation orthys €xplains the increase of AHD
hydropower generation by 10% in the unilateral carad to the cooperative management
scenario, when the Main Nile dams have been degdloput without the full
development of irrigation.

In conclusion, planning and managing the entire [Edin in a cooperative manner
achieves benefits for all countries and reduceselogsompared to the case of unilateral
management, including evaporation losses and atiedun supply reliability, provided
that excessive irrigation development beyond snabde levels of water availability is
avoided. The location of planned large irrigatioojects upstream of the proposed dams
would reduce both the supply reliability of irrigat projects and the generated energy of
the system. In addition, one may assume that endbtnanagement might also increase
political tensions, which may lead to other typétoeses, including economic.

The study shows that irrigation expansion wouldehasignificant impact on the entire
system. The study assumed fixed cropping pattenasfixed irrigated areas of the
irrigation schemes. In reality, irrigable areas ar@pping patterns vary seasonally based
on inflow forecasts. It is recommended in futunedsts to assess the impact of different
cropping patterns and irrigable areas of irrigaschemes on hydropower generation of
the EN system, especially when the system is figlyeloped.

7.3 BENEFITS DISTRIBUTION OF WATER RESOURCES DEVELOPMENT
FROM OPTIMAL OPERATION OF THE EASTERN NILE SYSTEM

In this part of the study, the operation of thetBasNile reservoirs system following the
GERD development was optimized for both cooperateved non-cooperative
management options. Two water uses were considargde optimization, namely
hydropower generation and irrigation. The model ezed all existing hydraulic
infrastructures in the EN and GERD. Only existirgyation schemes plus those attached
to Settit dam (168,000ha) are included in the aiglyrhe Eastern Nile system in Sudan
was assumed to be constrained by the 1959 Agreemalhscenarios, which limits water
withdrawals in Sudan to 18.5 x%1@/yr. The system was optimized on a monthly basis
for a 7 year time horizon. The net economic retafnirrigation and hydropower
generation were assumed as 0.05%and 0.08 $ /kWh, respectively. The results showed
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there is no trade-off between hydro-energy andation at the basin level when they are
managed cooperatively (a 260 million $/year incedashydro-generation would reduce
irrigation returns by only 1 million $/year). A @etrade-off is, however, shown in case
of non-cooperative system management: a 70 miligaar increase in hydro-generation
would result in a 155 million $/year reduction ofigation returns. Irrigation is more
sensitive to the non-cooperative management secettzain hydro-energy, because the
majority of irrigation lies in downstream countrje€dudan and Egypt. The results may
encourage the riparian countries to cooperatehabenefits would be more than when
pursuing the non-cooperation option.

The findings support earlier studies that reporthd positive impact of GERD
development on the three Eastern Nile riparian, (Ethiopia, Sudan and Egypt), if the
three countries agreed to manage the Eastern Mskers cooperatively. The hydro-
energy returns of all three countries would inceeasmpared to the status quo, with
Ethiopia witnessing the highest increase, as ergdedtrigation returns of Ethiopia and
Egypt would remain as the status quo (100%), wBiidan would experience a reduction
in the irrigation returns (-13%), because of inseshdemand by the irrigation scheme
developed with the Settit Dam and the trade-offween irrigation schemes and
downstream hydropower-demand of Merowe and AHD. idalthlly, the basin-wide
evaporation loss would reduce by the developme@®ERD because of storage reduction,
and hence a reduction of water surface area, at WH&e the evaporation rate is higher
compared to the location of GERD. As a result, meater would be available, which
would allow for additional water uses and an inseeaf economic returns.

Non-cooperative system management would negativepact the hydro-energy of
Egypt over the cooperative management scenaricedaction by 11%), without a
significant increase in Ethiopian hydro-energy. &udydropower generation is less
sensitive (less than 2%) to system management sosnbecause of its limited
hydropower-generation capacity as indicated belorigation in all countries showed a
high sensitivity to the management scenarios, riedube supply—demand ratio between
12% and 17% in all countries in the non-cooperasoanario. Along with the non-
cooperative management, the reduction in irrigasopply is attributed to the presence
of a trade-off between hydropower generation anidgation within each of the two
countries of Ethiopia and Sudan. This is becaus®ih countries, hydropower dams are
located downstream of the irrigation schemes.

It should be noted that the model does not inclilme routing, and therefore, cannot
handle flood management. The study has not cowahedt impacts of GERD, such as on
sediment management, recession agriculture, aner @hvironmental impacts. The
economic value of water in transboundary riverdyisamic and varies according to the
type (consumptive and non-consumptive) and locatipstream and downstream) of
users. The economic returns of hydropower andaitiog were, however, assumed to be

114



7.4. Development of the Eastern Nile Reservoir 8ysbedimentation Modeincluding ai
Application to Roseires dam

the same for the three countries; as such, anpthdmalysis of the water value at the
macro-economic scale is beyond the scope of thaystiahsay (2017) assessed the
impact of GERD on the economy of the Eastern Nolgntries using a combined hydro-
economic optimization model to determine the opkiweter allocation, and computable

general equilibrium (CGE) to simulate the impactogttimization decisions on the

economy of the countries. The findings indicatest the GERD would generate basin-
wide economic benefits in the EN basin.

7.4 DEVELOPMENT OF THE EASTERN NILE RESERVOIR SYSTEM
SEDIMENTATION MODEL - INCLUDING AN APPLICATION TO
ROSEIRES DAM

Three scenarios were developed for optimizing frexation of Roseires reservoir during
the flood season with high sediment load. The seemanclude maximizing releases for
irrigation and hydropower generation, maximizingisgent releases, and a combination
of both. The operation was optimized for only iaiign and hydropower generation
during the dry season in all three scenarios.

The findings showed that including sediment managegms an objective in reservoir
operation optimization would positively impact thet economic returns of hydropower
and irrigation in the long term. The average anre@nomic return of hydropower
generation, irrigation and sediment managementrretould be 136, 549 and 77 million
USD, respectively, compared to 128, 520 and 38ionillUSD when sediment

management is ignored.

Downstream water requirement and irrigation demaadld be satisfied (100%) when

sediment management is adopted (optimized) in geFadion. The average supply of
irrigation schemes would reach 98% of the minimeguirement when optimization of

reservoir operation considers only irrigation agdropower, with deficits occurring 10%

of the time. The life time of the reservoir would much shorter in case of not including
sediment management.

In comparison with the observed operation in 1988, analysis shows that sediment
deposition can be further reduced which has aipesihpact on hydropower generation
and irrigation supply. The findings indicate thaservoir sustainability can be enhanced
by modifying the current operation rule, which segiglowering the minimum operation
water level by 0.25 meter to 466.75 m.a.s.l. dudialy and August, and increasing levels
compared to the current rule from December thraligte.

The modelling results show that changes in thermasduvalue of 1 unit of sediment
released from the reservoir hardly influences theunt of sediment released, the volume
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of irrigation water supplied or the amount of getted energy. This finding may be
explained by that sediment management is conductedly three months of the year,

and part of the sediment is released with the watening through the turbines.

Increasing the value of sediments flushed would att significantly change water levels,
because water levels are as close to the minimw@ratpn level during the months when
sediment management is carried out.

The findings of this study are based on priorityegi to irrigation demands over
hydropower generation, similar to the current openeof Roseires reservoir. The results
show that sediment management does not confli¢ct water use for irrigation. The
results might change when hydropower is includeth wgual or higher priority over
irrigation. In this case, less water is expectelogoeleased to create head for hydropower
generation during the flood season, which confligts sediment management.

Different combinations of multiple objectives oegvoir operation were investigated in
this study, and equal priorities were given to otwes when multiple objectives were
considered, except to the objective of hydropowaegation. Further investigation is
recommended for conditions where the three objestare given different weights, to
assess the sensitivity of the findings to changebke priority of each objective.

The trap efficiency model was used to simulate medt dynamics in this study for
optimizing the current operation of Roseires Darhe Thodel simplifies the complex
process of sediment transport. Therefore, furthediss are recommended that use
advanced sediment transport models to optimize dperation. Different sediment
management options are also recommended to beatedlio assess the feasibility of the
currently used method over other options.

Although the method adopted in this study is pripateveloped for multiple reservoir
system, it has been applied for Roseires dam, glesireservoir, because of data
availability at the time of the study. It is recomnded to apply this method in future
studies for multiple reservoirs to address sedinmegmhagement that has so far largely
been ignored in Easter Nile system modelling studie particular, the impact of the
GERD on the sediment dynamics in downstream regspand thus their operation, also
needs to be studied urgently. The GERD is antieghab trap most sediment that
otherwise would have entered Roseires reservoichatould create the opportunity to
orient operation of the latter towards its mainremuic objectives, namely irrigation
water supply and hydropower generation, generaduitional benefits.

7.5 SUMMARY AND RECOMMENDATIONS

This study presented a comparative quantificatibthe impacts of water resources
development in the Eastern Nile and explored sésgstem management options at both
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regional and country levels. In addition, the stymgposed new operation rules for
improving operation of the current system when mefnastructures are developed and
operated either unilaterally or cooperatively. Thstribution of the benefits between
countries was quantified for both cooperative aod-ocooperative management options.
As a result, it is shown that developing a collatee and unified perspective of the
countries towards new projects can be beneficraliio

Unlike the current operation, optimal operatiorited system for hydropower generation
and irrigation following infrastructure developmewbuld shift towards hydropower
generation. This shift is attributed to many indated aspects that need to be explored
more in future studies, such as the largely norsaoptive nature of hydropower, its
relatively high economic return and the locatiorhgéiropower dams in the basin.

The current unilaterally developed plans for wagsources development are in conflict,
both basin-wide between riparian countries and iwitkach of the riparian countries.
These plans therefore need to be reconsideredawtbus on basin-wide improved use
of the available water and on collective beneliteating hydropower dams downstream
of large irrigation projects would reduce both gemerated energy of the system and the
supply reliability of irrigation projects. Amonglogr water users, irrigation projects have
shown a greater sensitivity to non-cooperative rganeent of the system. Further studies
could include the impact of varying cropping patteand irrigated areas of irrigation
projects. Future studies should also include thenMile system downstream of Aswan
High Dam.

The operation of reservoirs can be optimised furtiken sediment management is
included. Advanced sediment transport models a@menended to be used for sediment
management simulations in the EN multi-reservostesyn management. Trap efficiency
models can be used for planned dams that lack wx$etata, while sediment transport
models can be calibrated and more accurately eitha trap efficiency of existing
reservoirs.
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8. Appendices

8.1 APPENDIX-| STUDY AREA

Table 1 Major Reservoirs, Hydropower Plants amigkition Projects in the Eastern Nile

(Source: Verhoeven (2011); Goor (2010); ENTRO (3p07
Project name Status Current Reservoir
capacity capacity
[Potential  [Potential
capacity] capacity] (m®)

(MW) Irrigation
area (ha)
Ethiopia
Tekeze River
Tekeze Operating since 2009 300 3.1%10
45,000
Tekeze I Proposed, 2020 Expected [450] Not Available
year of commission
Lake Tana Tributaries
Tana Beles (Lake Tana- Operating since 2010 460 9.12x10°
Beles River Transfer) [140,000-
150,000]
Abbay(Blue Nile)
Tis Abbay I, Abbay River  Operating since 1964 11.4 [50,000]
Tis Abbay II, Abbay River Operating since 2001 6B-8
Fincha' a, Fincha' a River  Operating since 1973, 128-134 46G10° - 2.4
Extra unit added and x10°

commissioned 2006
Fincha'a-Amerti-Neshi,  Under construction, 57%  [97] -

Fincha' a River completed as of April 2011

Grand Ethiopian Under construction, started [5,250] [63-67x107]
Renaissance Dam, Blue April 2011, expected

Nile complete date after 2017

Chemoga- Yeda Construction contract [278] -
Hydropower Project, signed. Expected completion

including dams on of Phase | in 2015.

Chemoga, Yeda, Sens,
Getla, Bogrna

Jema, Jema River Proposed, Feasibility study [173x107]
complete [7,800]

Mabil, Blue Nile Proposed, 2021Expected [1,200] [13.6 x16]

(replaced by Beko Abo year of commission

Dam)

Mendaya, Blue Nile Proposed under ENSAP, i i
Nile Basin Initiative , 2030 [1,620 [13x10°-15.9

2,000] x107]

Expected year of
commission

Beko Abo, Blue Nile Proposed under ENSAP, [2,100] 105 x16

Nile Basin Initiative.

120



8.1. Appendixt Study are

Project name Status Current Reservoir
capacity capacity
[Potential  [Potential
capacity] capacity] (m?)
(MW) Irrigation
area (ha)
Border, Blue Nile Proposed under ENSAP, [800- [11.1 x10]
(replace d by GERD) Nile Basin Initiative, 2026  1,400]
Expected year of
commission
Karadobi, Blue Nile Proposed under ENSAP, [1000- [32.5- 41 x16]
Nile Basin Initiative, 2023  1,600]
Expected year of
commission
Diddessa irrigation Proposed, 2038 Expected [308- 615] [55,000]
project, including dams onyear of commission
Diddessa, Dabana, Negeso
Anger- Nekemte Irrigation Proposed, 2038 Expected [15-20] [26,000]
Project, including dams onyear of commission
Anger, Nekemte
Dabus, Dabus River Proposed, feasibility studidg25] -
ongoing
Baro River and its tributaries
Sor, tributary of Geba Operating since 1990 5 -
Alwero Irrigation Project, Operating since 1995 Not 74,600
Alwero river Available
Barol and Il, Baro River Proposed under ENSAP, [850-896] -
Nile Basin Initiative, 2034
Expected year of
commission
Geba | and Il, Geba River  Proposed under ENSAP, [254 - 366] -
Nile Basin Initiative, 2016
Expected year of
commission
Birbir A and B Proposed, feasibility studies[467 - 508] -
ongoing
Tams Proposed, feasibility studies[1,000] -
ongoing
Sudan
Main Nile
Merowe, 4th Cataract, Operating since 2009 1,250 12.5x10°
Nile [2,000] [380,000]
Kajbar, 3rd Cataract, Nile  Under construction, 2016 [300-360]  8.X10°

Expected year of
commission
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Project name Status Current Reservoir
capacity capacity
[Potential  [Potential
capacity] capacity] (m®)
(MW) Irrigation
area (ha)
Shereik ,3rd Cataract, Nile Construction contragnesd  [315-420] -
Dal ,2nd Cataract, Nile Proposed, Feasibility stadi[340-600] -
ongoing
Mograt ,4th Cataract, Nile  Proposed, Feasibilindsts [240-312] -
Dagash, Main Nile complete [285-312] -
Sabaloka, 6th Cataract, [120-205]  [4x107]
Nile
Atbara River and tributaries
Khashm Elgirba Atbara  Operating since 1964 0-7[12.5] B
River 206,640
Upper Atbara Project, Under construction, Rumela [2.7 x109]
including Rumela Dam in completed in 2015 [120] Rumela
Atbara River, Burdana Burdana [190,000]
Dam in Settit River [15] Burdana
[210,000]
Blue Nile
Roseires Dam, Blue Nile ~ Operating sincel966; 100-250 2.2x10°
1971 Hydropower plant [275] [3.7-4x107]
added; 1.7x1¢°
2013 d completion of dam
heightening
Sennar Dam, Blue Nile Operating since 1925; 15 [45] 930x10°
1962 Hydropower plant 870,750
added; Rehabilitation
planning ongoing
Egypt
Main Nile
Aswan High Dam Operating 2100 132,0@°
Old Aswan Dam Operating 500 O(run of river)
No irrigation
Esna Operating 90 O(run of river)
No irrigation
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8. Appendices

8.3 APPENDIX-III EASTERN NILE MODELLING USING RIBASIM

Discharge at Border (Eldeim ) station
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Figure 1: Average annual monthly discharge (Julyrd) at Border (Eldiem) station

FAO reference evapotranspiration (ET0 mm/day) at different locations in the EN basin uLoweBdes BNile Ethiopia
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Figure 2 The monthly reference evapo-transpira{iéiO) at different locations in the
Eastern Nile basin
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Figure 3 Measured and Simulated downstream flowsgo) at Roseires and Sennar dams
(Jul 1970-Jul 1971)
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8.3. Appendix-1ll Eastern Nile modelling using RIBAM

Figure 4 Demand (Afsec) and the Supply ?feec) of Gezira and Managil, New Halfa
and White Nile Irrigation Project (Jul 1970-Jul 197
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Figure 5 Measured and Simulated water levels (alymsRoseires and Sennar dams (Jul
1970-Jul 1971)
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8. Appendices

Figure 6 Measured and Simulated water levels (aljERoseires, Sennar and Khashm
Elgirba dams at years of different hydrologic cdmatis: dry (Jul 1984-Jun 1985), normal
(Jul 1977-Jun 1978) and wet (Jul 1988-Jun1989)

Model validation- dry year - flow at Khartoum Model validation- normal year - flow at Model validation- wet year - flow at Khartoum
3500 5 r rtoum 9000 ;
- 7000 == == Simulated flow
. A (= BT, — o Smulatedflow 8000 . o .
3000 «eeXess Measured flow x Measured flow
e Y 6000 T +sexess Measured flow _J000 —f XA
Z r 3% ~5000 v 26000
E LAE~eS ) . B 1: \-
2000 — = s ¢ 25000
NI ¥ E4000 (e z ¥, .
21500 |2 4 3 4000 \
Y 83000 |— : %
1000 1 X3 = . A 3000
[0y 2000 o . . \
X 2000
500 4"—%- . 1000 * 1000 1% '¥
oL VXl P , gw i WX ] Yo e Y R
T v v Y v 4
-ewczc-=§<§—‘- 23;:555:5253 E \.ov.&%cd“\so&\f?@\pvﬁ\y’\\é‘
4000 Model validation- dry year - flow at Tamanyat Model validation- normal year - flow at Model validation- wet year - flow at Tamanyat
— o= Simuatedflow 5000 Tamanyat 1 P
== g== Simulated flow
3000 o seXdess Measured flow 8000 SO o flow
= ‘ 6000 % eseXess Measredflow = 2 P
z A Y 2 26000
S000 X . = g B 5
: X 4000 - o A
£ ¥ : E-tooo * O
1000 L O] s < DS kg X
| DS 2000 2000
" T g RHAR W - e Yo X
0 0
i e g o I I N N SgErrEER R RS ) S
W ¥ o o & o s EEe 888 e eR ain & 3 PP DD PR S
LA R ;g;sgggzggéﬁ RS A S A R SIS RN

Figure 7 Measured and simulated flow at key locadion the Blue Nile, Atbara River and the

main
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Figure 8: Box plot of the annual generated enei@yMh/year) of the basin countries for
Ethiopian dam(S2xx) and full basin (S3xx) develograeenarios, with (Sx0x) and without
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8.3. Appendix-1ll Eastern Nile modelling using RIBAM

(Sx1x) irrigation development in case of coopermtransboundary (Sxx0) and unilateral
(Sxx1) system management
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Figure 9: Non- exceedance probability of the ageranonthly supply to demand ratio (%) of
Sudan existing (Sx0x) and potential (Sx1x) irrigagprojects after Ethiopian dams (S2xx)
and basin full (S3xx) development under cooperdtaresboundary management (Sxx0),

unilateral management (Sxx1) and Base Scenario (S0)
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Figure 10 Average monthly flow [m3/s] at (a) AHDdafb) Border after Ethiopian dams
(S2xx) and basin full (S3xx) development, withtieygSx0x) and potential (Sx1x) irrigation

projects under cooperative transboundary (Sxx0) amthteral (Sxx1) system management
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8. Appendices

Figure 11 Cumulative distribution function (CDF)thie annual stream flow at (a) AHD and
(b) Border after Ethiopian dams (S2xx) and baslh(8xx) development, with existing
(Sx0x) and potential (Sx1x) irrigation projects endcooperative transboundary (Sxx0) and
unilateral (Sxx1)system management

Table 1 Hedging rules for model calibration
Hedging rules

Storage zones

b Lower boundary of zone Water allocation
etween
firm and dead [% between firm and dead [% of target
storage storage] release]
- 100 -
Zone 1 80 90
Zone 2 60 70
Zone 3 40 50
Zone 4 20 30
Zone 5 0 10
Table 2 Irrigation Projects data used for modelibedtion
Month BN_GeziraMena Atb_NewHalfa(E) WN_WNPrjcts-
gil(E) sonds(E)
Mm?3/month? Mm?3/month?3 Mm3/month?3
Jul-1970 640.66 81.45 144.61
Aug-1970 507.00 63.70 274.93
Sep-1970 586.54 109.14 411.54
Oct-1970 974.82 163.42 411.54
Nov-1970 912.15 197.05 274.36
Dec-1970 622.23 203.10 274.36
Jan-1971 555.39 171.25 274.36
Feb-1971 418.39 128.27 274.14
Mar-1971 403.29 75.70 257.21
Apr-1971 153.88 44.46 133.86
May-1971 18.44 43.86 142.32
Jun-1971 49.06 40.42 143.26

1: Source: Estimated from Roseires Heightening Rg¢Mutellan, 1987) and MWRE-Dams Operation Department
3: Source: Nile Water Master Plan (MOI, 1p@8d MWRE-Nile Water Directorate 2014

Table 3lrrigation Projects data used for model dalion- Dry Year (July 1984-Junel1985)
Month BN_Gezir BN_USe BN_UpS BN_Gin Atb_Ne WN_As WN_Ke WN_W
aMenagil( nnarRa ennar aidBNp wHalfa alyaSu nana- NPrjcts
E) had-I(E) (E) umps(E) (E) ger(E) I(E) -sonds
(B)
Mm?/ Mm3/ Mm3 Mm% Mm% Mm% Mm% Mm?¥
month!  month! month? month?> month® month® month? month?
Jul- 559.70 112.27 63.72 13396 133.96 17.00 89.81 1B76.4
1984
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8.3. Appendix-Ill Eastern Nile modelling using RIBAV

Month BN_Gezir BN_USe BN_UpS BN_Gin Atb_Ne WN_As WN_Ke WN_W
aMenagil( nnarRa ennar aidBNp wHalfa alyaSu nana- NPrjcts
E) had-I(E) (E) umps(E) (E) ger(E) I(E) -sonds
(E)
Mm?3/ Mm?3/ Mm3 Mm% Mm% Mm% Mm% Mm?¥
month!  month! month? month?> month® month® month? month?
Aug- 873.47 19249 85.30 186.18 186.18 22.67 72.14 324.0
1984
Sep- 872.11 202.17 84.10 22235 22235 1735 68.79 3807.6
1984
Oct- 827.91 172.95 74.55 179.02 179.02 21.15 63.11 895.9
1984
Nov-  585.78 122.18 9558  133.24 13324 21.04 81.67 898.3
1984
Dec-  482.18 109.33  83.62 116.40 116.40 17.23 69.97 883.9
1984
Jan- 368.32 95.57 62.56 72.99 72.99 15.71 63.55 299.73
1985
Feb-  337.06 85.93 57.54 37.05 37.05 19.32 66.54 145.37
1985
Mar- 78.26 13.86 37.70 37.49 37.49 18.05 60.10 126.84
1985
Apr- 31.10 0.00 54.96 41.66 41.66 16.86 90.56 114.74
1985
May- 32.96 0.00 36.39 80.25 80.25 19.94 88.56 116.67
1985
Jun- 332.42 136.88 36.76  165.54 16554 1995 77.30 2435
1985

1: Source: Roseires Heightening Report (McLell&87)
2: Source: Long term Power plan and MWRE-Nile Wa&&ectorate 2014
3: Source: Nile Water Master Plan (MOI, 1979) and/RIE-Nile Water Directorate 2014

Table 4 Irrigation Projects data used for modeligation- Normal Year (July 1977-

J

unel978)

Month BN_Gezi

BN_USen BN_UpS BN_Ginaid Atb_New WN_W

raMenag narRahad ennar BNpumps( Halfa (E) NPrjcts-
il (E) -1 (E) (E) E) sonds
(E)

Mm 3/ Mm?3/ Mm 3/ Mm?3/ Mm 3/ Mm 3/

month? month? month? month? month®  month3
:‘35“7_7 529.28 54.20 86.54 35.06 122.08 166.13
AUg- 85610 14.92 8.87 22.82 68.58 210.95
1977
fg;’; 870.73 67.98 42.74 36.30 172.28  280.34
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?9‘37"7 862.89  70.95 105.64 42.30 229.65  278.67
’1‘8}’7 809.55  59.76 106.58 38.97 22524  271.89
?570; 814.60  51.40 83.08 37.37 199.84  267.37
iggé 803.71  36.20 73.21 34.21 167.84  267.37
Egsé 44957  29.40 107.21 32.91 132.60  117.13
'\1"3‘;'8 88.33 5.25 55.40 38.58 7249  113.15
?8;8 36.55 0.00 39.15 25.74 43.80 99.05
'\1";‘;; 38.73 0.00 35.99 22.69 4505  100.72
igg'g 661.43 1.25 34.56 30.86 83.99  128.04

1: Source: Roseires Heightening Report (McLell&87)
2: Source: Long term Power plan and MWRE-Nile Wé&#&ectorate 2014
3: Source: Nile Water Master Plan (MOI, 1979) and/RIE-Nile Water Directorate 2014

Table 5 Irrigation Projects data used for modeligation- Wet Year (July 1988-Junel1989)
Mont BN_ BN _USe BN_Up BN_Gin Atb Ne WN_As WN Ke WN W

h Gezir nnarRa Sennar aidBNp wHalfa( alyaSug nana-  NPrjcts
aMen had- (E) umps E) er (E) I(E) _sonds
agil I(E) (E) (E)
(E)
Mm% Mm3¥m Mm¥m Mm¥m Mm*m Mm¥m Mm3¥m Mm¥m
mont  onth! onth? onth? onth? onth? onth? onth®
hl
Jul- 525.0
1988 0 75.60 32.05 22.61 173.67 34.70 65.41 176.10
Aug- 4774
1988 9 30.10 49.52 8.80 16.23 61.60 55.10 196.20
oob 9129 18104 4550  37.94 9946 880 5660  217.00
?90;;3 8251'1 150.50 85.36 28.32 218.80 12.97 62.10 250.00
ngé 77??'0 180.83 106.83 29.30 206.87 20.82 81.40 248.31
Dee. T™% 11530 5556  27.04 18320 1662 7020  250.15
igg-g 5651'9 70.14 57.43 23.02 143.40 14.67 64.19 270.35
Eggg 5415'7 55.80 52.74 20.39 124.33 15.62 67.88 101.41
Mar-  363.1
1989 0 30.15 43.48 20.26 95.00 15.00 61.47 110.50
?8{3'9 88.45 3958  40.34 2344 5586  19.58  89.07  99.36
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8.3. Appendix-Ill Eastern Nile modelling using RIBAV

May-

1989 69.75 31.30
Jun- 1957
1989 59.02

59.80

99.30

21.83

30.55

52.88

52.29

25.00

19.57

89.00 9

79.26 12

6.75

4.41

1: Source: Estimated from Roseires Heightening RefdcLellan, 1987) and MWRE-Nile Water
Directorate 2014
2: Source: Long term Power plan and MWRE-Nile Wé&#&ectorate 2014
3: Source: Nile Water Master Plan (MOI, 1979) and/RIE-Nile Water Directorate 2014

Table 6 Reservoir Level- Area- Volume data useadddibration and validation

Process Year Roseires Sennar K.Girba J.Aulia
Calibration  Jul1970- 1966 1925 1964 1937
Junl1971 Bathymetric  Bathymetric  Bathymetric = Bathymetric
data data data data
Validation ~ Jul1977- 1966 1925 1964 1937
Junl1978 Bathymetric  Bathymetric  Bathymetric = Bathymetric
data data data data
Jul1984- 1985 1985 1978 1937
Junl1985 Bathymetric  Bathymetric  Bathymetric = Bathymetric
data data data data
Jul1988- 1985 1985 1978 1937
Junl1989 Bathymetric  Bathymetric  Bathymetric = Bathymetric
data data data data
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