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Abstract. The upper Blue Nile River Basin in Ethiopia is der) in Ethiopia would have significant positive impacts on

a largely untapped resource despite its huge potential for hyhydropower generation and irrigation in Ethiopia and Sudan:
dropower generation and irrigated agriculture. Controver-at the basin scale, the annual energy generation is boosted by
sies exist as to whether the numerous infrastructural devel38.5 TWh amongst which 14.2 TWh due to storage. More-
opment projects that are on the drawing board in Ethiopiaover, the regulation capacity of the above mentioned reser-
will generate positive or negative externalities downstream invoirs would enable an increase of the Sudanese irrigated area
Sudan and Egypt. This study attempts at (1) examining theéoy 5.5%.

(re-)operation of infrastructures, in particular the proposed
reservoirs in Ethiopia and the High Aswan Dam and (2) as-
sessing the economic benefits and costs associated with the

storage infrastructures in Ethiopia and their spatial and temd  Introduction

poral distribution. To achieve this, a basin-wide integrated ) ) ) )
hydro-economic model has been developed. The model intel Ne Nile River Basin covers an area representing one tenth

grates essential hydrologic, economic and institutional com©f Africa (about 3 million kn?_) and is shared by ten coun-
ponents of the river basin in order to explore both the hy_tnes. The river is characterized by a considerable seasonal

drologic and economic consequences of various policy Op_and inter-annual variability that challenges the management

tions and planned infrastructural projects. Unlike most of the©f the water resources. In the top of that, the water resources
deterministic economic-hydrologic models reported in the vailability and uses are unevenly distributed amongst the

literature, a stochastic programming formulation has beerfOUNtries: Egypt and Sudan are the largest water consumers
adopted in order to: (i) understand the effect of the hydro-While this is negligible for Ethiopia, even though 85% of the
logic uncertainty on management decisions, (ii) determine'\Vile waters comes from Ethiopian highlands. To meet the

allocation policies that naturally hedge against the hydrolog-9"oWing demand for food and energy, the Nile riparian coun-
ical risk, and (iii) assess the relevant risk indicators. Thetries will further develop their water resources. For example,

study reveals that the development of four mega dams in thd the Blue Nile River Basin, between Lake Tana in Ethiopia
upper part of the Blue Nile Basin would change the draw-2and Karthoum in Sudan, large reservoirs, hydropower sta-
down refill cycle of the High Aswan Dam. Should the oper-

tions and irrigation areas are being planned with the ulti-
ation of the reservoirs be coordinated, they would enable afnate goal of boosting the production of cheap hydroelectric-
average annual saving of at least 2.5 billioh through re-

ity and increasing food securityGuariso and Whittington
duced evaporation losses from the Lake Nasser. Moreover-98% Block, 2007 Block and Strzepek201Q Georgakakos
the new reservoirs (Karadobi, Beko-Abo, Mandaya and Bor-

2006 Nile Basin Initiative May 2010a. Due to the fugitive
nature of water, those developments will generate both pos-
itive and negative externalities downstream and must there-

Correspondence toA. Tilmant fore be carefully planned, ideally in a cooperative way with
BY (@amaury.tiimant@me.com) downstream riparians. This is precisely the raison d’etre of
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the Nile Basin Initiative (and the associated two Subsidiaryprojects Labadig 2004). Until recently, huge simplifications
Action programmes, SAPS), an international institution ex-and approximations were required to get optimization re-
pected to provide a framework for basin-wide cooperationsults for hydro-systems involving more than 3 to 4 reservoirs,
including the identification and implementation of new in- while considering stochastic variables. However recent ad-
frastructural projectsNile Basin Initiative May 20100). vances in mathematical programming have reduced this com-
Assessing the positive and negative externalities of infrasputational burden. The new algorithms can also better handle
tructural projects calls for integrated basin-wide modelling the hydrological uncertainty, which is inherent to the opera-
studies. Integrated basin-wide models are typically builttion of a multireservoir system. One of these algorithm is
around arcs and nodes: the former may represent naturatochastic Dual Dynamic Programming (SDDP).
inflows to the system, canals, the river network, whereas
the nodes are used to represent confluences, reservoirs, ab2 Stochastic dual dynamic programming
straction points, demand sites, etélafou et al. 2009.
Ringler et al.(2004 analyze the optimal flow allocation N this study, the basin-wide allocation model relies on
in the Mekong River Basin using an integrated economic_SDDP, an algorithm that can solve |arge'sca|e stochastic Op'
hydrologic model. In a series of papevdard and Michelsen ~ timization problems. The model determines economically
(2002; Ward et al (2006 investigate the hydrologic and eco- efficient allocation policies, including reservoir releases, and
nomic impacts of various policy options in the Rio Grande then simulates the system operation for various hydrologi-
Basin using a hydro-economic model. hittington et al.  ¢al scenarios. The main challenge of optimal mid- to long-
(2009, a deterministic hydro-economic model was devel- term reservoir operation is to consider the stochasticity of
oped for the entire Nile River Basin and several developmenfuture inflows. Optimal reservoir operation can be seen as
scenarios were analyzed. Their study revealed, amongst stochastic multi-stage decision making problem that can be
other things, that the annual benefits of cooperation betweef0lved using the recursive Stochastic Dynamic Programming
the Nile countries can be as high as 4.9 billion US$/y. In (SDP) equation, which maximize, at each stagee sum of
Georgakako$2009, a DSS is developed for the Nile River immediatef; () and expected futuré;, benefits from the
Basin: the model can simulate the Nile response to differ-Systém operation:
ent hydrological scenarios and provide reservoir operating
strategies for real-time control through the Extended Lin- _
ear Quadratic Gaussian (ELQG) optimization algorithm. Re-F'(X’) _n}glx fXe R+, E [Ft+1(Xt+l)] @)
cently,Block and Strzepel010 analyzed the transient con-
ditions associated with the period of filling some of the pro- where X, is a vector of state variables, which typically in-
posed dams in Ethiopia, under climate change scenarios. cludes;, the volume of water stored in the system at the be-
In this study, unlike most of the deterministic economic- 9inning of periodz and information about current or fore-
hydrologic models reported in the literature, a stochastic proasted inflows to the systefy. R is the vector of deci-
gramming formulation has been adopted for mid- to long- Sion variables and[-] is the expectation operator to observe
term water resources planning and management of the Nil@ydrologic condition; 1 given the statdr, (Huang et al.
River Basin. The objectives of the study presented in this1991 Tejada-Guibert et al1995.
paper is to assesses (1) the (re-)operation of the largest hy- Traditional approaches to solve the above-mentioned
draulic infrastructures, in particular the proposed reservoirgoroblem relies on the discretization of the state-space domain
in Ethiopia and the High Aswan Dam and (2) the economicand the evaluation af;1 at each grid points. This method-
benefits and costs associated with new storages in Ethiopia®logy usually fails in the context of multireservoir systems
The paper begins with a description of the methodology.Pecause it requires to explore every feasible combinations of
The next section describes the Eastern Nile hydro-system, inthe state variables. As a consequence, the computational ef-
cluding relevant data inputs and parameters of the basin-widéort required to solve the problem increases exponentially
allocation model. Simulation results and their implications With the number of reservoirs (curse of dimensionality of
are presented, analyzed and discussed in the next section. F$DP).
nally, conclusions and perspectives for future research are Stochastic Dual Dynamic Programming is one of the few
given in Sect5. algorithms available to solve multipurpose multireservoir op-
eration problems in a stochastic environment. The method-
ology belongs to the field of approximate dynamic program-

t+1|h1

2 Methodology ming (Powell 2007 and relies on an analytical representa-
tion of the benefit-to-go functiott; 1. This is achieved by
2.1 Introduction approximatingF; 1 by piecewise linear segments: the state-

space domain is sampled and a linear approximatiaf of
Optimal coordinated operation of reservoir systems is ex-(cut) is calculated at each sampled point. SDDP uses a cyclic
pected to yield larger benefits than independently operatingptimization/simulation strategy to increase the accuracy of
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th(_e solution by add_ing new guts through a !Senders decompo- IR, = Zd,p f,"];(d‘p) (y,(]‘f”’)) if t=ty 3)

sition schemeRereira and Pintd 985. F; is thus a scalar, 0 if r #£1y

stored as a set of constraints representing the linear segments. o _ _

The parameters of the linear segments, which provide arBeneﬂt_s from thg |rr|_gated ag_ncultural segtor,_la'e intro-

“outer” approximation ofF; 1, can be calculated from the duced in the objective function by considering “dummy”

primal and the dual information available at the optimal so- reservoirs of accumulated water devoted to irrigation, which

lution of the one-stage optimization problem. A comprehen-aré being refilled throughout the irrigation season and de-

sive and recent description of the algorithm can be found inPleted at the end of that season (stage Net benefits from

Tilmant and Kelmar{2007 andTilmant et al.(2008. agricultural water use is therefore accounted for only when
The SDDP formulation adopted in this study considersCroPs are harvested. To achieve this, an additional state vari-

adynamic allocation of water resources between hydropowefPI€ ¥:. representing the beginning-of-period accumulated
and irrigation Tilmant et al, 2009. In this approach, water water into those “dummy” reservoirs must be added to the

resources are allocated to its most productive use throughState VectoX;. Moreover, at each demand sitethe model
out the entire river basin. The model seeks to maximizec@ handle various types of crops with its own benefit

. Ai, ,d . . .
the aggregated net benefits from both the irrigation and hyfunction f’ Pd), Assuming that the water rationing, when
dropower sectors by identifying optimal releasej) and ir- it occurs, is evenly distributed over the irrigation season, the
rigation withdrawali, (j) decisions at each nodeand for ~ €ffect of water stress on actual crop yields related to the
each timer € [1...T] whereT is the length of the planning deficit of water supplied throughout the agricultural season
period. The immediate benefit functioi(-) can include  PY the crop-specific yield response factoy(p) (-) (Tilmant

up to three terms: (1) the net benefits from energy gener€t &l, 2008:

ation, (2) the net benefits from irrigated agriculture (only (p.d)
observed at the end of the irrigation season, which is spez(, 4y =¢(p,d) 1-K,(p)| 1— % (4)

cific for each crop), and (3) penalties for not meeting opera-

tional, physical, institutional and/or legal constraints such as

minimum flows, minimum storage volumes, minimum water Wherec(p,d) is the maximum crop yield (T/ha) achieved

withdrawals, etc. when the seasonal crop water requirerriéﬁtd) is supplied.
Assuming that the system consists/diiydropower plants,  The short-run net benefitg’(?*®) of crop p, at demand site

immediate short-run net benefits from hydropower genera+ is therefore expressed by:

tion can be written as:

ty

H0VehD =1 (p.d)e(p,d) — 0 (p,d)IA(p.d) ()

J
HP =1, (/' (/) —0" ())a(j) P () (2  wherexi(p,d) (US$/T) andd’ (p,d) (US$/ha) are, respec-
j=1 tively the farm gate price and the variable costs of cpopt
. the given sitel. A(p,d)(ha) is the cultivated area.
where 7 is the number of hours in period P;(j) (MW) Considering a dynamic management approach where the

the power generated by hydropower plagnturing period  objective is to maximize the sum of net benefits from both
t, " (j) is the short-run marginal cost (SRMC) of the hy- sectors, the one-stage objective function becomes:
drothermal electrical system to which power plgnton- ,
tributes (US$/MWh)@" (j) is the O&M cost of hydropower ~ ft(St:4+:7e, 1) =HP: +1R, —&x, (6)
plant j (US$/MWh) anda is an adjustment coefficient (-). \yherex, is a vector of slack/surplus variables which are pe-
Note that the function) is non-convex (the production of = ngjized in the objective function by the penaltiegUS$/unit
hydroelectricity depends on the product of the storage (headys qeficit or surplus).
and release terms). Consequently, the efficient Benders de- assuming that the hydro-system status, represented by the
composition scheme cannot be applied. To remove thig,ecior of state variableX;,, includes the beginning-of-period
source of non-convexity, the hydropower production function storages;, the hydrological information summarized by the
is estimated by a convex hull approximation. The deta”edprevious period inflows to the systegn_1 and the end-of-
methodology to calculate the convex hull approximation andperiog accumulated water into irrigation “dummy” reservoirs
the parameters is described Gyor et al(2010). y:+1, the one-stage SDDP optimization sub-problem can be
The net benefit from the agricultural sector, denoted IR \yritten as:
is the sum of the benefits obtained at each irrigation demand

site d as a function of the volume of watef”?’ that has ~ Fr(S1:q1—1,y0) =max{fi (st.qs.74, y0) + Frya) )
been dehvered to the cropsat that sited during the irriga- - gypject to a set of constraints among which the mass conser-
tion season: vation for all periods:

si41—CR(r +1) —C' (i) +e/(s1,541) =51+ 4. 8
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¥ Lake Tana outflows —Blue Nile @Ethiopian border - -Blue Nile @Khartoum Benefit-to-go fUnCtiorFtJ,_]_ is stored in the constraints set:
I White Nile @Kharthoum #Atbara @mouth — Nile @Aswan

1 1 1 1
10000 Fr1 =@ a8 1= W4 V415V 14+ By
9000 )
(14)
2000 . L L L L
7000 Fii1— @7 841 =07 1 Vi1 < }’,+1¢1t+ﬁ,+1

6000
! ! I !
whereg, 1,1, .4, ¥, @andg;_, are expected values of the

parameters defining tH& hyperplane. Se@ilmant and Kel-
man(2007) andGoor et al.(2010 for a detailed explanation
on how those parameters are derived from the primal and
1000 dual informatipn.avgilable at the solution of the numerous
S one—sta}ge qptlmlzat|on problem%—(_LS)Aat stage +1. The
Jan Feb Mar Apr May Jun Ju  Aug Sep Oct Nov Dec approximation of hydropower functior®, are also stored as
constraints:
Fig. 1. Naturalized discharge of the Nile at key locations in the Nile
Basin (period 1954—-2000). Pi—¥lsi1/2—wtr, <8 +yls, /2

5000
4000

Average natural flows [m3/s]

3000
2000

: (15)
wherei, is the vector of water withdrawals for irrigation ¢ Pt —¥si1/2-0r <8 +9 s, /2
purposes/; ande, are the vectors of spillage and evapo-
ration losses, respective\CR is the reservoir system con-
nectivity matrix Cﬁkzl (—1) when reservoiy receives (re-
leases) water from (to) reservdij. The irrigation system
has its own topology modelled by the connectivity maix
where irrigation withdrawals and returns flows are connecte
to the reservoir systent! i=H (percentage of irrigation with-
drawals that will drain back to the river) when reservpie-
ceives return flows from the irrigation siteand/orC! (=
when water is withdrawn from reservojrto the irrigation
sitei.

Lower and upper bounds on storage can be assigned {3  SpDP model for the Eastern Nile River Basin
storage levels:

where P; is the (/ x 1) vector of approximated hydropower
generated during periad ¢", »" ands” are (1 xJ) vectors

of hyperplaneg: parameters. The detailed methodology to
calculate the convex hull approximation and the parameters

h, w" ands” is described byzoor et al(2010.

The SDDP model is coded in MATLAB and relies on
the open-source COIN-OR Linear Programming solver CLP
(http://www.coin-or.org/projects/Clp.xmto solve the one-
stage problem?) to (15).

3.1 The Nile River Basin

Sp1 <8Sr+1<Ss4+1 9)
The Nile River Basin covers an area of about 3 millior/km
and is shared by ten countries (Burundi, Democratic Repub-
lic of Congo, Egypt, Eritrea, Ethiopia, Kenya, Rwanda, Su-
dan, Tanzania, Uganda). The Blue Nile and the White Nile
merge at Karthoum, in Sudan, to form the main Nile that dis-
(10) charges into the Mediterranean Sea. The Blue Nile originates

from the Lake Tana, in the Highlands of Ethiopia. After flow-

Irrigation water withdrawals can be limited by the pump- ing into abrupt canyons in Ethiopia, characterized by a tem-

Limits on reservoir releases are introduced for maximum
turbining capacity of the hydropower station, to maintain
a desired downstream minimum flow for water quality, navi-
gation, etc.

K[grl‘g?t

ing station or channel capacity: perate climate, it enters the plain in Sudan where the climate
B is much more arid. Given its equatorial position and asso-
i, <i;<i, (11)  ciated high precipitations, the discharge of the Blue Nile in

_ o . Ethiopia grows rapidly as it receives water from the numer-
Throughout the growing season, a continuity equation, triptaries flowing from the highlands. The flow regime
must ensure the mass balance in the dummy reservoirs qfs ye Bjye Nile is currently largely unregulated and is char-
accumulated water for irrigation purposes: acterized by a very high seasonal and inter-annual variabil-
i = (12) ity (Fig. 1). The White Nile drains an area from the Lake
Vel T €= Victoria to Karthoum. After flowing through the Sudd (one

wheree is a vector of irrigation efficiencies. These dummy Of the world’s largest wetlands), it receives water from the

reservoirs have their own lower and upper bounds: Baro-Akobo-Sobat SUb'baSin, fIOWIng from Ethlopla to jOin
Bahr Eljabel at Malakal to form the White Nile. Compared
Y1 <Y1<¥i1 (13) to the Blue Nile, the flow regime of the White Nile exhibits

Hydrol. Earth Syst. Sci., 14, 1895908 2010 www.hydrol-earth-syst-sci.net/14/1895/2010/
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Fig. 2. Topological view of the Eastern Nile River Basin hydro-system.

less seasonality given the natural regulation achieved by th&981). According to the agreement, the request of another
Sudd (Fig.1). Before entering Egypt, the Main Nile receives riparian country(ies) has to be met equally from Egypt's and
water from the Atbara sub-basin, which is its latest signifi- Sudan’s share. All countries never recognized the treaty
cant affluent. The Eastern Nile River Basin is composed of:(Okidi, 199Q Nicol, 2003. It is important to note that,

the Blue Nile, the Atbara, the Baro-Aboko-Sobat, the White according to the 1959 bilateral agreement, the evaporation
Nile downstream Malakal and the Main Nile sub-basins, aslosses from man-made reservoirs in Sudan must be deducted

illustrated in Fig.2. from its share of the Nile waters. The first basin-wide dia-
logue initiative between countries has been initiated in 1997,
3.2 Geo-political background with the Nile Basin Initiative (NBI). This organization aims

at providing a framework to develop the river in a coopera-

Egypt, the most downstream country of the basin consume&Ve Way, sharing socio-economic benefits and promoting re-
about 80% of the Nile waters, while Ethiopia has a negligi- gional security and peace. The NBI _hgs successful_ly.devel—
ble consumption, even though 85% of the Nile waters come£Ped @ number of so called shared-vision, and subsidiary ac-
from the Ethiopian Highland$Wu and Whittington 2008 tion p_rOJects. However, the dialogue of the Nile riparians on
To secure its share of the Nile waters, Egypt has signed sey? Unified legal framework has not yet been completed. Five
eral agreements with its riparians: Great Britain on behalf ofc0Untries signed (May 2010), two countries boycotted, while
Sudan, Kenya, Tanzania and Uganda and with Sudan in 1958'€ remaining two countries (Sudan and Egypt) strongly op-
after its independence. Historically, those agreements wer@0Sed Uile Basin Initiative May 20109.

very controversial between upstream (source countries), and

downstream countries (Egypt and Sudan). The most impor3-3  Reservoirs and hydropower plants

tant treaty is the 1959 agreement between Egypt and Sudan

about the sharing of the Nile waters. It assumes that, giverCurrently, the Eastern Nile hydro-system consists of eleven
an agreed upon annual average of 843|(mkrn3: 10° m3) major hydraulic infrastructures, listed in Takleand illus-

of Nile yield, the allotment for Egypt is 55.5khy~1 while  trated in Fig.2.

Sudan receives 18.5Ky~t. 10kn?y~1 are left for evap- Ethiopia — The first one is the Chara Chara weir that
oration losses from Lake Nassédgynes and Whittingtgn  regulates the Lake Tana outflows to the Tis Abbay power
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Table 1. Major infrastructures: hydropower plants and reservoirs.

Name River Live storage Capacity Lateral irrigation
(country) (hn?) (MW) yes/no
Tis Abbay Il and Il (ET) Blue Nile 0 (run-of-river) 86 no
Tana-Beles link (ET) Blue Nile 0 (run-of-river) 270 no
Karadobf (ET) Blue Nile 17000 1600 no
Beko-Abd* (ET) Blue Nile 20000 2100 no
Mandayéd (ET) Blue Nile 24600 1620 no
Border* (ET) Blue Nile 8500 1400 no
TK-5 (ET) Atbara 9200 300 no
Roseires (SU) Blue Nile 6900 275 no
Sennar (SU) Blue Nile 480 15 yes
Khashm El Girba (SU)  Atbara 630 17 yes
Jebel Aulia (SU) White Nile 2800 30 yes
Merowe (SU) Main Nile 8300 1250 no
High Aswan Dam (EG) Main Nile 105 900 2100 no
Old Aswan Dam (EG) Main Nile 0 (run-of-river) 500 no
Esna (EG) Main Nile 0 (run-of-river) 90 no

* =planned, ET=Ethiopia, SU=Sudan, EG=Egypt.
Sources: ENTRO (2009Block (2007); Whittington et al.(2009

complex, located some 32 km downstream the Lake. Then1250 MW, the Merowe hydropower plant will significantly
the Tana-Beles scheme (started operation in May 2010) conincrease the Sudanese production of hydroelectricity.
s_ists of an artificial link betwegn the Lake Tane_l gnd the Beles Egypt— In Egypt, the High Aswan Dam (HAD) is the
river to generate hydroelectricy and aims at irrigate arounqgrgest infrastructure of the basin and it fully regulates the
150000ha in the future. In the upper Ethiopian part of theyjjie waters downstream of the dam. Its over-year storage
Atbara sub-basin (Tekeze river in Ethiopia), the TK-5 dam is capacity and associated hydropower plant were designed to
the largest Eth|0p|ar_1 hydrauhc_mfrastructure. W|th an over- g iy reliable irrigation water, meet increasing energy de-
year storage capacity and an installed capacity of 300 MWyyanq (around 9% of current total national electric produc-
the TK-5 dam started to generate hydropower in 2009 andjpp) improve downstream navigation and to protect Egypt
aims to produce around 30% of current total national eleCt”Cagainst flooding. Therefore, the HAD plays a crucial role
production. in the Egyptian economyApu-Zeid and EI-Shibini1997.
) . L Downstream HAD, the Old Aswan dam is operated as a run-

Sudan-— Downstream, in Sudan, the main objective of y¢ er plant; it slightly regulates the daily outflows from
the Roseires and Sennar dams is to provide seasonal regyap ang contributes to the production of electricity. The
lation of the Nile waters to irrigate more than 1millionha gqna vyn.of.river plant is the latest significant hydropower
of crops distributed over 3 major schemes. Their assomatetflaci"ty on the main stream of the Nile. Located in the West-
hydropower stations supply Sudan in electricity but their pro- ., Desert, the New Valley project aims at irrigate 250 000 ha

duction is relatively small given the low head available. Due of crops by pumping water from the left bank of the Lake
to its physiographic characteristics, Sudan has only a few in\asser. The project is currently under construction but the

teresting sites to store water and suffers from a lack of OVe:]'pumping station and the major canals are already completed.
year storage capacity to supply irrigation and reduce floo

damage. To tackle this problem, the heightening of the Ro- "€ major challenge for the Nile waters management is to
seires dam started recently to bring its storage capacity uﬁontrql its seasonal and mtgr—annual var|ab|I|t¥. To date, as
to 6.9kn?. The Atbara river (called Tekeze in Ethiopia) is described above, only reIanve]y small hydrgullc mfrastruc.—
dammed at Kashm EI Girba where the installed capacity idUrés have been constructed in the Blue Nile catchment in
relatively small and the reservoir is encountering reduction of=thiopia, despite the huge hydropower potential offered by
storage capacity because of siltation. Located on the Whitd"€ topography of the country. Since the beginning of the
Nile, near its confluence with the Blue Nile, the Jebel Aulia 20th century, large-scale projects have been on the drawing
dam is presently operated to reduce pumping costs for the if?0ard to develop the upper part of the basin which is cur-
rigated areas located around the reservoir. The Merowe danf€Ntly & largely untapped resourd#/fittington, 2004).

built close to the 4th cataract of the Nile, is the last signif- Under the umbrella of NBI, the Nile countries recently ini-
icant infrastructure in Sudan. With an installed capacity of tiated a joint study to develop the Blue Nile in Ethiopia. The

Hydrol. Earth Syst. Sci., 14, 1895908 2010 www.hydrol-earth-syst-sci.net/14/1895/2010/
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Table 2. Detailed description of the scenario.

1901

Scenario

S1

S2

S3

S4

Infrastructures  Ethiopia

Lake Tana
Tis Abbay | and Il
Tana-Beles link

Lake Tana
Tis Abbay | and Il
Tana-Beles link

Lake Tana

Tis Abbay | and Il

Tana-Beles link

Lake Tana
Tis Abbay | and Il
Tana-Beles link

TK-5 TK-5 TK-5 TK-5
Mandaya Mandaya Mandaya
Karadobi Karadobi
Beko-Abo Beko-Abo
Border Border
Sudan Roseires Roseires Roseires Roseires
Sennar Sennar Sennar Sennar
Jebel Aulia Jebel Aulia Jebel Aulia Jebel Aulia
Kashm El Girba Kashm El Girba Kashm El Girba Kashm El Girba
Merowe Merowe Merowe Merowe
Egypt High Aswan High Aswan High Aswan High Aswan
Old Aswan Old Aswan Old Aswan Old Aswan
Esna Esna Esna Esna
Installed capacity (MW) 4933 6933 11833 11833
Irrigated area  Ethiopia ~0 0.02 0.15 0.15
Sudan 1.62 1.74 2.12 2.12
(10° ha) Egypt 5.68 5.71 5.90 5.90
Total 7.30 7.74 8.10 8.10

objective of the proposed joint multipurpose projects are toprimarily used for irrigation purposes. The monthly distri-
minimize evaporation losses in the basin, increase flow reliabution of the demand has been taken fr@wven-Thompson
bility, generate cheap hydropower and enhance downstrearat al. (1982 with the peaking water demand observed from
energy production, alleviate downstream sedimentation and/lay to August.

mitigate floods and droughts along the Nile and Blue Nile.

The projects will boost the production of hydroelectricity and 3.5 Scenarios description

will probably have significant impacts on the management , i )
of the Nile waters. The existing and most likely projects Four scenarios were analyzed using the stochastic hydro-
to be implemented are listed in Tatle Most of the infor- economic model described in Se2t.Each scenario is char-

mation about infrastructures was obtained during field vis-2Ctérized by an installed capacity and an irrigated area (Ta-

its to the Eastern Nile Technical Regional Office (ENTRO, ble 2). The first scenario (S1) corresponds to the current sit-

Addis Abeba, Ethiopia), which is the executive arm of NB| Uation (base line scenario). The second scenario (S2) cor-
for projects related to the Eastern Nile River Basin, and the'©SPONds to the situation around 2025, with the most likely
Ethiopian Ministry of Water Resources. infrastructure to be built on the Blue Nile (Mandaya reservoir

and hydropower plant) and a 10% increase of irrigation wa-
ter demand in Ethiopia and Sudan. The third scenario (S3) is
defined by the full development of the basin. The fourth sce-
nario (S4) is imaginary: it is the same as the third one except
There are some potential irrigation developments directlythat storage hydropower plants are replaced by run-of-river
in the Ethiopian part of the Blue Nile Basin, but they are ones. In other words, S4 considers that there is no regulation
relatively of limited size. Steep slopes and the deep in-capacity in Ethiopia (Tablg).

cised valleys limit the possibilities for cheap irrigation inthe  The comparison of the three first scenarios will evaluate
Ethiopian Highlands. As a consequence, and except for veryhe impacts of upstream development on the allocation de-
small areas, none of the proposed irrigation sites is takingisions and reservoirs operating strategies (first objective)
water directly from the Blue Nile but rather around the Be- while the comparison of the third and fourth scenarios will
les river. For Sudan and Ethiopia, crop water requirementsissess the economic value of regulation (storage) in Ethiopia
were supplied by the Eastern Nile Technical Regional Office(second objective). The scenarios are detailed in T2ble
(ENTRO, Addis Abeba, Ethiopia). In Egypt, the annual wa-

ter demand downstream the High Aswan Dam corresponds

to the 1959 allotment of 55.5 kin This volume of water is

3.4 Irrigated areas
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‘ ‘ [ Mmin sTorage with the period of filling the reservoirs, under climate change
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec scenarios. Given the lack of accurate economic information
(d) Karadobi about irrigated agriculture in the basin, we made the follow-
T N < max storage | ing assumptions. We consider flat demand curves for irri-
§3SE é E - E E E gation water withdrawals with a net return of 0.05 US¥/m
€ N . . . . g,
Sa0f L 1 ] A & 5 = L - ] which is the same assumption ag/ifnittington et al (2005.
o5t - e S T  min storage | This value is consistent with international experience. For
00 oy ] hydropower generation, we consider a seasonal SRMC aver-

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

aging 80US$/MWh and identical throughout the countries of

the region Whittington et al, 2005.
Fig. 3. Boxplots of the drawdown-refill cycles of the four multipur- gion W g 9

pose reservoirs in Ethiopia (Blue Nile) — scenario 3 (S3).

4 Results and analysis
3.6 Model parameters and assumptions 4.1 Major reservoirs drawdown-refill cycles

Since the model solves the water allocation problem withThe drawdown-refill cycles of the cascade of planned in-
a monthly time step with a planning horizon over one year,frastructures on the Blue Nile in Ethiopia (S3) are illus-
we are dealing with mid-to long-term hydro-scheduling. In trated in Fig.3. Karadobi, the first reservoir of the cas-
that context and given the over-year storage capacity otade, fully exploits its storage capacity: the pool elevation
the hydro-system, a 7 years ahead planning horizon is usedecreases during the dry season while the reservoir fills-up
(T=84 month). Thirty backwards opening&£30) are set-  during the wet season. With an active storage capacity of
up and the forward simulation is carried out on 30 syn-17kn? and an average annual reservoir inflows estimated
thetic hydrological scenariosi{=30). For each reservoir, around 24.1 kry~1, Karadobi regulates around 70% of its
a 47years long historical record (from 1953 to 2000) of natural inflows and therefore controls the water availability
lateral inflows was available to estimate the parameters ofor the rest of the cascade.
the build-in multi-site periodic autoregressive hydrological Downstream of Karadobi, the Beko-Abo reservoir controls
model. We make the assumption that historical weather patthe spills of Karadobi and the relatively small contribution of
terns are representative of possible future conditions. its sub-basin. As a consequence, the Beko-Abo reservoir ex-
The model described in Se@.assumes the coordinated ploits only the upper part of its storage capacity in order to
operation of all the infrastructures of the hydro-system. Thismaintain a high pool elevation that increases the productivity
implies, among other things, the existence of an institutionalof its hydropower plant, which is the largest of the cascade
framework to ensure a basin-wide management of the sys(Tablel). The operation of the Mandaya reservoir differs de-
tem. In this study, we assume that the system is in steadpending on S2 or S3 (Figl). In S2, Mandaya is the only
state conditions and we do not consider the cost of buildHarge infrastructure on the Blue Nile in Ethiopia. The reser-
ing the infrastructures (considered as sunk cdBlpck and  voir is therefore operated so as to control the large inflows
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(a) Scenariot poses in the Nile delta. The lower pool elevation observed
~ 150 T rTE e o $ — < max storage in S4 compared to S1 is explained by the higher water with-
”’g - I+ 3 3 t ot DLl Tit | drawals for irrigation in Sudan and higher evaporation losses
g in Ethiopia. On the other hand, for the second and third sce-
g s A ~ s nario, the drawdown-refill cycles are reduced and the reser-

e e . min o iri ted at a much lower water level, especially in S3
C T - G- oS- - - - T - 9= o= —— = — i< minstorage | v0|r|sopera y .
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec The reason is that the flow has already been regulated by new
150 (b) Scenario2 Ethiopian infrastructures. Lower inflows and lower pool el-
B B e e Bl e Bl e el T I < max storage 1 ill i i i
o ﬁ ﬁ E ﬁ E ﬁ E D D Ievat|on's will impact hydropower generation and evaporation
< 100, ! i osses in Egypt.
g
& sol Average level £122.3 kn® 1 4.2 Evaporation losses
C-T- G- -S- - - -C-T-9- o= - - i< mMminstorage
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec )
) seenres Box plots of annual evaporation losses from man-made reser-
150 ———— t voirs are displayed in Fig6. Currently, the Nile waters
ST T T T ET R T T ——emaxsorae H H i
o H E 9 are regulated and stored in the High Aswan Dam reservoir,
=100 E B B Q Q B E E B B ] located at the border between Egypt and Sudan, and char-
g Lo s i acterized by a very arid climate. It is therefore not sur-
© %0 ‘nverage ool ora? - prising to observe evaporation losses ranging from 10.8 to
******* |- - - - -T-°-----—¢ - i< minstorage 1 . . .
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 13.6kn?y~1. We can observe in Fidi that the evaporation
(d) Scenariod losses are reduced as more water is stored and regulated up-
o e T T ] y stream in the basin (moving from S1 to S3). On average
— [} [il < max storage . X . - X !
E ? P =l 5860 il E S the basin-wide water savings reach 2.53km?. This is due
5 G ] to the equatorial location of the Ethiopian reservoirs with
S 5 lower temperatures and higher precipitations. Moreover, at
@ 501 Average level =122.4 km' 1 .
7777777 ——— - .- - - - - ____ < minstorage full supply level (FSL), the cumulated impounded area of
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec the Ethiopian reservoirs would represent 38% of the Lake

. ] . Nasser's. Collectively, Ethiopian reservoirs represent 66%
Fig. 5. Boxplots of the drawdown-refill cycles of the High Aswan ¢ | ake Nasser’s potential in terms of active storage capacity
Dam reservoir, for each scenario. and present therefore a great potential in terms of storage and

flow regulation.

of its upstream sub-basins. On the other hand, the regulai4.3 Hydrological risk
ing role of the Mandaya reservoir decreases as other reser-
voirs are built upstream (S3), because the flow fluctuationsrigure 7 displays the statistical distributions of the annual
are much smaller thanks to these reservoirs. Considering thffows at key locations in the river basin: (1) at the Sudanese
full development scenario (S3), the increased upstream reguand Ethiopian border, (2) at the Sudanese and Egyptian bor-
lation allows Mandaya to be operated both at higher reservoitler, which represents the Lake Nasser inflows and (3) the
levels and with reduced spill. Downstream of the MandayaHigh Aswan Dam releases. The three empirical cumulative
reservoir and hydropower station, the discharge of the Bluelistribution functions (CDF) available at each site give the
Nile has already been regulated by the upstream reservoirsion-exceedance probability of any given annual flow for the
The role of the Border dam, the latest before the border befour scenarios.
tween Ethiopia and Sudan, is therefore to control the sea- As we will see later, the large storage capacities in
sonal flow of its sub-basins. The reservoir exploits one thirdgthiopia would further increase irrigation withdrawals pri-
of its active storage capacity, which represents a trade-off bemarily in Sudan, where the productivities of irrigation dis-
tween regulation capacity and reduced head on turbines.  tricts can compete with that of downstream power stations
Building new storage facilities in Ethiopia would impact (Merowe and HAD). Expanding crop irrigation in Ethiopia
the management strategies of downstream infrastructuresloes not appear to be economically attractive as farmers are
Figure5 illustrates the drawdown-refill cycles of the High facing a coalition of downstream productive uses (a cascade
Aswan Dam reservoir, for the different scenarios. With any of hydropower plants and irrigated agriculture in the delta)
regulation capacity in the upper part of the Blue Nile Basin that prevent the expansion of consumptive uses upstream by
(S1 and S4), the water level in the reservoir decreases duringttracting as much water as possible downstream in Sudan
the low flow season while the reservoir fills-up during the and Egypt.
flood season. The drawdown-refill cycles vary seasonally ac- The limited increase in irrigation withdrawals in Ethiopia
cording to the downstream water demand for irrigation pur-and the fairly low evaporation losses from the proposed
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Fig. 6. Box-plots of annual evaporation losses, for the major countries of the basin and for each scenario.
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o
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~ — Natural evaporation losses at the Lake Nasser). We can see that the
% 20 40 60 80 100 120 140 risk of not meeting the annual Egyptian allocation of 65km
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Annual discharge [km"/year] (hydrological risk) will decrease from 23 to about 20% when

the major storage and irrigation infrastructures will be op-
Fig. 7. Empirical cumulative distribution function (CDF) of the grational (S2 and S3 - Figh). Finally, Fig.7a illustrates
annu_al discharge at k_ey location®) High Aswan De_lm _outflows, that one should not downplay the role of HAD when the
(b) High Aswan Dam inflows an(t) Sudanese — Ethiopian border. - ginhian and Sudanese infrastructures will be operational;
with its over-year storage capacity, HAD nullifies the cross-
border hydrological risk by transferring water from wet to

reservoirs are shown on Figc where we can see that the . I
ry years, therefore preserving the reliability of supply to

CDF of annual flows at the Ethiopian/Sudanese border for th ¢ In oth ds. Eqvot still . it | allot
second and third scenario is not significantly different from m%m (‘)f 2505 i:anr%wor S, Egypt still recewes its annual aflot-

those of scenario 1. Fifty percent of the time, the annual dis-

charge at the border will be greater than 49.5kmt, what- Building the proposed infrastructures in Ethiopia would
ever the scenario is. have significant impacts on the flow regime of the Nile.

Figure8 illustrates, for the thee first scenarios, the average
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Fig. 9. Box-plots of annual hydropower generation, for the major countries of the basin and for each scenario.

Table 3. Benefits from upstream regulation (difference between S3 __ 8000 ! 2 Kz;radot;i
and S4). = 2000l I Beko-Abo ||
] I Mandaya
Country Hydropower Irrigation s [ Border
. = 6000
(GWhy 1) withdrawals 5 %ﬁgﬁ’ﬁ:\”an
(km3y~1) § 5000 /\/U
Ethiopia +14348 (50.9%) +0 (+0%) 3 4
Sudan 4956 (+14.3%) +1.1 ({+5.5%) % ooow
Egypt —386 —3.1% 0 0%
gyp 31%) +0  (+0%) 2 3000
c
]
€ 2000
(0]
g
monthly discharge of the Blue Nile at the border between g 1000
<

Ethiopia and Sudan. The flow is decomposed into spillage
and turbining from the immediately upstream power station San Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

and the natural inflow from the sub-basins. The first scenario

is characterized by no regulation of the Blue Nile in Ethlopla F|g 10. Stacked month|y average energy generated by the major
As more infrastructures are being implemented (S2 and S3power plants throughout the basin — scenario 3.

Fig. 8b, c, respectively), reservoirs have the ability to move

water from the wet to the dry season. The flood peak ob-

served in Fig.8a (S1) from July to October is reduced by  Figure 10 illustrates, for the full development scenario
about one third and the discharge is much higher during thgs3), the monthly average energy generated by the major hy-
low flow season. Consequently, less frequent and reducedropower plants throughout the basin. The temporal distri-
floodings, particularly in Sudan but also downstream wouldbution is coherent with the hydrology and the seasonality of
occur. reservoirs releases. On the other hand, the wet season is char-
acterized by lower energy valuse and the reservoirs operators
are consequently keen to store water to release it during the

. next wet season, when it becomes more valuable.
Boxplots of the annual hydropower generation, for each sce-

nario and for each country are depicted in Fig.As men- By analyzing the difference betwee_n S3 and_S4, we can
tioned earlier, with both lower inflows and pool elevations, assess the adgied value OT the rggglatlon capacity of the- pro-
the production of hydroelectricity from HAD in Egypt would posed reservoirs located in Eth|op.|a. We can see ondig.
be reduced by 9% in S3 compared to S1. On the other hanc},hat’ moving from ,Sl_ to S3 would increase the hydropower
partial development of the basin (S2) would have no signifi-gehr?er:""i'zr;3 'IPWIithciopla by+40 TWf]r (+166§/0)’h argon_gst
cant impact on Egyptian hydropower generation. Obviously,W Ic ) ue to sForage (Tab8. t t € basin-
Ethiopia will be net beneficiary with an average increase Ofscale, the annual production of hydrp electricity is boosted
469% and 1666% of annual energy generated from S2 an y +38'|5-|—_Wh &163.'%) ?g?\ngs.t which 1422 TVF\)/h Qge _to
S3, respectively, and become therefore the largest hydroeleé— € regulation capacity of Ethiopian reservoirs. os!t|ve Im-
tric producer of the Eastern Nile Basin. Sudan would alsoPacts are also observed for Sudan V\(here less sp!llage oc-
benefit from the upstream infrastructures: reduced spillag&urs' On the other hand, less power is generated in Egypt.

makes more water available for hydropower generation. Flgure 11 analyzes the te_mporal distribution of the _bene-
fits from upstream regulation on hydropower generation, by

4.4 Hydropower generation
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production of hydroelectricity is differed from the wet sea-
son to the dry season, when the SRMC of the hydrothermal
electrical system to which hydropower plants contribute areFig. 12. Average annual short-run net benefits from hydropower
increasing. generation and irrigation.

Annual short-run net benefits from irrigation [Million US$]

4.5 lIrrigation

4.6
We saw on Fig7b that the development of the upstream part

of the.basm (S2 and S3) induces a redugtlon of the fiow 050l erosion of the intensively farmed highlands in the

Egypt: the annual volume of water crossing the border be'Ethiopian Plateau is a major source of sedimentation in
tween Sudan gnd Egypt would be lower than 65.8 128% downstream reservoirs. The annual sediment load of the
or 20% of the time for S2 and S3, respectively. That reduc—basin is estimated around 140 Mtly at Roseirs®rplan

tion essentially comes from increased irrigation withdrawals orconsult & Lahmeyer Internation006. However cor;-

in Sudan but, thanks to the over-year storage capacity o ’

A that reduction i ¢ ied b duction i truction of the four mega dams on the Blue Nile within
swan, that reduction is ot accompanied by a reduction InEthiopia will significantly trap sediment which currently dis-
the reliability of supply; Egypt still receives its annual allot-

R . . charges down the Blue Nile in Sudan particularly in the flood
ment of 55.5 kmy—1 with no risk of failure. The role of the
. season months of July to September. Secondly, the regulated
High Aswan Dam should therefore not be downpayed, espe y b Y g

. : "~ “flow will substantially reduce the flood plain area along the
cially when dry or wet years occur. In the third scenario

o . ) ’ rivers in Sudan.
nearly all potential irrigated areas in Sudan and in Egypt

are effectively irrigated. Irrigated agriculture in Sudan there- .
fore benefits from upstream storage in Ethiopia since the Suf1"7 Short-run net benefits
danese annual withdrawals are lower in scenarios 1, 2 and ) , .

4. Those allocation decisions illustrate that once water had'9ure 12 reveals a huge increase in basin-wide bene-
passed through the Ethiopian hydropower plants, irrigated"t? due to the new hydropower stations in Eth'op'f’? and
agriculture starts competing with hydropower generation and'fi9atéd areas in Sudan. ~ On average, these infras-
irrigation withdrawals become more economically sound. ~ rUctures would increase annual basin-wide benefits by

Table 3 illustrates the benefits of storage in Ethiopia, on 3.48 billion US$ (+63'_8%) or 1.29 b_'”,'°” US$ (+23'7%)

the irrigated agriculture sector. The regulation capacity of " S3 Or S2 respectively. Unsurprisingly, the largest in-
the reservoirs located in Ethiopia would increase irrigationCrease is to be observed in Ethiopia (+3.18 billion USSly

water withdrawals by 5.5% in Sudan. No significantimpactsfor S3 and J_'l_'04 billion USS$ly for S2) a”O! _then in Su-
is observed for Egypt and Ethiopia. dan (+0.27 billionUS$ for S2 and +0.43billion US$ for

S3). However, upstream developments would cost Egypt

Impacts of sediments
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