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Abstract: Ethiopia is growing fast, and the country has a dire need of energy. To avoid environmental
damages, however, Ethiopia is looking for green energy polices, including hydropower exploitation,
with large water availability (i.e., the Blue Nile, the greatest tributary of Nile river). Besides other
dams on the Omo river, the GIBE family, Ethiopia is now building the largest hydropower plant of
Africa, the GERD (Grand Ethiopian Renaissance Dam), on the Blue Nile river, leading to tensions
between Ethiopia, and Egypt, due to potentially conflictive water management. In addition, present
and prospective climate change may affect reservoirs” operation, and this thereby is relevant for
downstream water users, population, and environment. Here, we evaluated water management for
the GERD, and GIBE III dams, under present, and future hydrological conditions until 2100. We used
two models, namely, Poli-Hydro and Poli-Power, to describe (i) hydrological budget, and flow routing
and (ii) optimal/maximum hydropower production from the two dams, under unconstrained (i.e.,
no release downstream besides MIF) and constrained (i.e., with fair release downstream) simulation.
We then used climate change scenarios from the reports CMIP5/6 of the Intergovernmental Panel on
Climate Change (IPCC) until 2100, to assess future hydropower production. Our results demonstrate
that the filling phase of the GERD, particularly critical, have optimal filling time of 5 years or so.
Stream flows at GERD could be greater than the present ones (control run CR) at half century
(2050-2059), but there could be large decrease at the end of century (2090-2099). Energy production
at half century may increase, and then decrease until the end of century. In GIBE III discharges
would increase both at half century, and at the end of century, and so would energy production.
Constrained, and unconstrained simulation provide in practice similar results, suggesting potential
for shared water management in both plants.

Keywords: hydropower; Ethiopia; climate change; Blue Nile river; Omo river

1. Introduction

Population of Ethiopia is growing fast, ever increasing the demand of energy for
industries and domestic use. To save the environment, Ethiopia is looking for green energy
polices, and thus they are properly planning hydropower exploitation. Large hydropower
potential is present in the region, given orography, climate and large water availability (i.e.,
in the Blue Nile, the greatest tributary of Nile river [1,2]).

Ethiopia is presently building the biggest hydropower plant in Africa ever, i.e., the
Great Ethiopian Renaissance Dam GERD, on the Blue Nile river. However, prospective
operation of such dam increased the tensions between the governments of Ethiopia and
Egypt [3]. Other dams were built in the Omo river catchment, in South Ethiopia, including
GIBE family, i.e., GIBE I, II, III, the last one to be operative in short, while GIBE I, II are
operating fully (Figure 1).

Water management strategies in these systems need to be pursued with an eye upon
maximum production/profit, while possibly respecting downstream water requirements,
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be them for ecological flows (minimum in stream flows MIFs), irrigation, or other needs of
downstream population, and environment.
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Figure 1. Regions of study in Ethiopia. DEM (Digital Elevation Model) of Blue Nile and Omo catchments closed at dam
sites. We also report the stream flow and meteorological stations used in the study.

GIBE I plant is used only for hydropower production, with a MIF evaluated from
designers of 2 m3 s~! according to the Ministry of Mines and the Energy Ethiopian Electric
Light and Power Authority [4]. GIBE II operates with downstream water from GIBE I,
working in practice as a run of river ROR hydropower plant. GERD and GIBE III instead
feature large storage capacity, and operation thereby is relevant for downstream water
users. In the present literature, some information is available covering hydrology of the
Nile and Omo rivers (e.g., [5-8]), also giving information of climate in the area.

Even, some previous studies on the influence of climate change focused attention
upon present changes in runoff (e.g., [9-14]).
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Overall, the present literature shows that water resources of Ethiopia are highly
sensitive to climate change, and interannual variability [15], and water management
requires a thorough assessment of the impact of climate change on stream flows [16].

Climate change will impact the availability and seasonality of fresh water, because of
the expectedly modified frequency of climate extremes, such as heat waves (e.g., by leading
evapotranspiration patterns), meteorological and hydrological droughts, and changes in
rainfall patterns [17].

The uncertain availability of water resources may further affect agricultural produc-
tion, challenging the socio-economic system and competing with energy production. The
Intergovernmental Panel on Climate Change IPCC indicated Africa as a most vulnerable
continent to climate change and climate variability [18], particularly for countries with
economy heavily dependent upon agricultural production, such as Ethiopia [19]. Present,
and prospective climate change may specifically affect reservoirs” operation. Temperature,
and possibly precipitation changes, and influence upon the hydrological regime thereby,
may affect (either positively or negatively) hydropower production [20,21].

Outside Africa, the impact of climate change on hydropower have been explored,
e.g., by Li et al. [22], examining the effect on the Pearl River, China. They highlight a
greater vulnerability of the hydroelectric system, particularly in the drier years that are
not compensated by the surplus in the more wet years, leading a general decrease in
efficiency of the system. Tarroja et al. [23] instead studied the hydropower generation
under climate change in highly renewable electric grid configuration, and they found
a possible future decrease on production of energy despite the increase in flow which,
instead, causes spillage from the reservoirs.

The aim of this study is to describe potential changes in hydropower production for
GERD and GIBE III dams, under future hydrological conditions until 2100.

First, based on a dependable and unique hydrological data set [24] gathered during
1960-2019, we set up the model Poli-Hydro, able to mimic hydrological flow formation in
several areas hitherto (see for further details e.g., [25-28]).

We used Poli-Hydro (see [25-28]) to describe daily hydrological budget and flow
routing of upstream catchments and Poli-Power to mimic optimal daily hydropower
production from the dams.

Poli-Hydro was used to simulate hydrological behavior during a calibration period
(CP) 1965-1988. Then, we simulated stream flows and potential hydropower production
during a control run (CR) period 2010-2019. Hydropower production is optimized using a
tool called Poli-Power [26,28], which maximizes the revenues for plants’ manager under
given hydrological regimes.

We considered here two operation scenarios, namely, (i) constrained, i.e., with proper
release downstream, to supply irrigation and Turkana lake evaporation (mostly laid in
Kenya) and (ii) unconstrained, i.e., with no release downstream besides MIF.

We then used climate change scenarios of IPCC from reports CMIP5/6 (3 models of
each CMIP, with RCP and SSP scenarios, 21 scenarios overall, properly downscaled), until
2100 as inputs to the Poli-Hydro model, to generate daily future series of stream flows, to
subsequently assess hydropower production under new regulation strategies.

The paper is organized as follows. In the section “Case study,” we present the areas of
interest and main characteristics of the studied hydropower plants. In the section “Data
Base,” we describe the available information used here for calibration of the models and, in
general, for the study. In “Methods” section, we depict the main traits of our models. In the
section “Results,” we report models’ performance, future flow regimes, and hydropower
production. In the sections “Discussion” and “Conclusions,” we comment on our results
against uncertain projections of future climate, we provide limitations and outlooks, and
we summarize some conclusions of our study.
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2. Case Study Area

We report here the position and characteristics of the considered dams, in Figure 1,
and Table 1.

Table 1. Characteristics of hydropower stations and related dams.

Dams and Power Stations

Hydropower Installed Max Discharge N° Type of V(?lil:rl;e Dam Operation ]iarsel:
Station Power (MW) (m3/s) Turbines Turbines 3 Volume (Mm?) >
(Mm?) (km?)

GERD 6000 4305 16 Francis 74,000 59,000 168,000
GIBE1 210 101.5 3 Francis 830 711 4040

GIBE Il 420 101.5 4 Pelton - - 80
GIBE 111 1870 950 10 Francis 14,700 11,750 32,500
2.1. GERD

GERD dam will be the largest dam build in Africa hitherto. The installed power will
be 6000 MW, with an annual production of 15.7 TWh. The dam’s crest will be at 675 m a.s.l.,
and the maximum operation level will be 640 m a.s.l. The lake level will change between
590 and 640 m a.s.l. The reservoir volume will be 74 Gm3, with operation volume of
59 Gm?®. The maximum turbine discharge is 4305 m® s}, split between 16 turbines of
375 MW each (as described by [3,29,30]). Average annual temperature of the Blue Nile
catchment (168 x 10° km?, the hypsographic curve is presented in Figure 2) closed at the
dam during 1965-1988 was +12 °C, with a minimum of +3 °C and maximum of +18 °C.
The warmest period is March-August. Mean annual precipitation was 1500 mm year !
with largest rainfall between June and September.
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Figure 2. Hypsographic curve at dam sites. (a) Grand Ethiopian Renaissance Dam (GERD) and (b) GIBE.

2.2. GIBEI

GIBE I is the first GIBE hydropower plant built on a tributary of the Omo river. The
installed power reaches 210 MW. Dam’s height is 40 m, dam’s crest is at 1675 m a.s.L
Reservoir volume is 830 Mm?, with operable volume of 711 Mm?. The maximum turbine
discharge is 101.5 m? s~1 over 3 turbines, 70 MW each [4,31].

The mean basin wide (4040 km?) annual temperature (1965-1988) is +9 °C with a
minimum of —5 °C and maximum of +17 °C. The warmest period is April to August.
Mean annual precipitation was 1100 mm year~!, with largest rainfall during August
to September.

2.3. GIBEII

GIBE II was the second hydropower plant of GIBE family built on the Omo river,
downstream of GIBE I. The plant uses the turbine water from GIBE I, plus water from a
small trait (80 km?) between GIBE I and GIBE II intake. The water enters in two penstocks,
26 km long, and it is released in Omo river, after a 460-495 m hydraulic jump. The installed
power is 420 MW. Dam’s height is 33 m, and dam’s crest is at 1437 m a.s.l. Reservoir
volume is 1.3 Mm?, with operable volume of 0.3 Mm?>. The maximum turbine discharge is
101.5 m> s~ ! over 4 Pelton turbines, of 105 MW each [31].

2.4. GIBE Il

GIBE IlI is the last plant built on Omo basin insofar. The installed power is 1870 MW,
with an annual production of 6500 GWh. Dam’s height is 250 m, dam’s crest being at
896 m a.s.l. Reservoir volume is 11.750 Gm3. The maximum turbine discharge is 950 m3s~!,
distributed on 10 Francis turbines, of 187 MW each [32-34].

The mean annual (1965-1988) basin wide (32,500 km?) temperature was +10.5 °C, with
minimum of 0 °C and maximum of +16 °C. The warmest period is between March and
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August. Mean annual precipitation was 1400 mm year !, with largest rainfall between
August and September.

3. Data Base
3.1. Poly-Hydro Model Setup (1965-1988)

The Nile and Omo catchments have different hydrological behavior, so we studied
these two regions separately. We used 10 meteorological stations (precipitation P and maxi-
mum, minimum, and mean temperatures Ty, Ty, and Tieqn) from the National Oceanic
and Atmospheric Administration (NOAA) [24], covering the study area. Unfortunately,
the data thereby covered 1965-1988. The stations are reported in Table 2. Using the NOAA
data, we found a clear linear altitudinal gradient of temperature, but no significant lapse
rate of precipitation. Topography is described using a Digital Elevation Model (DEM) from
NASA Earth Data [35], with a spatial resolution of 6 km, used also for semi-distributed
simulation, as a good trade-off between the required computational time and a good depic-
tion of hydrological processes. Monthly discharges information’s were retrieved from “The
Global Runoff Data Centre” [36], at the stations in Figure 1, and reported in Table 3. We
used soil cover from Copernicus Global Land Service (CGLS) [37]. The Poli-Hydro model
uses a maximum soil moisture W,,,;, calculated as from the Curve Number (CN) method,
so we converted the CGLS in a CN(W,;4x) map.

Table 2. Meteorological stations of National Oceanic and Atmospheric Administration (NOAA) used in the study.

Meteorological Stations

Station Latitude (°) Longitude (°) Elevation (m a.s.l.) Start End
Addis Ababa Bole 9.03 38.75 2354 13 February 1957 24 September 2019
Arba Minch 6.08 37.63 1290 13 February 1957 24 September 2019
Awassa 7.08 38.48 1750 11 July 1972 24 September 2019
Bahar Dar 11.60 3742 1770 8 July 1961 31 December 1988
Debre Marcos 10.33 37.67 2515 1 November 1953 31 December 1987
Gondar 12.55 37.42 1967 1 June 1952 24 September 2019
Gore 8.15 35.53 2002 1 June 1952 24 September 2019
Harar Meda 8.73 38.95 1900 1 January 1951 31 December 1988
Jimma 7.67 36.83 1725 1 June 1952 24 September 2019
Lekemte 9.08 36.45 2080 1 December 1970 31 December 1987

Table 3. Hydrological stations used in the study.
Hydrological Stations

Station Latitude (°) Longitude (°) Elevation (m a.s.1.) Start End

Sudan Border 11.23 34.97 495 1969 1975

Tana Lake 11.58 37.40 1787 1969 1975

Wenz 8.23 37.58 1089 1976 1983

Wolkite 8.25 37.77 1766 1978 1980

3.2. Hydropower Production and Price

No specific data for hydropower production or prices were made available from the
Ministry of Water Irrigation and Electricity of Ethiopia. Accordingly, we built a reference
hydropower scenario for all hydropower plants, in a reference decade 2010-2019, which
we call here Control Run (CR). Historical energy production data are not available from
any source that we know of (GIBE I and GIBE III). GERD is not operating yet. One way
to make a comparison over different periods was therefore to use a unique reference or
control run period (CR). In Ethiopia, there is no free market, and a fixed energy price is
laid out from the government.
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Between Ethiopia and neighbor countries, there are tensions, especially with Egypt,
because of the construction of GERD, which could influence largely the hydrological
regime of the Blue Nile river. In consideration of potential future agreements and of shared
cooperation between States, we hypothesized here two scenarios for water operation for
both dams, GERD and GIBE III. All plants are built to fully operate downstream water, i.e.,
the water used for hydropower is released immediately downstream of the dams.

For GERD, the unconstrained scenario, called here as No Release Scenario (S1), is
with no minimum water release. Optimization of hydropower production is pursued
without any constraints for release downstream. The second, constrained scenario, is called
Environmental Release Scenario (52) and assumes water wise cooperation, with a minimum
(monthly) discharge delivered downstream (after hydropower use) for irrigation purposes,
in Egypt and Sudan. The water demand for downstream country was evaluated using the
ACQUASTAT Database [38] from FAO, where the different components for agricultural
need were retrieved and aggregated to define an overall water demand. Accordingly,
boundary conditions change over the year.

For GIBE 1II, we considered that Omo river is the greatest tributary of Turkana lake.
This is an endorheic lake with high evaporation, mostly laid in Kenya. Therefore, the less
water flows within the Omo river, the larger losses occur in the Turkana lake, with large
ecological implications. We hypothesized a first scenario, No Release Scenario (S1), with a
minimum water release MIF = 25 m® s~1, as from the original dam’s design [32,33], and no
water for Turkana lake. Second, we calculated the mean annual evaporation volume from
the lake, and we created a scenario called Environmental Release Scenario (52), including a
proper release during flood period (July—September), to supply the Turkana lake properly
(i.e., by calculation of losses from evaporation at a monthly scale retrieved from [39], where
an analysis of the different flow and impact was carried out).

3.3. Climate Projections (2018-2100)

To project forward hydrology, and thence hydropower production in the reservoirs,
we used mean daily temperature, and precipitation scenarios from CMIP5 and CMIP6
of the IPCC [40,41]. We used the outputs of three General Circulation Models, namely
EC-Earth (European Consortium Earth system model, version 2 for CMIP5 [42] and version
3 for CMIP6 [43]), CCSM4 (Community System Model, version 4 for CMIP5 [44]), CESM2
(Community Earth System Model, version 2 for CMIP6 [45]), and MPI-ESM (European
Center Hamburg Model, with ECHAM version 6.0 for CMIP5 [46] and version 6.3 for
CMIP6 [47]). These models were chosen based upon former studies, indicating an accept-
able coherence with local temperature and precipitation data [48,49]. Accordingly, we
added the new models from the same families, used in the CMIP6 to explore scenarios
variability and uncertainty.

For CMIP5, we used three Representative Concentration Pathways (RCP) [50] that
are scenarios of greenhouse gasses concentration trajectories. We used RCP 2.6, a most
optimistic scenario, with a +1 °C increase of the mean global temperature at the end of
21st century; RCP 4.5 (+2.2 °C); and RCP 8.5 (+3.7 °C). In CMIP6, Shared Socioeconomic
Pathways [51] have been introduced, a combination between CO, and socioeconomic
scenarios and projected socioeconomic global changes until 2100. We used SSP1 2.6, which
projects a temperature jump of +2 °C (vs. historical baseline) within 2100 and an increase
of forest cover. The SSP2 4.5 uses RCP4.5 and moderate land use. The SSP3 7.0 represents a
medium-high increase of emission and intense land use; this scenario was implemented
to fill the gap present in the RCP scenarios. The last scenario is SSP5 8.5, projecting large
economy growth and emissions, with less attention paid to the environment. Overall,
due the combination of the models and IPCC scenarios, we could use a total of 21 climate
scenarios.

Due to the low spatial resolution of these models (100-200 km in side), statistical
downscaling of precipitation and temperature during 19862100 was necessary (for further
details see [48,49]), which we set up against ground data from NOAA during 1965-1988 [24].
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We generated a downscaled GCMs series (precipitation and temperature) for each station.
The downscaling procedure resulted into bias-corrected GCMs series, also with proper
statistics (i.e., variance in time) with respect to the observed series. This procedure is
described elsewhere, and we refer the readers thereby for insights. The so obtained climate
series were used as inputs for the Poli-Hydro model, to project forward the hydrological
cycle and energy demand at the reservoirs.

4. Methods
4.1. Hydrological Model

We preliminarily studied hydrological regime and hydropower production of all the
considered dams. However, we report, here, only the results for GERD and GIBE 111, given
these two dams are largely the most productive of the four considered (95% of the total
hydropower production), and the largest and more important of Ethiopia. Poli-Hydro
is a semi-distributed, physically based hydrological model, already validated in several
studies [25-28,52]. Poli-Hydro reproduces different components of the hydrological cycle,
and subsequently performs flow routing based upon Nash model [53]. Here, we synthet-
ically depict the model, described fully elsewhere (see e.g., [52]). Poli-Hydro tracks soil
water balance for each cell at a daily scale (W}, the water content at generic day ¢), see
Equation (1), from inputs of precipitation (rainfall R) and outputs of actual evapotranspi-
ration (ET, evaluated as fraction of the potential evapotranspiration ETP), surface (Qs),
and sub-surface discharge (Q,). Precipitation in high altitudes is partitioned (rain/snow)
using a threshold of mean daily temperature (here, 0 °C). Potential evapotranspiration
(also used for lake evaporation) ETP is evaluated using Hargreaves—Samani equation [54].
We evaluated sub-surface discharge, see Equation (2), as a function of terrain permeability
(described as potential law using parameter K, the soil saturated conductivity, and k, the
ground flow exponent) and water content (W). Surface discharge, see Equation (3), is given
from excess of saturation with respect to Wj4x, the maximum water content calculated
in each cell. Poli-Hydro then performs semi-distributed (i.e., for each cell independently)
flow routing based upon a locally tuned (against flow data) Nash model.

Wisat = Wi+ (R—ET — Qg — Qs) At 1)
W, k
Qs = K(WM;X> @

Qs = Wigar — Wamiax  if Wipar > Winax . 3)
Qs =0 if Wt+At < Wmax

4.2. Hydropower Production Model

The model is set up for GIBE IIl and GERD. Poli-Power optimizes the annual revenue,
a behavior expected from hydropower companies, which, however, does not a priori repre-
sent the actual regulation of the hydropower plants, which is unknown (and GERD is not
operating as yet). We used some hypotheses, namely, (i) all hydropower production is sold
on the market, (ii) the reservoir geometry is constant in time (no sediment accumulation,
not known hitherto), and (iii) annual prices and consumptions are known. The model
works using known inputs of stream flows on a yearly basis (yearly batch operation).
Poli-Power inputs are (i) daily stream flows (Q = Qg + Qs), input on an annual basis, (ii)
prices (P), and demand of hydropower, (iii) geometry of the reservoir, such as operable
volume, maximum and minimum regulation height (H), turbine discharge, and pool-level
curves (i.e.,, water volume vs. height) [26]. We used a constant production efficiency
(1), including all expected losses during energy production (i.e., hydraulic losses in the
penstocks, in turbines, electric efficiency, etc.). The optimization of revenues, see Equation
(4), requires a constraint upon the final annual water volume in the reservoir. Namely,
one cannot use (release) all the water volume in the pool, because the residual volume at
the end of any year represents a (potential) future revenue in the next year. In Ethiopia,
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the use of a fixed price requires the creation of a discriminant factor, to address the model
towards most convenient production strategies, such as a price behavior in the free market.
To do so, we used Poli-Price model [55], to depict hydropower demand (useful also as
input to Poli-Power) and subsequently price. We normalized price to unit [26], to obtain a
relative priority for production, so being able to force the reservoirs’ operation towards
larger production in response to larger demands (and thereby making a larger profit).
Poli-Price model builds upon estimates/projections of gross domestic product (GDP) and
temperature, and upon proper random factors to account for unexplained fluctuations [56].
The dependence of price from the mean daily temperature is considered, in terms of the
power needed for heating/cooling when the temperature exceeds (below or above) from
proper thresholds [56]. Poli-Price model is also usable for the purpose of price analysis in
the future. The objective function over a given period of optimization is

maxF(Q) = max (125 (178tP(NQ(VH(1)) ). 4)

4.3. Hydrological and Hydropower Projections Until 2100

Using the future climate projections, RCPs and SSPs after proper downscaling, we
obtained future projected inputs for the hydrological model until 2100, and thereby future
discharges reaching the hydropower plants. We subsequently used the Poli-Power model
for optimization of hydropower production. Poli-Price model was set up here using
projections of Gross Domestic Product (GDP), of climate based on IPCC scenarios, and
uncertainty in the form of random factors, to assess the variability in energy demand, for
every day of the year (weekdays, holidays, etc.). Once future hydrology, price, and demand
were projected, we could use Poli-Power to maximize future revenues and to evaluate the
corresponding energy production, against the CR 2010-2019.

5. Result
5.1. Hydrological Model

Here, we report the tuned values of the Poli-Hydro model parameters and goodness
of fit statistics, against monthly discharge data as available. We used NOAA meteorolog-
ical data, and the available stream flow data to tune the model. Given that there were
not enough data for validation/calibration exercise, and considering our focus upon hy-
dropower production rather than upon flow prediction, we only pursued model calibration.
The Omo and Blue Nile regions display different hydrological behavior, so we calibrated
the model separately. In the Tables 4 and 5, we report the results of model tuning. Goodness
of fit of the model is reported in Table 6. We thereby report monthly NSE (R?), and mean
volume error (Biasy,), as goodness of fit measures for the available river discharge stations.
In Figure 3, we report the observed monthly flows during the calibration period 1965-1988
and the modeled ones at the dam sites.

Table 4. Calibration of Poli-Hydro model. Blue Nile. In bold, values of the calibration parameters.

Blue Nile Basin Parameters

Unit Description Value Method
fo [%] Vegetation cover, average 20 Land Cover
K [mmd '] Saturated conductivity 0.1 Tuning
k [-1 Ground flow exponent 4 Tuning

Wiax [mm)] Max soil storage 270 Land Cover
0./0 [-] Water content, wilting, field capacity 0.15/0.45 Literature
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Table 5. Calibration of Poli-Hydro model. Omo river. In bold, values of the calibration parameters.

Omo Basin Parameters

Unit Description Value Method
fo [%] Vegetation cover, average 20 Land Cover
K [mmd—1] Saturated conductivity 0.2 Tuning
k [-] Ground flow exponent 0.1 Tuning
Winax [mm)] Max soil storage 270 Land Cover
Ow/0s [-] Water content, wilting, field capacity 0.15/0.45 Literature
Table 6. Goodness of fit of Poli-Hydro model. Monthly statistics as available.
River Discharge Goodness of Fit
Station NSE/R? Biaso, [%] River
Sudan Border 0.77 13.7 Nile
Tana Lake 0.59 9.5 Nile
Wenz 0.53 24.8 Omo
Wolkite 0.30 —7.6 Omo
During the calibration period, the estimated mean annual discharge at dam site for
the Blue Nile river was 3000 m> s~! and for the Omo river it was 605 m>® s~1. The flood
period in both rivers is between July and September. Therein, the Nile river would display
daily) discharge as high as 15,000 m? s~!. The ground water flow covers a smaller share
y
of the total discharge in the case of Blue Nile, but it has more bearing in the Omo river, as
seen in Figure 3.
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Figure 3. Cont.
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Figure 3. Monthly flows during the calibration period (1965-1988), at dam sites and river discharge stations. (a) Blue Nile
basin, GERD. (b) Omo basin, GIBE. We also report flow components (surface/subsurface).

5.2. Hydropower Production

Historical hydropower production is not known here, so we built a reference sce-
nario of hydropower production during 2010-2019 (CR). As reported above, we used two
scenarios S1 and S2 for reservoirs’ operation. There were no historical measurements of
stream flows during the control run CR (2010-2019), and weather information was sparsely
available. Accordingly, we used stream flows as simulated from a mean climate scenario,
taken from the IPCC simulations during the CR period. We report separately the results
for GERD and GIBE III.

As seen in Figure 4a for GERD plant, water release in option 52 has in practice little
influence on, likely due to the very large size of the reservoir. Energy production, for
GERD, follows closely stream flow dynamics, with a greater production during flood
season, under S2, the energy production is smaller.

Analysis of the discharges in GERD provides on average (2010-2019), Q; = 2358
Qr =2362m3 s, for S1 and S2, respectively (with ca. +0.2% for S2, small value effect
of little influence with respect to release policies). Yearly revenues (relative values) are
consequently just little larger for S1 than for S2 (ca. +0.3%).

Instead in GIBE III, there is seemingly larger influence from the release conditions,
with discharges homogeneously higher in time and with visibly changing stored volumes.
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If we consider the volumetric fluctuation in the reservoir, it reaches a maximum value of
3.4 Gm?, approximately, 34% of the total active volume.

Under the S2 scenario, energy production is smaller than under S1 scenario. This
likely happens because Poli-Power model wants to maximize revenues, and thereby under
the S1 scenario, it keeps the lake level high for more profitable periods. This can also be
seen in the greater fluctuation of volumes in the 52 scenario, reaching a maximum value of
3.8 Gm3, 39% of the active volume.

Analysis of the hydropower discharges in GIBE III provides on average (2010-2019),
Q; =184 and Q; =204 m3 s~1, for S1, and S2, respectively (with ca. +8% for S2). Yearly
revenues (relative values) are larger for S1 than for 52 (ca. +6%).
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Figure 4. Cont.
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Figure 4. Mean monthly potential hydropower productions, discharge release, and water volumes stored in the reservoir
during CR (2010-2019), with No Release (S1, solid lines), and Environmental Release (52, dotted lines). (a) GERD and

(b) GIBE.
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5.3. GERD Operation during Filling Phase

Our simulations of GERD operation did not take into account the filling period of
the reservoirs (also given that the GERD dam is not operating yet). We indeed started
the simulations with an initial condition, given by a reasonable amount of water in the
reservoir, greater than the minimum. However, given the very large size of the reservoir,
and the relatively fast filling time as expected (ca. 6 years), dam operation during filling
period may largely impact stream flows downstream and operation thereby (i.e., along the
Nile river, e.g., [3]).

To analyze the effect of filling, we tested reservoir operation during the filling period.
Using as input flows the estimated values during 2010-2019, we simulated filling of the
reservoir under both conditions 51/52. We increased the filling period, from 1 to 10 years
(i.e., over the whole period with available flow estimates), considering an approximately
linear increase of pool volume until filling. After filling, we subsequently hypothesized
stationary (on average) operation until the end of the simulation period. We so obtained 10
scenarios of operation during the filling phase (i.e., with filling operation from 1 to 10 years).
We then calculated the performance of the reservoirs under the 20 so obtained scenarios
(1-10 years filling, S1/S2 option), in terms of (i) power production and (ii) fulfillment of
the downstream flow requirements. We compared such performance against a reference
scenario, with stationary regulation during 2010-2019 (i.e., with reservoir filled already).
In Figure 5, we report the results of our analysis, for both S1/52 scenarios. We provide the
loss of energy and the failure to supply MIF (in terms of MIF volume loss), with respect to
the reference scenario, as a function of the filling period duration (1-10 years). These losses
are referred to the whole considered period (2010-2019), so the values are comparable.

After a period of relative stability or oscillation (i.e., from 1 to 5 years), one notices
a decrease in the energy produced, and the longer the filling period, the larger the loss.
Indeed, the longer the filling time, the smaller the volume inside the reservoir. Lower
volumes result into lower pool level, and thus into smaller vertical jump for hydropower
production. Accordingly, longer filling time results into lower energy production, and
increasing energy loss. When one considers the decrease (loss) of downstream flow, this
is clearly the highest under the S1 (no release) scenario. Clearly, in lack of constraints
for downstream flow release, and in need of gathering water to fill the reservoir, the
downstream flow release decreases the most. Under the S2 scenario (fair release), albeit
rapid filling is necessary, still some water needs to be released downstream (and used for
hydropower), and thereby the MIF loss is lower.

One can spot a clear minimum of energy loss for a period of 4-5 years for filling, under
S1 scenario, and a less clear region of minimum for 1-5 years under S2 scenario. Losses in
downstream flows seem less variable in the face of filling time.

Periods longer than 6-7 years, however, seemingly provide spoiling of the perfor-
mance for energy and downstream release, under all scenarios.
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Figure 5. MIF loss, and energy loss for the GERD dam, depending upon of different duration of the filling period, from 1 to

10 years. Simulation during 2010-2019.

5.4. Future Climate of the Area

Here, we report (Figures 6 and 7) changes in climatology of the area under IPCC
scenarios (vs. the benchmark of CR period), in terms of mean behavior of climate in
Ethiopia. We consider two reference decades, 2050-2059 (P1, Mid Century) and 2090-2099
(P2, End of Century). All projections show increased temperature (Figure 5), both under
RCPs and SSPs, and larger increases at the End of Century (unless some scenarios for
RCP2.6, SSP1 2.6). RCP8.5 and SSP5 8.5 show the greatest temperature increase at the end
of century, as expected. Precipitation projections (Figure 7) are more sensitive to model
setup. Mid Century decade P1 in CMIP5 models show increases and decreases of mean
precipitation, while CMIP6 shows increased precipitation, except for MIP-ESM (ECHAM
6.3) model. In the End of Century P2 decade, except for MIP-ESM, on average precipitation
would increase, possibly due to proximity to the equatorial zone, with more available
energy for evaporation, and eventually more precipitation.
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Figure 6. Average yearly temperature variations. (a) Mid Century P1. (b) End of Century P2.
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Figure 7. Average yearly precipitation variations. (a) Mid Century P1. (b) End of Century P2.

5.5. Future Hydrology of the Area
5.5.1. Future Hydrology at GERD Dam

Changes in precipitation and temperature clearly influence stream flows at the hy-
dropower plants. Using the Poli-Hydro model, with inputs of future temperature and
precipitation, we could provide scenarios of hydrological regimes for the P1/P2 decades
(Figure 8). The CMIPS5 scenarios display oscillations in both periods, while CMIP6 projec-
tions provide different results, with mostly increasing discharges.
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Figure 8. Yearly stream flow changes in GERD and GIBE III. (a) Mid Century P1. (b) End of Century P2.

5.5.2. Future Hydrology at GIBE III Dam

CMIP5 projections at GIBE III (Figure 8) provide again oscillating results, under
different models in both P1 and P2. The results from EC-EARTH are those with larger
at the end of century. CCSM4 displays the largest increase in both decades. Most recent
projections (CMIP6) provide larger increases in P2 than in P1, with CESM2 and EC-EARTH3,
in certain scenarios, reaching until +100% or more.
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5.6. Future Hydropower Production

We report here potential changes of hydropower production, under two scenarios,
namely, (i) S1 with no water release (hydropower only) and (ii) S2 with water release
(GERD, agricultural demand, GIBE III, Turkana lake supply).

5.6.1. GERD No Release Scenario

Energy production at GERD (Figure 9) increases at half century P1, with higher
increase during flood periods, July-September. RCP8.5/SSP5 8.5 project largest increase
yearly, and monthly, in particular, under the EC-EARTH3 model. At the end of century P2,
production would be higher than in CR, but smaller than during P1. Seasonally, production
would be similar to that in P1, higher at the end of summer, and lower during winter, and
spring. Overall, the mean annual production for all scenarios in CMIP5 would be 23.5 and
24.6 TWh/year, respectively, during P1 and P2 (see Table 7). Accordingly, there could be a
slight increase in energy production against CR (19.3 TWh/year). The CMIP6 projections
depict similar behavior, with even larger production in both decades. The overall mean
annual production would be 27.1 TWh/year in P1 and 25.8 TWh/year in P2. In Figure S1
of the Supplementary Material, we report changes of (monthly) pool volume of the GERD
reservoir. One sees a general increase under the different scenarios, in particular, for those
with a major increase of flows. In addition, this increase is more noticeable in fall and
winter, when the reservoir reaches the maximum volume. This also leads to an increase in
the use of the reservoir volume, reaching a fluctuation of 55-60% of the total active volume
with a maximum of 88%.
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Figure 9. GERD. Average estimated monthly hydropower production. (a) Mid Century P1. (b) End of Century P2.
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Table 7. GERD. Average projected yearly hydropower production.
GERD
Energy [TWhlyear] EC-EARTH CCSM4 ECHAM®6 EC-EARTH3  CESM2 ECHAM®6.3
2010-2019 19.26

RCP 2.6/SSP1 2.6 21.38 21.90 24.09 32.82 24.61 24.26
No Rel RCP 4.5/SSP2 4.5 23.65 24.11 23.34 32.98 21.98 24.92
0 Release SSP37.0 - - - 30.91 22.11 22.13
Mid RCP 8.5/5SP5 8.5 26.73 24.75 25.49 33.29 25.35 25.75
Century RCP 2.6/SSP1 2.6 21.13 21.77 24.05 32.82 24.58 24.26
Environmental RCP 4.5/SSP2 4.5 23.62 24.07 23.32 32.98 21.91 24.92
Release SSP37.0 - - - 30.91 22.07 22.11
RCP 8.5/55P5 8.5 23.65 24.11 23.34 32.98 21.98 24.92
RCP 2.6/SSP1 2.6 23.27 24.88 23.64 28.96 19.88 26.26
No Rel RCP 4.5/SSP2 4.5 23.30 26.29 22.82 31.59 20.82 20.28
o0 Release SSP37.0 - - - 34.32 21.89 28.65
End RCP 8.5/SSP5 8.5 25.21 30.05 26.68 35.79 20.82 27.42
Century RCP 2.6/SSP1 2.6 23.24 24.66 23.61 28.96 19.84 26.26
Environmental RCP 4.5/SSP2 4.5 23.23 26.22 22.73 31.59 20.81 20.27
Release SSP37.0 - - - 34.32 21.81 28.65
RCP 8.5/SSP5 8.5 23.30 26.29 22.82 31.59 19.98 20.28

5.6.2. GERD Environmental Release Scenario

Due to the large reservoir’s size, no noticeable difference of production was seen when
considering the release scenario S2 in GERD, as reported. According to our simulations,
this would also happen in the future, and the projected energy production in this case
would be, in practice, the same as in the S1 scenario, as shown in Figure 9. As for the energy
production, no change in pool volume can be appreciated in the Table 51/52 comparison,
as seen in Figure S1 of the Supplementary Material.

5.6.3. GIBE III No Release Scenario

Figure 10 provides the projected monthly production at Mid and End of Century for
GIBE III under No Release S1 management scenario. Therein, one has on average a lower
energy production against CR, both for CMIP5 and CMIP6. In CMIP5, the model CCSM4
always displays the largest production, while the EC-EARTH3 always shows the smallest.
Seasonally, the production increases between May and August, and then it decreases at
the end of the year. The overall mean annual production would be 3.7 and 4.1 TWh/year
respectively, in P1 and P2, much larger than now (2.8 TWh/year). The new projections from
CMIP6 have similar behavior, with greatest energy production during the flood season.
The overall mean annual production would be 3.0 and 3.4 TWh/year, respectively, in P1
and P2, with a slight increase in energy production at the end of century. In Figure S2
in the Supplementary Material, we report the changes in reservoir’s volume for the S1
scenario. A change between the different scenarios and decades, with respect to the CR, is
not evident here.

5.6.4. Gibe III Environmental Release Scenario

Under CMIPS5 scenarios (Figure 10), in the Environmental Release Scenario, energy
production at GIBE III increases with respect to the CR period, slightly during winter and
spring and largely in summer during the flood season. This happens for both reference
decades. The overall annual production would be 3.5 and 3.4 TWh/year, respectively, in
P1 and P2, slightly larger than now (2.8 TWh/year, see Table 8).
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Figure 10. GIBE III. Average estimated monthly hydropower production. (a) Mid Century P1. (b) End of Century P2.
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Table 8. GIBE III. Average projected yearly hydropower production.
GIBE ITI
Energy (TWhlyear) EC-EARTH CCSM4 ECHAM®6 EC-EARTH3  CESM2 ECHAM®6.3
2010-2019 2.83

RCP 2.6/SSP1 2.6 3.01 3.70 3.05 3.59 3.46 3.60
No Rel RCP 4.5/SSP2 4.5 3.48 498 3.39 2.84 3.06 3.32
0 Release SSP37.0 - - - 248 2.68 221
Mid RCP 8.5/55P5 8.5 3.32 5.52 3.35 327 2.87 3.11
Century RCP 2.6/SSP1 2.6 2.63 3.48 2.85 3.36 327 3.32
Environmental RCP 4.5/SSP2 4.5 3.32 4.88 3.35 2.59 2.87 3.11
Release SSP37.0 - - - 2.25 2.51 2.07
RCP 8.5/55P5 8.5 3.00 488 3.19 2.59 2.82 2.74
RCP 2.6/SSP1 2.6 3.22 5.22 3.05 3.39 3.12 5.07
No Rel RCP 4.5/SSP2 4.5 2.50 5.18 3.13 3.96 249 2.18
o0 Release SSP37.0 - - - 3.88 2.61 3.17
End RCP 8.5/SSP5 8.5 244 7.40 4.75 424 3.50 2.88
Century RCP 2.6/SSP1 2.6 2.89 4.72 2.69 2.89 2.92 4.94
Environmental RCP 4.5/SSP2 4.5 225 4.96 2.86 3.77 233 2.04
Release SSP37.0 - - - 3.34 227 2.69
RCP 8.5/SSP5 8.5 225 4.96 2.86 3.77 2.33 2.04

The new projections of CMIP6 (Figure 10) give similar results, with similar produc-
tion patterns, and production mostly increasing against CR. However, the mean annual
energy production would be smaller than under the CMIP5 scenarios, namely, 2.8 and
2.9 TWh/year (however, larger than CR). Under the Environmental Release Scenario S2,
the pool volume dynamics (Figure S2, Table S2, Supplementary Material) is different with
respect to S1 scenario, and a clear decrease against the control run is visible both in P1 and
P2 under most scenarios (S5P2,3,5). The change is most evident for the CMIP6 scenario,
particularly at the end of century P2. The fluctuation inside the reservoir is also greater,
reaching also value of 55%, larger than under the CR scenario.

6. Discussion
6.1. Hydropower Production under Climate Change

Assessment of future expected energy production requires proper hydrological knowl-
edge, complex given the complex topography of the catchments of interest, and sparseness
of the data base in our knowledge. Accurate hydrological modeling is necessary, to quantify
the nexus between climate, water fluxes, and hydropower production. Here, use of the
Poli-Hydro model was well suited in this respect [25-28,52]. In addition, we were able to
use the Poli-Power model, to depict optimal reservoir’s operation under present, and future
hydro-climatological conditions. We considered explicitly the variability of price/demand
against climate, and economic growth, a complex dynamic often neglected in recent studies
covering present, and future hydropower potential [26].

The scenarios investigated in [26] suggest that possible future climatic trends will
not substantially impact hydropower production on a national level (therein in Italy, a
Mediterranean country). Yet, at the local level, individual hydropower plants may be
subject to precipitation variability (plus/minus) coming from climate change that could
lead to larger/smaller hydropower production losses than on average nation-wide.

We explored here potential operation of GERD and GIBE III reservoirs under two
possible operation scenarios, one including explicit consideration of the water needs of
Egypt and Sudan downstream GERD, and the environmental volumes needed to replace
evaporation from Turkana lake in (Ethiopia and) Kenya. Operation under such scenarios
may dampen water-based tensions between Ethiopia, and its downstream neighbors.

For GERD reservoir, we showed that under the S1/52 scenarios with optimal reser-
voir’s operation, the production and revenues for Ethiopia’s government would be the
same in practice. This happens because the hydropower plant properties are so peculiar
that the influence of a minimum value for turbine water (i.e., environmental flows under
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option S2, still used for hydropower) seems negligible. Optimizing the revenues, energy
production could be different in time, and yet revenues for the two scenarios are the same,
so no large economic loss would be seen. Apparently therefore, the GERD dam could be
managed so as to avoid tensions between states. Eventually, we discovered that energy
production could increase at half century, with only a slight decrease at the end (and yet
higher than now).

Our assessment concerning (optimal) duration of the filling time, seemingly indicates
a lowest loss in energy production, and a smallest penalization of the downstream flows
(especially interesting in the S2 scenario, with fair flow release), for a 4-5 years period,
consistently with recent findings (e.g., [56]).

At GIBE III, we demonstrated that under the environmental release scenario (down-
stream flow to Turkana), one could produce slightly less energy than under the sole
hydropower release. In addition, here, energy production could increase at half century,
with a slight decrease at the end of century, still higher than now. Accordingly, one may
guess that, whenever such difference would be significant, in practice under S1, a slightly
more rewarding use of water would be obtained (i.e., with —8% discharge used and
—6% revenues). Such circumstance would indicate a (slight) loss of economic efficiency
when environmental release (i.e., for Turkana lake) is considered. CMIP6 projections are
slightly different from CMIP5 ones, and especially changes of precipitation are uncertain,
which is widely known, and exploitation of more scenarios provides an array of possible
energy pathways.

A change of the control run period may clearly provide different results in terms of
expected variation in absolute terms, but the relative trend in future projections remains
similar. Eventually, one could state that energy production may likely change during the
century, with likely increase in the 2050s and subsequent slight decrease (but still larger
than now) in the 2090s.

To better assess the dependence of energy production against weather patterns, we
here explored the relationship between hydropower oscillations and the corresponding
climate variables. We pursued a visual correspondence analysis between percentage
variation (vs CR 2010-2019) of energy production AE, and of precipitation AP, likely to be
mostly affecting hydropower dynamics. In Figure 11, we provide a chart displaying mean
AE against AP, for Mid Century and End of Century, in our 21 scenarios for both dams. For
reference, we report changes of AE/AP for the other decades during 2020-2099 (126 dots
for each scenario S1/S2).

Concerning the GERD dam, one clearly sees a visual correspondence between the
two variables AE/AP. Namely, the increase in precipitation leads to a significant increase
in energy (regression coefficient of 2.05 and R?> = 0.88 for No Release scenario S1 and
regression coefficient of 2.04 and R? = 0.89 for Release scenario S2). Notice as reported that
no large difference is seen in practice between the S51/52 scenarios.

In the case of GIBE III, albeit generally a change of AP results into a synchronous
change of AE, the relationship is weaker. This may derive from the fact that production
here is limited more by the capacity of the reservoir and by monthly and seasonal vari-
ations, than by the annual variation of the (rainfall) input. Indeed, in some scenarios,
due to the temporal combination of precipitation, the reservoir volume limits are reached
and fluctuations are therefore restricted, limiting the production of energy only in this
particular combination.
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6.2. Limitations and Outlooks

Our study aimed to produce credible scenarios of the future expected hydrological
dynamics and of hydropower production in GERD and GIBE III power plants. Our
hydrological model depicts reasonably well the hydrological processes in the area. The
general lack (or sparseness) of data, and the introduction of lapse rates of precipitation,
and temperature with altitude might have implied approximations, possibly adding noise.

The model performs quite well, even in complex terrains, as demonstrated by several
former papers, provided some deal of information is available. The calibration parameters
of Poli-Hydro are ground permeability and lag times, to be tuned against flow data. Ground
permeability mostly affects water volumes, which were reasonably well tuned against the
available hydrological data. Slight variations as tested during a preliminary sensitivity
analysis, would not affect largely the results (and clearly, runoff water volumes would
depend largely upon the precipitation inputs).

Lag times would modify slightly timing of flows (see [52]), but again a preliminary
sensitivity analysis demonstrated small changes in model performance. Most importantly,
given the large size of the reservoirs, and the smoothing effects of water storage thereby,
noise in discharge assessment did not result into visible changes in reservoir management,
and hydropower production. In this sense, the model shows some robustness.

Here, the purpose was not to develop a (very) accurate hydrological model, but
more to simulate potential for hydropower production, and possible changes in the future.
Considering the size of the reservoirs as suggested above, noise in (daily) discharge
assessment should not result into large error in reservoir management overall, and as well
such noise should not disturb largely assessment of future production.

All GCMs, RCPs, and SSPs give future projections, so clearly embedding uncertainty
and approximations, affecting the Poli-Hydro and Poli-Power models. Investigations of a
larger array of possible scenarios (i.e., more GCMs/RCPs/SSPs) may add more insight.

Regarding RCPs and SSPs, in principle all of them can be taken as equally likely until
the end of the century, so they represent equally possible evolutions of climate and of
hydropower systems in cascade. However, recent findings [57,58] indicates that recent
global climate resembles more closely the scenarios as projected under RCP8.5, and possibly
such scenarios (and SPP8.5) may be seen more likely for design.

Among others, Adera et al. [59] studied the Tekeze hydropower plant located in the
Tekeze river basin in the northern part of Ethiopia, another Nile river tributary. They used
a combination of different regional climate model, and they showed potential increase
in precipitation that my lead to an increase in energy production. Abera et al. [60] in the
same basin found also a similar pattern in precipitation and temperature increase, with
consequent increase of discharge. They find a potential increase of the water volume stored
in the reservoir, leading to an increase in production, similarly to what we found here for
the GERD reservoir.

Further work may be devoted to obtaining data (whenever available) from hydro-
metric stations of the Ministry of Water Irrigation and Energy, owning, and operating
streamflow stations in Ethiopia. Use of longer, more recent flow series may improve hydro-
logical modeling. Finally, having access to energy production data from the plants may
significantly improve the accuracy of energy production modeling, and projecting.

7. Conclusions

In the present study, we found that in the 21st century under climate change as
expected, Ethiopia may count upon constant (if not increased) hydropower production from
its largest dams GERD and GIBE III (and from GIBE I and GIBE II, however, small). Given
the complexity of the nexus between climate, water flows, and hydropower production,
accurate modelling is necessary to quantify present and future dynamics thereby. The
Poli-Hydro, and Poli-Power models are suitable tools for the purpose of assessing optimal
reservoir’s operation under present and future hydrological conditions, also considering
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explicitly the changes in economy, population growth, the presence of constrains, and
agreements between nations.

Our results surely provide ground for discussion, for the assessment of future hy-
drology of the area of interest, and generally of Ethiopia, and subsequent impact upon
operation, and production in the large dams GERD and GIBE III, fundamental for the
future of Ethiopia energy-wise.

The projected patterns will have to be monitored, and updated on track. However,
they are usable already now for an assessment of the potential for future evolutions,
brainstorming of adaptation, and even planning of shared water management with border-
ing countries.

Our tool, exportable to other similar catchments/reservoirs, may be of use for scien-
tists, policy makers, hydropower companies, and in general, for investigation of energy
strategies for the future, in Ethiopia and elsewhere.
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III. Average estimated yearly pool volume.
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