
Research papers

Towards cooperation on transboundary rivers: achieving a win–win 
balance between upstream hydropower generation and downstream water 
demand under climate change

Tesfalem Abraham a,f , Tunde Olarinoye b , Andreas Hartmann c ,  
Harrie-Jan Hendricks Franssen d , Yan Liu d,e,*

a Department of Water Resources and Irrigation Engineering, Institute of Technology, Hawassa University, 05, Hawassa, Ethiopia
b International Centre for Water Resources and Global Change (ICWRGC), 56068 Koblenz, Germany
c Institute of Groundwater Management, Technical University of Dresden 01069 Dresden, Germany
d Agrosphere (IBG 3), Forschungszentrum Jülich 52428 Jülich, Germany
e Soil Physics and Land Management Group, Wageningen University & Research, 6700 AA Wageningen, Netherlands
f Environmental and Atmospheric Sciences Research Group, Scientific Research Center, Al-Ayen University, Thi-Qar, Nasiriyah 64001, Iraq

A R T I C L E  I N F O

This manuscript was handled by Ashok Mishra

Keywords:
Transboundary cooperation
Climate change
Water release scenarios
GERD
Omo-Gibe III
Tekeze

A B S T R A C T

Transboundary river management is critical for international relations, sustainable energy development, and 
ecosystem management. Hydropower development, while meeting downstream water demand, is crucial for 
fostering cooperation among countries sharing water resources. However, addressing this challenge under the 
context of climate change poses significant complexities. This study investigates the cooperation regarding hy
dropower production and water releases under the potential impact of climate change. We project future 
streamflow by the calibrated HBV hydrological model in three transboundary rivers originating from Ethiopia: 
the Upper Blue Nile (UBN), Omo, and Tekeze rivers. Subsequently, we compute the hydropower potential 
(maximum hydropower energy within a specific period) by optimizing water release policies using the adapted 
’Reservoir’ R package. The hydropower potential and water release are analyzed based on 11 scenarios of water 
releases ranging from favoring the upstream country (Scenario 1) to benefiting downstream countries (Scenario 
11) for the three example dams on the studied transboundary rivers: the Grand Ethiopian Renaissance Dam 
(GERD), Omo-Gibe III, and Tekeze dams. Our focus lies in identifying the cooperation ranges that provide 
optimal hydropower in the upstream and water release to the downstream among the varying water release 
policies within this scenario spectrum. The findings indicate that within an appropriate range for the minimum 
monthly water release threshold, the hydropower potential for the three study sites only has a small decrease, 
while the water release to downstream, especially for the driest month, can be 1.14–2.45 times larger compared 
to no water release constraints. For GERD and Omo-Gibe III, maintaining the monthly water release threshold of 
30%-50% of the monthly flow is assumed to define the cooperation range in the historical periods. However, for 
Tekeze, the cooperation range is from 20% to 40% of the monthly water release. Due to climate change, the 
cooperation range for GERD and Omo-Gibe III is projected to decrease to 20–30% in future periods, whereas no 
significant impact is expected for Tekeze. The study reveals that future energy production of the hydropower 
dams on the transboundary rivers are influenced by the monthly minimum water release threshold, underscoring 
the need for adaptive cooperative strategies for both upstream and downstream countries in the face of climate 
change.

1. Introduction

Hydropower stands out as the most environmentally friendly energy 

source on a global scale. Registering over 10,400 hydropower dams 
across all continent (ICOLD, 2023), it contributes to nearly 70% of the 
world's total renewable energy supply (IEA, 2019). Globally there are 
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around 286 rivers that cross the boundaries of two or more countries. In 
major river basins, over 70% of the dams either under construction or in 
the planning stages possess transboundary characteristics (Zarfl et al., 
2015). Driven by such expansions it is crucial to plan the transboundary 
water resources governance, to enhance utilization and mitigate po
tential conflicts arising from shared water bodies. Accordingly, studies 
increased their focus to investigate the impacts of hydropower dams on 
transboundary rivers at various scales (Hennig, 2016; Llamosas and 
Sovacool, 2021). Water use priorities can significantly be affected 
particularly when sourced from transboundary rivers. Additionally, 
economic suitability of the transboundary rivers can influence the focus 
of water resource development for both upstream and downstream 
countries. A particular example is from the Mekong region showed a 
reliance of upstream nations for hydropower development, whereas the 
downstream side has heavily focused on irrigation development (Ly 
et al., 2022). Over the Nile basin, downstream countries like Egypt and 
Sudan have developed hydropower and irrigated agriculture sectors. In 
contrast, historically economically challenged upstream nations like 
Ethiopia, lag in water resource development. The Rhine in Europe, 
which traverses multiple countries stands as an example of successful 
and equitable transboundary river development (Chen et al., 2021). 
Upstream countries predominantly harness the river for hydropower, 
and the middle Rhine is massively used for domestic transportation, 
while the lower Rhine is heavily utilized for industrial water supply, and 
ports.

In recent decades, the global search for clean and sustainable energy 
has catalyzed the construction of numerous large hydropower dams, 
particularly on transboundary rivers (Zarfl et al., 2015). Iconic projects 
such as the Itaipu Dam on Parana River, the Grand Ethiopian Renais
sance Dam (GERD) on Upper Blue Nile (UBN) river, and Nam Theun 2 
Dam on Mekong River represent a paradigm shift in the energy sector. 
However, the proliferation of dams on transboundary rivers has intro
duced a complex interplay of cooperation and conflict among riparian 
nations, significantly shaping the geopolitical landscape (Giordano 
et al., 2014; Llamosas and Sovacool, 2021). Exemplifying successful 
collaboration, the Itaipu Dam stands as a joint endeavor by Brazil and 
Paraguay, not only yielding political advantages but also resolving a 
longstanding border conflict in the Paraná region (Gerlak et al., 2020; 
Ribeiro, 2017). Similarly, the Vuoksi River's cooperative management 
between Finland and Russia serves as a model, averting border conflicts 
and fostering basin-wide cooperation (Korjonen-Kuusipuro, 2011). 
Conversely, the construction of hydropower dams on transboundary 
rivers is not without challenges. For example, the Baglihar Dam project 
on a tributary of the transboundary Indus River in the early 2000s ex
emplifies the contentious nature of these ventures, heightening tensions 
between India and Pakistan without escalating into open warfare (Sinha, 
2006). In arid Egypt, the High Aswan Dam, boasting an impressive 169 
billion cubic meters (bcm) reservoir capacity, faces challenges as an 
annual evaporation loss of over 10 bcm raises concerns about ecosystem 
preservation (El-Magd and Ali, 2012). Ethiopia's GERD, the largest hy
dropower project in Africa, signifies the country's economic aspirations 
but triggers tensions with downstream. Therefore, such challenges call 
for a cooperative development and management of hydropower projects 
for maximizing their benefits and reducing risks of potential conflicts 
(Basheer et al., 2021; Ghoreishi et al., 2023; Wei et al., 2022).

Climate change has emerged as a major global concern, with far- 
reaching implications for various sectors, including water resources 
and energy production (IPCC, 2022). As hydropower remains a 
cornerstone of renewable energy strategies globally, understanding how 
climate-induced alterations in streamflow impacting its efficiency and 
reliability is crucial for sustainable energy development. Hydropower 
generation relies on consistent and predictable streamflow to optimize 
the performance of dams and turbines. The fluctuations in streamflow 
magnitudes, induced by climate change, have the potential to reduce 
water availability and consequently resulting in a decline in annual 
hydropower generation (Dallison et al., 2021). Additionally, extreme 

events such as floods and droughts, influenced by climate change, can 
pose operational challenges and affect the long-term sustainability of 
hydropower systems on the transboundary settings (Ly et al., 2022; 
Munia et al., 2020; Qin et al., 2020). Climate change further complicates 
energy generation and potential of hydropower, when particularly 
dealing with projects on transboundary rivers (Qin et al., 2020; Shu 
et al., 2018; Zhong et al., 2020). A study showed the global-scale stress 
induced by climate change on transboundary water resources, high
lighting the interconnected challenges faced by regions sharing river 
basins (Munia et al., 2020). Considering inherent uncertainties in pre
dictions of water resources and the corresponding energy potential, 
there is a need to integrate scenario-based hydropower operation for 
transboundary river management (Ly et al., 2022). In addition, the 
development of adaptive and mitigative strategies for climate change 
impact is crucial, especially concerning water resources and renewable 
energy. While existing studies have predominantly focused on adapting 
to climate change by increasing the proportion of hydropower genera
tion to reduce greenhouse gas emissions (Shu et al., 2018), there remains 
a research gap in understanding strategies to optimize hydropower 
operation considering the need from both upstream and downstream 
countries of a transboundary river. Additionally, providing a feasible 
water release considering seasonal patterns to downstream and man
agement of transboundary rivers in response to climate change is a 
crucial aspect. Managing hydropower in transboundary settings is 
contentious, requiring careful consideration of multiple interrelated 
factors. Future uncertainties related to climate change may severely 
impact hydropower operations on transboundary rivers, further 
complicating their management. Moreover, in cases where upstream 
and downstream countries lack cooperative agreements, these chal
lenges can escalate into conflicts. Despite these complexities, no previ
ous studies have clearly developed strategies to optimize hydropower 
production and water release scenarios in a way that balances upstream 
and downstream benefits under climate change.

With the intensified demand for water, reaching agreements on 
transboundary rivers allocations has become a challenge (Yuan et al., 
2020). A study has reviewed the nature of conflicts along the major 
transboundary rivers such as the Nile river, Mekong river, and the 
Columbia River (Wei et al., 2022). One significant facet of this conflict 
lies in the need to strike a balance between upstream power generation 
and downstream water demands. Despite the completion of the reservoir 
filling, the GERD in Ethiopia is one example for the lack of agreement 
between the upstream (Ethiopia), and downstream countries (Sudan and 
Egypt) (Basheer et al., 2021). Several rounds of negotiations occurred 
between November 2019 to June 2020 initiated by the US government 
based on the Washington draft proposal, and later by the African Union, 
yet, the three countries have not reached an agreement. Key points of 
contention involve the correlation between the GERD agreement and 
prospective water development rights in Ethiopia, the interconnection 
between the GERD agreement and a lasting water allocation, and the 
duration of the agreement (Basheer et al., 2021). In addition, different 
case studies from the global contexts showed the complicated nature of 
conflicts on transboundary setting (Giordano et al., 2014; Llamosas and 
Sovacool, 2021). For example the experiences of regions such as the 
Mekong River basin (Soukhaphon et al., 2021), and Indus River (Sinha, 
2006), exemplify the global significance of these challenges. In each 
case, factors such as legal frameworks, historical water use patterns, and 
socio-economic considerations, future development plans and climate 
change, contribute to the complexity of negotiations. Despite the suc
cessful examples of cooperation for energy production and water release 
between upstream and downstream countries in the historical periods, 
little is known about how climate change-induced alterations in energy 
production and water release could impact future cooperation. Addi
tionally, to our knowledge, there has been no study addressing how 
projected climate change could alter water release from hydropower 
dams and its consequent impact on the cooperation for transboundary 
rivers.
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In this study, we present an analysis of the impacts of climate change 
on scenario-based hydropower generation and water release on trans
boundary rivers. We examined various scenarios for potential dam op
erations on the transboundary rivers and assessed the influence of 
climate change on energy production and water demand for both up
stream and downstream countries. We applied our framework to three 
example transboundary rivers originating from Ethiopia: the Upper Blue 
Nile, Omo, and Tekeze rivers. In this regard, we developed a new 
strategy by using the exploration of energy production under different 
water release scenarios to identify the optimal balance (cooperation 
range) between maximizing energy production and ensuring water se
curity in the face of climate change. Determining this optimal balance 
holds the potential to enhance energy production in the upstream while 
simultaneously meeting the water demands of downstream countries. 
This, in turn, contributes to fostering cooperation and trust in the 
operation and management of transboundary hydropower projects amid 
changing climatic conditions.

2. Study sites

We test our framework (Sect. 3) that balances hydropower genera
tion for the upstream and water release for the downstream with hy
dropower development of three major transboundary rivers: the Blue 
Nile, Tekeze, and Omo River (Fig. 1) originated from Ethiopia, a high
land country situated in East Africa forming its large rivers with a 
transboundary nature (Fig. 1). The construction of the Grand Ethiopian 
Renaissance Dam (GERD) on the transboundary Blue Nile River posi
tions it as the largest hydropower project in Africa, boasting a power 
capacity of 5,150 MW and a reservoir storage of 74 bcm (billion cubic 
meters) (Basheer et al., 2021). The Blue Nile contributes around 57% of 
the Nile streamflow as measured near the Sudanese-Egyptian border 
(NBI, 2012). The Omo River, the third-largest river in Ethiopia, flows 
from central Ethiopia to the southwest, ultimately reaching the border 
with Kenya (Fig. 1). The Omo-Gibe III hydropower dam, situated on the 
Omo River, boasts a power capacity of 1,870 MW and a reservoir storage 
of 14.7 bcm, establishing it as the second-largest hydropower facility in 
Ethiopia (Anebo et al., 2023). Tekeze, the fourth-largest river in 
Ethiopia, serves as a significant tributary of the Atbarah River, flowing 
towards Sudan (Fig. 1). The Tekeze-Atbarah basin contributes 13% of 
the total Nile River flow (Wheeler et al., 2020). The Tekeze Dam, located 
in North Ethiopia on the Tekeze River, has a power capacity of 300 MW 

and a reservoir storage of 9.3 bcm.
In Table 1, we summarized all the reservoir and dam-related vari

ables obtained from openly accessible sources and studies (Ali et al., 
2023; Annys et al., 2020; Antonio et al., 2018; Lazin et al., 2023; Peila 
et al., 2019). They include reservoir storage capacity, installed turbine 
capacity, and other relevant variables (Table 1) from the three hydro
power dams, which are used as the parameters for the hydropower 
simulation model (Sect. 3.3) to calculate hydropower potential. The 
three dams, GERD, Omo-Gibe III and Tekeze are built on ground level or 
datum of 500 m, 660 m, and 971 m above sea level respectively. More 
description on the physical structure of three dams is shown in Fig. S1 of 
supplementary information.

3. Material and methods

The whole methodological framework includes three main parts 
(Fig. 2): i) the hydrological modeling part, which illustrates the hydro
logical model, forcing and model parameter confinement for streamflow 
simulations in the historical and future periods; ii) the hydropower 
potential modeling part, which shows the adapted hydropower potential 
model and illustrations of scenarios for hydropower generation opti
mization by introducing water release constraints (details are provided 
in Sect. 3.3); and iii) the hydropower – water release cooperation part, 
which discusses how the cooperation shifts from historical to future 
period due to climate change.

Fig. 1. Locations of the three investigated transboundary rivers and the associated hydropower dams.

Table 1 
Dam and reservoir characteristics of the three studied sites.

Variables GERD Omo-Gibe 
III

Tekeze

Reservoir storage capacity (Mm3) 74,000 14,700 9,293
Live reservoir storage capacity (Mm3) 59,200 11,750 5,300
Maximum surface area of reservoir (km2) 1,874 210 155
Maximum hydraulic head (m) 80 210 162
Maximum reservoir depth (m) 140 250 185
Datum or Ground level (m.a.s.l) 500 660 971
Maximum water release through turbine 

(Mm3/month)
11,563 2,462 570

Installed turbine capacity (MW) 5,150 1,870 300
Turbine efficiency (− ) 0.95 0.95 0.95
Mean historical annual inflow (Mm3/year) 65,724 13,026 3,583
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3.1. Data

To derive the optimal parameters for the hydrological model, we 
calibrated the model using observed streamflow of the three trans
boundary rivers. We utilized inputs including precipitation, potential 
evapotranspiration, and daily streamflow for the calibration of the hy
drological model (Table 2). Due to a lack of sufficient precipitation data 
in the three basins, we employed a global daily precipitation product 
from the Multi-Source Weighted-Ensemble Precipitation (MSWEP) 
version 2 at a 0.1◦ resolution (Beck et al., 2019). The MSWEP global 
precipitation product has been adequately utilized in recent studies to 
represent the rainfall climatology of Ethiopia (Aniley et al., 2023), and 
for transboundary basins (Abraham et al., 2025; Abraham and Liu, 
2025; Basheer et al., 2023). For the calculation of potential evapo
transpiration (PET), we applied the Hargreaves equation (Hargreaves 
and Samni, 1982), which relies solely on temperature data and radia
tion. We collected observed temperature data for the Omo and Tekeze 
basins from the National Meteorological Service Agency (NMSA) of 
Ethiopia. However, the Upper Blue Nile (UBN) basin lacks sufficient 
temperature data for PET calculations. For this reason, we relied on 
hourly temperature data from ERA5, which provides good spatial 
coverage, to estimate PET for the historical period. To further assess the 
reliability of ERA5 data, we evaluated it against observed temperature 
data from the Omo and Tekeze basins. The evaluation involved 
analyzing daily and monthly correlations (R2) with observed tempera
tures, as well as comparing yearly mean values of observations and 
ERA5 temperature (Table S2). The strong performance of ERA5 in these 
basins supports its utility for the UBN basin, where observed tempera
ture data are scarce. Streamflow observations for the Omo and Tekeze 
rivers were obtained from the Ministry of Water, Irrigation, and Elec
tricity of Ethiopia (MoWIE). Due to restrictions on streamflow 

measurement data by the state for the UBN river, we utilized the best 
simulated streamflow at the Eldiem station from the study conducted by 
Ali et al. (2023).

3.1.1. Climate data selection
The forcing data, such as precipitation and temperature for the future 

periods, were utilized from the Global Climate Models (GCM). The GCMs 
were further downscaled into the Regional Climate Model (RCM) by the 
Coordinated Regional Climate Downscaling Experiment (CORDEX) 
project for Africa. We utilized a downscaled Regional Climate Model 
(RCM) dataset from the deriving models under CORDEX Africa project. 
The RCM datasets are accessible at a spatial resolution of 0.44◦ and 
temporal resolutions ranging from daily to monthly (Table 3). The RCM 
datasets for both precipitation and temperature are retrieved from the 
Earth System Grid Federation under the German Climate Computing 
Center (ESGF-DKRZ) at https://esgf-data.dkrz.de/search/cordex-dkrz/. 
The RCM data are the most reliable climate data and are frequently 
applied to investigate the impact of climate change on water resources in 
these regions (Adera and Alfredsen, 2020; Paulos et al., 2022; Teferi 
et al., 2015). Initially, we extracted 10 candidate RCM models that are 
commonly used in the regions for the three transboundary basins. 
Subsequently, we assessed the precipitation data of these 10 RCMs 
alongside the MSWEP precipitation for the historical periods 
(1981–2005) by comparing their annual averages and their correlation 
performances on the daily and monthly scale for the three basins 
(Table S1). Finally, we selected the top five RCMs (Table 3) that can well 
reproduce the seasonal variability based on maximum correlation (R2 

Fig. 2. Schematic diagram showing the methodological framework including hydrological modeling, hydropower potential modeling, and recommendations for 
hydropower-water release cooperation on the transboundary rivers in the historical and future periods.

Table 2 
Inputs of historical data for the hydrological model calibration and PET 
calculation.

Inputs Time Spatial 
Resolution

Temporal 
Resolution

source

Precipitation 
(MSWEP V2)

1979–2020 0.1o daily www.gloh2o. 
org/mswep (last 
accessed on Jan 
15, 2024)

Streamflow 1986–2014 point daily MoIWE and Ali 
et al. (2023)

Temperature 
(ERA5)

1940 to 
present

0.25o hourly cds.climate.cope 
rnicus.eu/ (last 
accessed on Jan 
20, 2024)

Temperature 
(Obs)

1981–2005 Stations 
scale

daily NMSA

Table 3 
Description of the selected RCM precipitation and temperature products from 
the CORDEX Africa for historical (1981–2005) and future (2025–2100) periods.

Model Driving 
model

RCM 
Model

Time 
Period

Spatial 
Resolution

Source

RCA4_CNRM CNRM- 
CERFACS- 
CNRM- 
CM5

RCA4 historical 
and future

0.44o ECGF- 
DKRZ

RCA4_CSIRO CSIRO- 
QCCCE- 
CSIRO- 
Mk3-6-0

RCA4_GFDL NOAA- 
GFDL- 
GFDL- 
ESM2M

RCA4_MIROC5 MIROC- 
MIROC5

RCA4_NorESM NCC- 
NorESM1- 
M
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values) and long term annual average values.

3.1.2. Bias correction
After a careful selection of RCMs through comparisons with obser

vations (MSWEP) in the historical period at daily, monthly and annual 
scale, the selected five RCMs still have certain biases. In this study, we 
use the scaled distribution mapping (SDM) (Switanek et al., 2017) to do 
bias corrections for precipitation and temperature. The main reason of 
using SDM is that, compared to quantile mapping (QM), e.g., quantile 
delta mapping (QDM), SDM makes no assumption regarding stationarity 
and it scales the observed distribution by raw model projected changes 
in magnitude, rain-day frequency (for precipitation), and likelihood of 
events (Switanek et al., 2017). Therefore, it can better preserve changes 
projected by RCMs (Carrillo et al., 2023; Casanueva et al., 2020; Gou 
et al., 2022; Switanek et al., 2017; Zhao et al., 2023). Casanueva et al. 
(2020) showed that SDM can preserve better the raw signals for the 
different indices and variables than other applied bias correction 
methods and Switanek et al. (2017) suggested SDM outperforms tradi
tional QM and QDM.

We follow the standard procedure of SDM described in Switanek 
et al. (2017) to conduct bias corrections for the basin averaged daily 
precipitation and minimum and maximum daily temperature. Precipi
tation is scaled by a multiplicative amount, while temperature is scaled 
by an absolute amount. Gamma and normal distributions are used to fit 
the distributions of precipitation and temperature, respectively. Please 
refer to Switanek et al. (2017) for details and equations of SDM. SDM 

includes seven key steps to do the bias correction for precipitation and 
temperature as illustrated in Fig. 3 and the detailed equations (Eq. S1- 
S12) are provided in the supplementary information (SI).

The period from 1981 to 2005 was set as the historical period and 
observation data (precipitation and temperature) in this period were 
collect from MSWEP and ERA5. Bias correction of the RCMs, was done 
for four periods, 1981–2005, 2025–2049, 2050–2074, and 2075–2099 
as historical (Hist), near-future (NF), mid-future (MF) and far-future (FF) 
periods. Consequently the performance of bias corrected RCMs was done 
by running the hydrological model in the historical period.

3.2. Hydrological modeling

3.2.1. Model description
We use the HBV model as our hydrological model, one of the most 

flexible, computational efficient models that has been implemented in 
diverse range of climatic and physiographic regions (Beck et al., 2016; 
Zhang and Lindström, 2007). It has also been widely applied in various 
Ethiopian basins, including the three transboundary basins (Adera and 
Alfredsen, 2020; Ali et al., 2023; Jillo et al., 2017). The model is 
implemented on a daily time scale with inputs of climate variables i.e., 
precipitation and potential evapotranspiration. We derived the basin 
averaged precipitation from MSWEP (Table 2). Potential evapotranspi
ration was determined using the temperature-dependent Hargreaves 
equation. Since snow processes are absent in the three basins, the model 
incorporated routines for soil moisture, runoff response, and channel 
routing, regulated by nine model parameters outlined in Abraham et al. 
(2022). Further details on these parameters and their influence can be 
found in Abraham et al. (2022) and Beck et al. (2016). The model 
comprised both upper reservoir (soil moisture reservoir) and lower 
reservoir (groundwater reservoir) responsible for the temporal distri
bution of generated runoff. The lower reservoir acted as a simple linear 
reservoir, accumulating water through percolation from the upper 
reservoir and generating baseflow (Q2), regulated by recession param
eters. Additionally, the lower reservoir represents deeper groundwater 
storage, contributing to baseflow and sustaining the dry period flow. 
Conversely, the upper reservoir (soil moisture reservoir) controlled the 
drainage of both the quick flow component (Q0) and the slow flow 
component (Q1). The overall basin outflow (QT) was calculated by 
summing the volume of water discharged from the upper and lower 
reservoirs: QT = Q0 + Q1 + Q2, and then is routed to the basin outlet.

3.2.2. Model calibration, validation and projection
Model calibration and validation were conducted within the Monte- 

Carlo scheme using daily observed streamflow data across the three 
basins. Using the Latin Hypercubic sampling, we generated 20,000 
Monte-Carlo parameter sets. Kling–Gupta efficiency (KGE) (Gupta et al., 
2009) and relative volume error (eR) were used as the performance 
measures (Eq. (1) and (2). Three distinct calibration criteria were 
employed to select the parameter ensemble that can well reproduce 
streamflow suitable for hydropower simulation in the three basins. 
These criteria include: i) parameter sets scoring KGE ≥ 0.8 for the total 
streamflow (QTot), ii) parameter sets with a relatively small volume error 
for the total flow (eR QTot) ≤ 5%, and iii) parameter sets with a relatively 
small volume error of high flow (eR Q75) ≤ 5%. In this context, total flow 
(QTot) encompasses the entire time series of streamflow, including both 
low and high flows, while high flow (Q75) denotes flows exceeding the 
75th percentile from the total flow. Calibration was done for 
2006–2012, 1986–1991, and 1994–2002 for UBN, Omo, and Tekeze 
basins respectively and a warm up period of one year was considered to 
avoid the effect of initial conditions. Validation was carried out during 
another time period from 2013 to 2016, 1992–1994, and 2003–2007 for 
the UBN, Omo, and Tekeze basins, respectively. Ultimately, we chose 
parameter sets that adhere to the three-calibration rule and combine 
them to create a set of “combined parameters”. Thus, each set of pa
rameters in the “combined parameters” satisfy model performance in all 

Fig. 3. Illustration of the seven key steps for SDM to do bias corrections for 
precipitation and temperature.
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the three calibration criteria. These combined parameter sets may yield 
varying numbers of parameter sets across the three basins, providing a 
measure of parameter uncertainty. Employing these combined param
eters and RCM climate forcings, we simulated streamflow and their 
associated uncertainties for historical (1981–2005) and three future 
periods (2025–2049, 2050–2074, and 2075–2099), respectively 

KGE = 1 −

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(r − 1)2
+ (α − 1)2

+ (β − 1)2
√

(1) 

eR =

⃒
⃒
⃒
⃒
Qs, all − Qo, all

Qo, all

⃒
⃒
⃒
⃒*100% (2) 

where r, α, and β represent the linear correlation coefficient, the ratio of 
standard deviation and the ratio of mean between the simulation and 
observation, respectively. Qs, all and Qo, all are the mean values of the 
simulated and observed flow values, respectively.

3.3. Hydropower potential

Hydropower capacity is determined by the water release and hy
draulic head. In this study we calculate hydropower capacity at the 
monthly scale using Eq. (3) and (4): 

P = Q × H × ρw × g × η (3) 

E = P × t (4) 

where P [MW] is the hydropower capacity, which is also constrained by 
the installed turbine capacity. Q [Mm3/s] is the monthly mean water 
release through turbines. H [m] is the hydraulic head drop. ρw is the 
density of water, here it is set to 1000 kg/m3. g is the gravity constant, 
which is set to 9.81 m/s2. η [-] denotes the efficiency of turbines, which 
is 0.95 for the studied dams. E [MWh] is the energy, here hydropower 
electricity, produced by turbine generators. t [h] is the total hours of 
turbine operations.

Hydropower potential is the maximum hydropower energy that can 
be produced within a period of time through optimizing the policy for 
water release through turbines. To achieve that, we used the Reservoir 
package in R (Turner and Galelli, 2016; Wu et al., 2018), specifically we 
used the “dp_hydro” function. It has been used in other studies to 
quantify hydropower production, in particular, Cáceres et al. (2022)
applied it to investigate potential hydropower and its contribution to 
mitigate climate risk in Africa. The “dp_hydro” function requires the 
time-series of inflow and reservoir evaporation rate as input and pa
rameters regarding dam and reservoir properties (described in Table 1). 
Then it uses the built-in optimization method to determine the optimal 
time-series of water release (Q in Eq. (3) and the corresponding hy
draulic head (H in Eq.3) in order to maximize the hydropower energy 
during a specific time period (hydropower potential).

The dynamic programming approach optimizes the water release 
from the reservoir to minimize the sum of the penalty costs incurred in 
long-term operation of the reservoir considering the storage constraints, 
mass balance and minimum water release, which then results in the 
optimal hydropower potential (Turner and Galelli, 2016). 

St+1 = St +Qt − Et − Rt − Qspill,t, where 0 ≤ S ≤ Scap,Rmin,t ≤ Rt ≤ St

(5) 

Ct = [1 −

(
Rt

D

)

]
τ (6) 

where St, Qt , Et , Rt, are Qspill,t represent the volume of water storage in 
the reservoir, inflow volume, evaporation loss volume, release volume 
and volume of water through spillway during the time step t in Mm3, 
respectively. Scap [Mm3] and Rmin,t [Mm3] denote the storage capacity of 
the reservoir and the minimum water release volume during time step t, 
respectively. Ct[-] is the penalty cost at time step t. D [Mm3] is the target 

release. τ [-] is the penalty cost exponent, 2 is often used in academic 
studies.

The optimization returns the optimal sequence of releases for the 
input inflow time series by solving the following equation using the 
backwards recursive procedure (Turner and Galelli, 2016; Loucks et al., 
2005). 

ft(St) = min
{
Ct
(
St ,Qt ,Et ,Rt ,Rmin,t

)
+ ft+1(St+1)

}
∀Standt ∈ {1,⋯, tn} (7) 

where tn is the last time step. The water release decision Rt is selected to 
minimize the current period cost Ct plus the future cost ft+1(St+1).

Here, the built-in functions use dam and reservoir properties 
described in Table 1 to form the storage-hydraulic head-surface area 
relationship, and then this relationship is used to compute the dynamic 
storage and the corresponding hydraulic head and reservoir surface 
area. At the monthly temporal resolution, the following equations 
describe the built-in relationships between storage, hydraulic head and 
surface area: 

c =
2Scap

dmaxAmax
(8) 

A(S) =
2Scap

cdmax

(
St

Scap

)1− c/2

(9) 

y(S) = dmax

(
St

Scap

)c/2

(10) 

H(S) = y(S)+ yconst (11) 

yconst = Hmax − dmax (12) 

where H(S) [m], y(S) [m] and A(S) [km2] represent the hydraulic head, 
water level and the surface area at storage S, respectively. dmax [m], Hmax 
[m], and Amax [km2] denote the maximum water depth, maximum hy
draulic head, and the maximum surface area at the full storage of the 
reservoir, respectively. c [-] and yconst [m] are the constants for the 
specific reservoir.

Finally, the “dp_hydro” function outputs the optimized time-series of 
hydropower capacity, turbine water release, reservoir evaporation vol
ume and spillway release. These form the main variables for our anal
ysis, i.e., hydropower energy (Eq. (4) based on hydropower capacity, 
total water release (sum of the turbine water release and spillway 
release) and the reservoir evaporation volume.

To guarantee a certain amount of water available for the downstream 
of the dam, in this paper we introduce the monthly minimum water 
release. It is the minimum flow rate that should be released by the tur
bine for a specific month. Therefore, the actual water release to the 
downstream is then in the range of the monthly minimum water release 
and the maximum turbine release capacity and the available active 
storage in the reservoir (detailed calculation refers to Sect. 3.4). We 
achieve this by introducing water release constraints (Fig. 2) into the 
original Reservoir package to constrain the monthly minimum water 
release through the water release policy within the hydropower opti
mization for different scenarios in the next section. Inflow from the basin 
into the reservoir is simulated by the calibrated hydrological model 
using the corresponding area for the reservoir at the daily resolution, 
and afterwards aggregated into the monthly inflow.

3.4. Transboundary river management scenarios

To explore the cooperation possibilities between upstream (water 
use for hydropower) and downstream countries (e.g., water demand for 
irrigation), we introduce 11 water release scenarios for the hydropower 
dam operation covering the range from mostly beneficial for the up
stream country to mostly beneficial for the downstream country. The 
key point is to achieve a balance between preserving natural river flow 
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regimes and minimizing adverse impacts on hydropower generation. It 
can be described by the following two steps:

Step 1: obtain the monthly pattern of natural flow into the reservoir. 
We calculated the long-term mean monthly flow for the three basins 
using 25-year historical streamflow. Then the contribution fraction of 
each month to the annual streamflow is calculated by Eq. (13): 

fm,i =
Qm,i

∑12
i=1Qm,i

(13) 

where fm,i [-] is fraction of the i-th month contribution to the annual total 
streamflow, Qm,i [Mm3/s] is the long-term mean of i-th month in the 
historical period, i is 1 − 12 representing January to December.

Step 2: calculate the monthly water release for each scenario based 
on the previously derived monthly flow patterns. We generate these 11 
scenarios through varying water release constraints. Scenario 1 is no 
constrains for water release, which is the best for the upstream country. 
It means that each month can release water in the range of 0 to the 
maximum release (considering the maximum turbine release capacity 
and the available active capacity of the reservoir). Scenario 2 is the 10% 
constraints for water release. Each month has to release at least 10% of 
the natural flow (10% × fm,i × long-term historical annual mean 
streamflow) of the corresponding month calculated in step 1. This means 
the real monthly water release is in the range of 10% of historical natural 
flow to the maximum release. Following this rule, Scenario 3 to Scenario 
10 has the water release constraints from 20% to 90%. Scenario 11 has 
full constraints for water release, which is the best for the downstream 
country. It means that the water release follows the monthly pattern of 
the natural flow calculated in step 1, but taking account of the maximum 
release. Please also refer to the water release constraints illustration 
described in the scenarios and optimization of hydropower potential 
modeling in Fig. 2.

Taking the worst climate change scenario RCP8.5, with our 11 water 
release scenarios we aim to find a cooperation range that provide 
optimal hydropower and water release among the varying water release 
policies within this scenario spectrum to achieve a good balance be
tween upstream hydropower production and downstream water use 
demand. Here, the good balance can be achieved, by selecting those 
scenarios among the scenario spectrums satisfying the maximum hy
dropower production for upstream and maximum water release to the 
downstream.

4. Results

4.1. Hydrological model performance

Fig. 4 shows the model parameter confinement procedure for the 
three studied basins. The combined simulation satisfying the three 
calibration rules (Sect. 3.2.2) was derived, retaining 87, 288, and 70 
parameter sets from the initial 20,000 Monte-Carlo samples for UBN, 
Omo, and Tekeze, respectively (Fig. 4). It effectively narrows down the 
parameter uncertainty. The daily calibration demonstrates good per
formance with median KGE values of 0.85, 0.83, and 0.81 for UBN, Omo, 
and Tekeze, respectively (Table S3). Utilizing the optimized calibration 
parameters, model validation was conducted, resulting in good perfor
mance as well with daily median KGE values of 0.82, 0.76, and 0.85 for 
the three basins (Table S3). Furthermore, using the combined parame
ters, we evaluated the performances of five selected RCMs in historical 
periods (1981–2005). Despite lower KGE values of RCA_CSIRO for UBN 
and RCA_NorESM for Tekeze, the rest performs satisfactory on the 
monthly scale (Fig. S2).

Fig. 5 visualizes the daily streamflow simulations. The dynamics of 
observed low flow and high flow are well captured by the mean of the 
combined simulations in both calibration and validation periods. 
Meanwhile, the uncertainty is strongly reduced after calibration 
compared to all 20,000 Monte-Carlo simulations. It suggests that the 
combined parameter sets are adequate to be used to simulate historical 
and future streamflow for hydropower potential computations.

4.2. Future hydropower potential

Fig. 6 and Fig. S3 depict the relationship between energy production 
and water release from the dam to downstream under different sce
narios. The energy production and water release values are the mean 
values from the five RCMs, while the uncertainty envelop of RCMs on 
annual energy is shown in Fig. S4. In general, when increasing the 
constraint of monthly water release, firstly we see a little decrease in 
energy production and a small increase in the actual water release to 
downstream. For instance, in the historical period, changing water 
release from no constraints to 40% constraints scenario of the historical 
monthly flow, the energy production declines by 3.0%, 2.3%, and 2.0% 
in GERD, Omo-Gibe III, and Tekeze respectively (Table S6). The fast 
decrease in energy production can be observed for all three sites beyond 
the 0% to 40% constraints range, while the total water release to 
downstream increases. In the historical period, when changing the water 
release pattern from most beneficial to the upstream country to most 
beneficial to the downstream country, the energy production is reduced 
by 4854.6, 1489.2, 136.1 GWh/year for the GERD, Omo-Gibe III, and 

Fig. 4. Performance evaluation under three different calibration rules, a) general performance of the total flow for all and reduced simulations based on KGE 
(orange), b) relative volume error of total flow (QTot) for all and reduced simulations based on eR (magenta) and c) relative volume error of high flows (Q75) for all 
and reduced simulations based on eR (blue). The green color are parameters satisfying the three calibration criteria (Combined simulations). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Tekeze dams respectively. They correspond to a decrease of 38.0%, 
21.4%, 10.9% for the three hydropower dams, respectively (Table S6).

The impact of climate change on the energy production and water 
release varies with each dam (Fig. 6). Energy production in GERD is 
projected to increase in the near-future (NF) by 2.2% compared to the 
historical periods and reduce for mid-future (MF) and far-future (FF) 
periods by 3.1% and 2.7% respectively under the no constraints water 
release scenario (Scenario 1). Hence, apart from the near-future period, 
simulations projected that GERD and Omo-Gibe III will have a decreased 

energy production and water release for the same scenario compared to 
the historical period, while Omo-Gibe III is predicted to have a distinct 
decline in the mid-future and far-future. Tekeze is predicted to have an 
increased energy production and water release due to the increase in the 
projected streamflow (Table S5). In Tekeze, under no constraints of 
water release (most beneficial to upstream) energy production have 
increased from the historical to the far-future periods by 17.1%. Under 
full constraints of water release (most beneficial to the downstream 
country, Scenario 11) energy production in Tekeze has increased by 

Fig. 5. Calibration and validation showing the entire 20,000 simulations (grey), and combined simulations from the three parameter selection rules (green) for the 
three transboundary rivers. For better visualization, we only show each two-year simulation for calibration and validation, respectively. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Change of long-term mean annual energy production (solid line) and annual total water releases, the sum of release through spillway and turbines (dash line), 
in the historical (Hist) and three future (NF, MF, FF) periods under different scenarios of increasing constraints (from no constraints to full constraints) for water 
release, and the cooperation ranges of the historical (light green) and future (light red) periods. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)
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23.2% from the historical to the far-future periods (Table S5). This is 
attributed to the projected increment in streamflow that would poten
tially maximize downstream release and energy production in the up
stream. On the other hand, if keeping the same water release constraints 
as in the historical period in GERD and Omo-Gibe III, energy production 
will be reduced to certain extent in the future. For example, if main
taining water release to be 50% constraints of the historical monthly 
flow compared to no constraints (0%) to maximize energy production, 
the historical period reduces 1198.0 GWh/year, while the mid-future 
period reduces 1655.6 GWh/year for the GERD (Table S7).

Climate change has also resulted in the change of cooperation range 
from the historical to the future periods as shown by the shaded regions 
of light green and red colors (Fig. 6). For GERD and Omo-Gibe III the 
historical cooperation range is expected to be formed by maintaining the 
monthly water release in the range of 30%-50% of the historical monthly 
flow to the available reservoir storage (the light green shaded area in 
Fig. 6). For Tekeze, the historical cooperation range is expected from 
20% to 40% of the historical monthly flow to the available reservoir 
storage. Climate change resulted in the shift of these cooperation ranges 
in the future periods. For instance, for the GERD and Omo-Gibe III the 
cooperation range shifted to the range of 20–30% of historical monthly 
flow as the minimum monthly water release threshold to satisfy the 
future periods energy production in Ethiopia (Fig. 6). However, for 
Tekeze the projected climate change has not significantly impacted the 
cooperation range. Therefore, with the impact of climate change, the 
upstream and downstream countries should adapt the cooperative 
strategy for hydropower production and water release according to the 
change of streamflow.

The monthly energy production pattern and its potential alterations 
in future periods under three representative water release scenarios are 
depicted in Fig. 7 and Fig. S5. Generally, the impact of the water release 
pattern on energy production is similar for historical and three future 
periods. They all show increasing energy production in the dry season 
(January to April) and decrease in the wet season (July to October) 
(Fig. S5). Notably, September emerges as the peak month for energy 
generation for the three dams. In the historical period, when increasing 
water release constraints from no constraints (S1) to 40% (S5), the en
ergy production shows a decrease of 28.3% and 17.5% in GERD and 
Omo-Gibe III respectively for the peak month of September (Fig. 7). 
However, changing constraints for water release from 0% to 100% in the 

historical period for September results in a decline in energy production 
by 54.3%, 42.8%, and 20.2% in GERD, Omo-Gibe III, and Tekeze dam 
respectively (Fig. 7).

To better illustrate the climate change impact on energy production 
in the future periods, we have rearranged Fig. 7 and plotted in Fig. S5. 
This showed variable impact of climate change on energy production 
across the three dams, as illustrated in Fig. S5. When imposing the 
constraint of water release from 0% (S1) to 40% (S5), there is a decrease 
in energy production during the wet season from historical to the three 
future periods for GERD and Omo-Gibe III dams. For the three repre
sentative scenarios, Omo-Gibe III experiences a decline in energy pro
duction during the three future periods compared to the historical level 
in most months. This could be directly linked to the projected reduction 
in streamflow for future periods, as indicated in Table S4. Conversely, 
Tekeze dam exhibits an increasing mean monthly energy production 
during the three future periods compared to the historical level in all 
months. This increase is directly attributed to the rise in annual 
streamflow for future periods, as shown in Table S4.

4.3. Change in inflow to downstream countries

The monthly patterns of total water flowing from the turbine and 
spillway to the downstream, and its potential alterations in future pe
riods under various water release scenarios, are presented in Fig. 8 and 
Fig. S6. The monthly mean values are the long-term averages for 25 
years of historical data and three future periods (NF, MF, and FF). The 
water releases to the downstream were computed from the mass balance 
equation and hydropower calculations in Sect. 3.3. The result reveals 
that, when changing the water release from no constraints (Scenario 1) 
to full constraints (Scenario 11), future period water release to the 
downstream increases in the dry season and decreases in the wet season 
for the GERD (Fig. S6). During the historical period, increasing water 
release constraints from no constraint (0%) to medium constraint (40%) 
raised the mean monthly water release in the driest month (February) 
from 2011.9 Mm3/month, 351.5 Mm3/month, and 233.2 Mm3/month to 
4298.4 Mm3/month, 863.1 Mm3/month, and 266.4 Mm3/month for 
GERD, Omo-Gibe III, and Tekeze, respectively—corresponding to 2.13, 
2.45, and 1.14 times the original values (Fig. 8). Additionally, 
throughout the future periods, the same increasing pattern of water 
release was observed for the driest month (February), while increasing 

Fig. 7. Change of monthly mean energy under no constraints (Scenario 1), medium constraints (Scenario 5), and full constraints for water release (Scenario 11) in 
the historical (Hist) and three future periods (NF, MF, FF).
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the constraints. On the other hand, water release in the wet season (July 
to October) showed reduction when increasing constraints from no 
constraints to medium and full constraints in all three dams.

The impact of climate change on the total water release during 
different seasons varies across the three dams (Fig. S6). For the no and 
medium constraints of water release scenarios, there is a decrease in 
total water release during the wet season from the historical period to 
the three future periods (NF, MF, and FF) in GERD and Omo-Gibe III. In 
contrast, Tekeze dam exhibits an increasing total water release during 
the three future periods compared to the historical level in all months for 
all water release scenarios.

4.4. Change in reservoir evaporation

Water release regulations affect the evaporation loss from reservoir 
(Fig. 9 and Fig. S7). In Ethiopia, the local dry season (January to April) is 

known for its high temperatures and evaporation rates. During this 
season, the monthly mean evaporation loss shows a moderate decrease 
in GERD and Omo-Gibe III for the historical periods when the water 
release is changed from 0% to 40% constraints (Fig. S7). However, a 
significant reduction in monthly mean evaporation loss during the his
torical period is observed in all three dams when switching to the full 
constraints scenario. For better illustration the scenario wise comparison 
of monthly evaporation patterns is shown in Fig. 9. Shifting from the 
scenario of no constraints (S1) of water release to full constraints (S11) 
in the historical periods, the monthly mean evaporation loss reduces for 
the peak month of March by 61.8%, 61.1% and 28.6% for GERD, Omo- 
Gibe III and Tekeze dams, respectively.

Under climate change increase in evaporation loss from the reservoir 
is projected for most water release scenarios, due to the projected in
crease of temperature (Fig. S7). The difference is that the increased loss 
from the historical to the future period is slightly larger for the scenario 

Fig. 8. Change of monthly mean total water release from the turbines and spillways to the downstream in the historical and three future periods under no constraints 
(Scenario 1), medium constraints (Scenario 5), and full constraints for water release (Scenario 11).

Fig. 9. Change of monthly mean evaporation loss from the reservoir and their uncertainty interval in the historical and future periods under no constraints (Scenario 
1), medium constraints for water release (Scenario 5) and full constraints for water release (Scenario 11).

T. Abraham et al.                                                                                                                                                                                                                               Journal of Hydrology 669 (2026) 135111 

10 



with no constraints for water release compared to reduced and full 
constraints scenarios. For example, under no constraints, evaporation 
loss changes from 290.3 Mm3/month, 27.5 Mm3/month and 20.2 Mm3/ 
month to 310.6 Mm3/month, 29.9 Mm3/month and 22.3 Mm3/month in 
March from historical to the far-future period for GERD, Omo-Gibe III, 
Tekeze, respectively. This means through changing water release pat
terns, there might be a possibility of saving water from evaporation.

5. Discussion

5.1. Implications of the results

The future period's streamflow projections have important implica
tions for hydropower production and cooperation, particularly in the 
context of transboundary basins. Due to high hydroclimatic variabilities 
in the three studied basins, the projected streamflow shows corre
spondingly different patterns of variability. In UBN, the near-future and 
far-future periods showed increments in streamflow from their historical 
values, despite a reduction in the mid-future (Table S4). The Omo River 
showed a consistent reduction of future-period streamflow (Table S4). 
Conversely, the Tekeze River has shown a consistent increment in 
streamflow for the three future periods from its historical values. The 
future period's streamflow projections, which are based on a compre
hensive selection of RCM, are in agreement with other previous studies 
in the three study sites (Adera and Alfredsen, 2020; Bombelli et al., 
2021; Paulos et al., 2022; Teferi et al., 2015). Despite the agreements on 
reservoir operation rules, changes in future-period streamflow volume 
can affect the cooperation levels required between the upstream and 
downstream countries. Thus, the future variabilities of inflow volume 
suggest the adaptability of reservoir operation rules also for future 
conditions. Even though difficulties exist in accurately projecting future- 
period extreme events (floods and droughts), their added effect on dam 
operations, particularly from transboundary rivers, is undeniable. 
Despite these challenges, a scenario-wise simulation of reservoir oper
ations, considering the future period's streamflow variabilities, can 
enable an understanding of the level of cooperation required in the 
future. Under different water release scenarios, it is possible to figure out 
where both upstream and downstream countries can cooperate in the 
historical period and how it may be impacted by climate change.

The hydropower projection from the GERD, Omo-Gibe III, and 
Tekeze dams has followed a similar pattern to the streamflow. The 
future period's annual energy from GERD is projected to increase in the 
near-future by 2.2% and to reduce by 3.1% and 2.7% during the mid- 
future and far-future periods, respectively, under the no-constraints 
water release scenario (Fig. 6). With increasing water release con
straints to 40% (Scenario 5), the energy production in GERD increases 
by 0.7% in the near-future and declines by 7.9% and 9.9% in the mid- 
future and far-future periods, respectively. Following the reducing pat
terns of future period streamflow, the annual and monthly energy pro
duction in Omo-Gibe III showed a projected decline across all water 
release constraints (Fig. S5). A regional study has also further confirmed 
a projected reduction of the future available water for hydropower 
production in Omo-Gibe III (Paulos et al., 2022). For Tekeze, due to a 
consistent increase in streamflow, the future energy is projected to 
consistently increase even under increasing constraints until full con
straints (Scenario 11) (Fig. 6). This implies that even under increasing 
constraints for water release (0% to 100%), the reservoir remains stable 
enough to generate the required energy each month. Furthermore, the 
future period's increasing streamflow is able to sustain energy produc
tion. For Tekeze, a similar study has also projected an increase of hy
dropower potential up to 30% under climate scenarios, suggesting 
resilient energy production in future periods (Abera et al., 2018).

This study showed that the water release pattern can largely influ
ence the total hydropower potential and actual downstream water flow 
in dry and wet seasons. Therefore, cooperation is needed between up
stream and downstream countries for their energy and water demand. 

This study introduced a novel approach that enables one to find a 
cooperation range among the different scenarios of water release. 
Furthermore, this approach can also enable one to find suitable coop
eration zones for future periods under climate change. This study has 
particular implications for both upstream and downstream countries by 
providing a cooperation range to choose. Generally, this cooperation 
range is expected to balance energy production and water releases. For 
instance, for GERD and Omo-Gibe III, maintaining the minimum water 
release threshold within 30%-50% of the monthly natural flow consti
tutes the cooperation range in the historical period (Fig. 6). For Tekeze, 
the expected cooperation range in the historical period is within 20%- 
40%. However, with the influence of climate change, this cooperation 
range should be adapted. For instance, for GERD and Omo-Gibe III in the 
future, this cooperation range shifts to 20–30% of the historical monthly 
flow as the minimum monthly water release threshold to satisfy energy 
production in Ethiopia (Fig. 6). However, for Tekeze, this cooperation 
range in the future is not too much affected by climate change. 
Increasing the minimum monthly water release threshold, as described 
in the cooperation range, the energy production in the historical period 
only has a very small decline. This implies that adapted cooperation is 
required for GERD and Omo-Gibe III; however, Tekeze remains stable 
under future climate change. Increasing water release constraints from 
0% to 40%, the actual water release in the driest month (February) in
creases by 2.13, 2.45, and 1.14 times for GERD, Omo-Gibe III, and 
Tekeze, which will increase water release to the downstream, particu
larly important in dry seasons.

5.2. Uncertainties and future directions

Managing transboundary river flow alongside the development of 
hydropower projects poses challenges due to differences in development 
and conservation priorities. Downstream and upstream water demand, 
as well as changes in transboundary river flow, are usually the causes of 
conflict. However, downstream flow reduction may not solely be 
attributed to upstream hydropower development projects; climate 
change and variability also significantly contribute to this issue (Hoang 
et al., 2019; Piman et al., 2013; Yun et al., 2020). On the other hand, the 
future growth in population and economy, along with future hydro
power development plans, can complicate the operation and manage
ment of shared water bodies. While this study provided an approach for 
cooperative water release options, it is not without uncertainties and 
limitations that should be addressed in upcoming studies. The primary 
sources of uncertainty are within the hydroclimatic projections and the 
model structure. The regional modeling can be subject to uncertainties 
from future emissions, climate sensitivity, and hydrological responses in 
the region. Furthermore, the modeling framework in this study has not 
included population growth scenarios, economic development, or the 
future energy demand, all of which will affect water allocation. In 
addition, this study has not included water uses, such as abstraction for 
water supply, which could affect the water available for energy gener
ation and downstream release. Incorporation of these factors, together 
with climate change and future reservoir operation, can provide a 
comprehensive assessment of the impact. The cooperation ranges we 
provide are also significantly affected by future climate alteration. 
Adapting these cooperation ranges under climate change is essential for 
both upstream and downstream countries in managing transboundary 
rivers. Nevertheless, further methodological refinements are necessary, 
incorporating critical factors such as projected population growth, 
economic development trajectories, and evolving hydropower expan
sion strategies. Such enhancements would strengthen integrated hy
dropower management frameworks and foster cooperative 
transboundary river governance.

6. Conclusions

This study performed a projection of hydropower potential and 
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water releases of future periods for three dams in the transboundary 
rivers: the GERD, Omo-Gibe III, and Tekeze dams in Ethiopia. Stream
flow was projected using the calibrated HBV hydrological model based 
on a careful climate model selection as well as a robust bias correction. 
After introducing a factor to control the water release constraints into 
the R package 'Reservoir', hydropower potential was calculated under 
different water release scenarios. They range from those most beneficial 
to the upstream country (Ethiopia) to those most beneficial to the 
downstream countries. Within this range of 11 scenarios, we focused on 
finding the cooperative range that can optimize energy production in 
Ethiopia and water release to downstream countries. This cooperation 
range is expected to balance energy production and water releases.

Our study indicates that by increasing water release constraints, the 
hydropower potential declines slowly in the early phase. However, there 
is a significant increase in water release to downstream during the dry 
season. This suggests that altering the water release pattern can main
tain hydropower production while boosting actual water release during 
the dry season. It implies that a well-balanced cooperation range can 
accommodate both upstream and downstream demands. The findings 
propose that for the GERD and Omo-Gibe III, maintaining the minimum 
water release threshold within 30%-50% of the monthly natural flow 
constitutes the cooperation range in the historical period. However, for 
Tekeze, the expected cooperation range is within 20%-40%. Neverthe
less, climate change will affect this cooperation range in the future. For 
example, for the GERD and Omo-Gibe III, this cooperation range is ex
pected to reduce to 20%-30% in future periods. However, increased 
streamflow projections for future periods in Tekeze suggest that climate 
change will slightly impact this cooperation range. Regarding the GERD, 
maintaining the minimum water release threshold at 50% of the his
torical monthly natural flow, compared to operating without any con
straints to maximize energy production, reduces energy production by 
1198.0 GWh/year in the historical period and by 1655.6 GWh/year in 
the mid-future period. This indicates that both upstream and down
stream countries should adapt their cooperative strategy in response to 
the impact of climate change.

Energy production in the three dams responds differently during wet 
and dry seasons under changing climate. In the case of the GERD, energy 
production surpasses historical levels during the dry season in future 
periods from no constraints to medium constraints for water release. 
Omo-Gibe III experiences a decline in energy production during the 
three future periods compared to historical levels in most months. 
However, the Tekeze dam exhibits an increasing mean monthly energy 
production during the three future periods compared to historical levels 
in all months.

To enhance cooperation in transboundary projects, it is essential to 
consider climate change, as it affects the required cooperation levels in 
future periods. Our assessment indicates that the cooperation ranges we 
provided are influenced by future climate change. Therefore, water 
release constraints in adapting to these cooperation ranges under 
climate change is crucial for energy development and water re
quirements in transboundary basins.
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