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ABSTRACT

The Nyagak Run-of-River Hydropower Plant (6.6 MW) in Zombo District depends entirely
on natural river inflows, making its generation performance highly sensitive to seasonal
variability and climate change. This study develops an integrated continuous hydrological—
operational modelling framework to quantify flow variability in the Nyagak catchment
(=590km?) and to assess its influence on daily power production.

Continuous simulation using HEC-HMS (Deficit and constant, baseflow recession

and Clark Unit Hydrograph as the transform method) was forced with observed
station and gridded rainfall/temperature data (baseline 2000-2025), calibrated
(2000-2019) and validated (2020-2025). Climate-adjusted inflows were generated

using bias-corrected CORDEX-Africa projections under RCP4.5 and RCPS.5.

Outputs included a calibrated continuous hydrological model for the Nyagak catchment,
daily inflow time-series for baseline and future scenarios, daily power production
estimates computed from simulated flows, and scenario comparisons of generation

reliability under low- and high-flow conditions.
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CHAPTER ONE: INTRODUCTION

Background and justification
Hydropower remains one of the most reliable and mature sources of renewable energy

globally, contributing approximately 70% of renewable electricity generation and about
14% of total global power output (International Hydropower Association, 2023). In sub-
Saharan Africa, where electrification levels remain below 50% in many regions,
hydropower plays a crucial role in national energy security and economic development.
Uganda’s power sector is similarly dominated by hydropower, with more than 80% of
the country’s electricity supply generated from hydroelectric plants. Many of these
facilities are small run-of-river schemes, which rely directly on natural river flows rather
than large reservoirs, making their operation especially sensitive to hydrological
variability. Run-of-river (RoR) hydropower systems, while environmentally favourable,
face significant operational challenges due to the limited or absent storage capacity.
Their generation potential depends almost entirely on the temporal distribution of river
discharge. As rainfall patterns across East Africa become increasingly variable, with
more frequent extreme wet seasons, prolonged dry spells, and unpredictable transitional
periods, these variations translate directly into fluctuating river flows. Studies by ICPAC
(2022) and the IPCC (2021) project a 10-20% increase in rainfall variability across the
region, which will amplify hydrological instability for RoR plants. Consequently, RoR
stations are likely to experience reduced power generation during low-flow periods and

potential spillage or underutilization during high-flow events.

The Nyagak Run-of-River Hydropower Plant, located in Zombo District along the
transboundary Nyagak River, is a 6.6 MW facility that illustrates these challenges. The
river drains a relatively small catchment of approximately 590-602 km? which
responds quickly to rainfall variations due to steep terrain and sensitive land-use
patterns. This rapid response means that Nyagak HPP experiences strong fluctuations
in inflow, affecting the plant’s ability to maintain stable power generation. Low-flow
periods lead to insufficient turbine discharge, while high-flow periods may exceed
turbine capacity, resulting in spillage and lost generation potential. Furthermore,
sediment deposition around the intake during high-energy flows can restrict water

abstraction and reduce turbine efficiency over time.



Despite these operational pressures, there is currently limited hydrological modelling
capacity dedicated to predicting inflow wvariability or understanding how these

fluctuations influence energy

production at the plant. Most operational decisions rely on observed daily flow records
and operator experience, which are insufficient for long-term planning, optimization, or
climate resilience assessment. The absence of an integrated modelling framework
restricts the ability of plant operators to anticipate power deficits, quantify climate risks,
or evaluate alternative operational strategies that could improve reliability.

Given these constraints, there is a strong need to develop a hydrological-operational
modelling framework tailored to the Nyagak catchment. Continuous hydrological
simulation, supported by rainfall, evapotranspiration, and climate scenario data, can
reproduce inflow patterns with higher accuracy and better reflect the system’s sensitivity
to climatic variability. Coupling this with a power simulation model informed by turbine
rating curves will allow for detailed analysis of plant performance under different flow
scenarios. Such a framework provides a scientific basis for planning operational

adjustments, assessing future risks, and improving the reliability of energy supply.

Justification

This study is justified on several grounds. First, small run-of-river hydropower plants such
as Nyagak are among the most vulnerable assets in Uganda’s energy system due to their
dependence on natural river flows. As climate variability intensifies, the absence of a
predictive modelling framework poses a growing risk to energy security. A reliable
hydrological model will enhance the plant’s ability to anticipate low-flow conditions, plan
maintenance around seasonal variations, and minimise loss of generation during high-flow
periods.

Second, there is a national need for improved optimisation of existing hydropower
infrastructure. With energy demand in Uganda growing at an annual rate of
approximately 8—10%, ensuring consistent and efficient hydropower generation is
essential for meeting economic development goals. Nyagak HPP contributes to the
stability of the grid in southwestern Uganda, and improving its performance directly
strengthens local and regional supply.

Third, while significant modelling work exists for large hydropower reservoirs such as

Nalubaale and Karuma, there is a noticeable scarcity of applied research on small RoR

2



systems in Uganda. This study directly fills that gap by providing a scientifically
grounded methodology for analysing flow variability and its impact on generation
performance. The modelling framework developed here can be replicated for similar RoR
plants across the country, making the research highly scalable and relevant.

Lastly, the study aligns with national and global goals for renewable energy Optimisation,
climate adaptation, and sustainable development. By integrating hydrological

simulations with climate

projections (RCP 4.5 and 8.5), the study supports long-term planning and strengthens the

resilience of renewable energy infrastructure in the face of climatic uncertainty.

Problem Statement

Run-of-river hydropower plants rely entirely on natural river flows, making their
operation highly vulnerable to hydrological variability and climate change. Recent
climate assessments show that East Africa has experienced a 10-20% increase in rainfall
variability over the past three decades, with more intense wet seasons and extended dry
periods (Malek et al., 2021). These changes directly influence river discharge patterns,
reducing the stability and predictability of power generation for small hydropower
systems. The Nyagak Run-of-River Hydropower Plant (6.6 MW), which draws water
from a relatively small catchment of approximately 590-602 km?, is particularly sensitive
to these fluctuations. During low-flow periods, turbine discharge drops below optimal
levels, leading to significant under-generation, while high-flow events often exceed
turbine capacity, causing spillage and energy losses (Eco Power, 2018).

Despite these challenges, the Nyagak HPP currently lacks an integrated hydrological
modelling system capable of predicting inflow variability or assessing how different
flow regimes affect energy production. Operational decisions are largely based on
historical flow records and operator experience, which provide limited insight into
future hydrological extremes especially under projected climate scenarios such as RCP
4.5 and RCP 8.5, which indicate further intensification of rainfall seasonality in the
region (Kaunda et al., 2012). Without a continuous modelling framework to analyse
baseline and climate-adjusted inflows, plant operators cannot adequately anticipate
power deficits, optimise turbine utilisation, or design adaptive operational strategies.
Therefore, the main problem is the absence of a predictive, climate-informed hydrological

model for the Nyagak catchment, which limits the plant’s ability to maintain reliable power



generation in the face of increasing hydrological variability. This study seeks to address that
gap by modelling flow variability and evaluating its impact on operational efficiency at the

Nyagak Run-of-River Hydropower Plant.

Objectives

Main Objective
To develop a continuous hydrological modelling framework for assessing flow variability

and optimising power generation performance at the Nyagak Run-of-River Hydropower
Plant under changing climate conditions.
Specific Objectives
1. To analyse the historical hydrological behaviour of the Nyagak River
catchment using continuous hydro-meteorological data.
2. To develop, calibrate, and validate a continuous lumped hydrological model for
simulating river flows in the Nyagak catchment.
3. To evaluate the impacts of climate variability on river flows and
corresponding power generation performance at the Nyagak Run-of-River

Hydropower.

Scope of study
This study focused on the development and application of a continuous, lumped

hydrological model to simulate river discharge and assess its influence on power
generation at a run-of-river hydropower system. The research was limited to long-term
flow variability analysis and did not involve event-based flood modelling or field
measurements. Power generation assessment was based on simulated flows, available
hydraulic head and turbine performance data derived from existing project
documentation.

Geographically, the study was confined to the Nyagak River catchment located in
Zombo District, Northwestern Uganda, which supplies water to the Nyagak Run-of-
River Hydropower Plant (6.6 MW)

The catchment area is approximately 590-602 km?.

The temporal scope of the study covered historical data from 2000 to 2025 for baseline
analysis, with model calibration conducted for 20002019 and validation for 2020-2025.
Future assessments incorporated climate projections under RCP 4.5 and RCP 8.5 scenarios

to evaluate potential impacts of climate variability on river flows and power generation.



The study period for execution ran from October 2025 to June 2026, consistent with
the Final Year Project timeframe.

AMAP SHOWING THE NYAGAK POWERPLANT CATCHEMENT

Nyagak lll Catchnment and Drainage Network
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Figure 1: A map showing the Nyagak 11l catchment

Research Question
The research question in this study will specifically be;

How does hydrological variability influence power generation performance at the Nyagak
Run-of-River Hydropower Plant, and how can continuous hydrological modelling

support or improve operational efficiency under changing climate conditions?



CHAPTER 2: LITERATURE REVIEW

Overview of Hydropower and Small Hydropower Systems
Hydropower is one of the most established renewable energy sources and plays a key role in

sustainable electricity generation and climate change mitigation. According to (Kaunda,
Kimambo and Nielsen, 2012) hydropower contributes significantly to global energy supply

while also offering advantages such as grid stability, flexibility, and long operational lifespan.

Small hydropower (SHP), including run-of-river systems, has gained increased attention due
to its lower environmental impact and reduced need for large reservoir storage.(Paish, 2002)
highlights that SHP systems are attractive for rural electrification and decentralized energy
production, especially in developing regions. However, their performance strongly depends

on natural river flow conditions, making them highly sensitive to hydrological variability.

Run-of-river hydropower plants operate without large storage reservoirs and therefore rely
directly on streamflow availability. As shown in (Basso and Botter, 2012) variations in river
discharge significantly affect both energy production and optimal plant sizing. This makes

hydrological assessment a critical component in design and operation.

Hydrological Variability and Climate Change Impacts on Hydropower

Hydropower systems are increasingly affected by climate change through changes in
precipitation patterns, temperature, and runoff regimes. (Hamududu, Killingtveit and
Engineering, 2012) shows that hydropower potential is highly sensitive to global climatic
shifts, with some regions experiencing reduced generation capacity while others may see

Increases.

Regional studies such as (Skoulikaris and Kasimis, 2021) demonstrate that climate variability
can significantly reduce firm energy output in run-of-river systems due to reduced streamflow

during dry seasons.

Similarly, (Oyerinde et al., 2015) highlights that observable changes in rainfall and river
discharge are already affecting water availability in African basins. These changes emphasize

the need for adaptive hydropower planning in climate-sensitive regions.



(Cherchi et al., 2020)further confirms that global hydrological systems are undergoing long-
term shifts, including altered precipitation intensity, increased evapotranspiration, and

changing runoff timing, all of which directly influence hydropower reliability.

Hydrological Modelling for Hydropower Assessment

Hydrological modelling is essential for understanding rainfall-runoff processes and
predicting streamflow, which is the primary input for hydropower generation. (Rainfall-
Runoff Modelling, no date) framework provides a foundational approach for simulating

catchment hydrology and estimating discharge under different climatic conditions.

One of the most widely used tools in hydropower and flood analysis is HEC-HMS. (Romali,
Yusop and Ismail, 2018) demonstrates its capability in simulating runoff processes, flood

hydrographs, and watershed response with reasonable accuracy.

Model calibration and validation are critical to ensure reliable simulations.(Of et al., 1999)
shows that automated calibration methods can improve model efficiency and reduce

subjectivity in parameter estimation.

Similarly,(Jr, 1999) emphasizes the importance of using multiple performance metrics rather

than relying on a single indicator when evaluating hydrological models.

The widely used Nash-Sutcliffe Efficiency (NSE), as discussed in, remains one of the most
common performance indicators in hydrological modelling, although its limitations require

complementary evaluation metrics.

Integrated Hydrological and Hydrodynamic Modelling

Modern water resources studies increasingly integrate hydrological and hydrodynamic
models to improve the representation of river systems. (Hoch ef al., 2017) presents a
framework that combines runoff generation with river flow routing to improve large-scale

flood and water resource simulations.

Such integrated approaches are important for hydropower studies because they allow better
representation of both inflow dynamics and river channel behaviour, which directly influence

turbine operation and energy production.



Furthermore, (Yassin et al., 2019) highlights the importance of incorporating reservoir
operation rules into hydrological models to improve realism in water resource simulations.
This is especially relevant for hydropower systems where operational decisions influence

downstream flow conditions.

Hydropower Planning, Optimization, and Climate Adaptation
The design and operation of hydropower systems require careful optimization under uncertain

hydrological conditions. (Yousuf, Ghumman and Hashmi, 2017) shows that hydropower
capacity design must consider future climate scenarios to avoid overestimation or
underutilization of available water resources.

Similarly, (Basso and Botter, 2012) demonstrates that optimal turbine sizing is highly

dependent on long-term flow duration curves and variability patterns.

Hydrological uncertainty also affects model reliability and decision-making. (Bloschl et al.,
no date) highlights key challenges in hydrology, including prediction uncertainty, scaling

issues, and climate-hydrology interactions.

These challenges reinforce the need for robust modelling frameworks that integrate climate

projections, hydrological simulation, and hydropower system design.

Identified Knowledge Gaps

Although substantial research has been conducted on hydropower operation, hydrological
modelling, and climate change impacts, several knowledge gaps remain. Most existing studies
examine hydrological processes and hydropower operation separately rather than integrating

them into a unified modelling framework.

Studies such as (Romali, Yusop and Ismail, 2018) focus primarily on rainfall-runoff simulation,
while(Basso and Botter, 2012) emphasize operational optimization. Similarly, climate impact
studies such as (Oyerinde et al., 2015), (Cannon, Sobie and Murdock, 2015), and (Skoulikaris
and Kasimis, 2021) investigate future hydrological variability without directly linking

projected streamflow changes to operational hydropower performance.

Furthermore, few studies have combined hydrological modelling, climate projections, and

hydropower operation assessment within a single framework applicable to run-of-river
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systems. There is therefore a need for integrated modelling approaches that evaluate future
streamflow conditions, assess operational performance, and quantify the implications of

climate change for hydropower generation.

This study seeks to address these gaps by integrating hydrological modelling with climate
scenario analysis to assess the impacts of future hydrological variability on run-of-river

hydropower generation and operational performance.



CHAPTER THREE: METHODOLOGY

Study area Description

The study was conducted in the Nyagak River catchment located in Zombo District in the
West Nile region of North-western Uganda. The catchment lies within a predominantly
rural setting characterized by undulating terrain, moderate slopes, and mixed land use

including agriculture, grassland, and scattered settlements.

The Nyagak River originates from the highlands of eastern Democratic Republic of Congo
and flows into Uganda as a tributary of the Albert Nile. The catchment has an approximate
drainage area of 590 km? and experiences a tropical climate with mean annual rainfall of

approximately 1400 mm.

Rainfall in the region follows a bimodal pattern with wet seasons occurring between
March—May and October—November, and dry periods between June—July and December—
February. These seasonal variations significantly influence river discharge and

hydropower generation potential.

Data acquisition and processing
The data used in this study was obtained from both national institutions and global datasets

to ensure adequate representation of the hydrological processes within the Nyagak
catchment. Rainfall data was acquired from the Uganda National Meteorological Authority
(UNMA) under the Ministry of Water and Environment, while discharge data for the
Nyagak River was obtained from the Directorate of Water Resources Management
(DWRM), also under the Ministry of Water and Environment. These institutions provide
official and reliable datasets for hydrological analysis. Additional datasets such as soil
characteristics and land use/land cover were obtained from reputable online sources to
support model parameterization. Climate projection data was obtained from the CORDEX
(Coordinated Regional Climate Downscaling Experiment) database to assess the potential

impacts of climate change on hydrology and hydropower generation.

The rainfall dataset obtained from UNMA was initially provided in a monthly tabular
format, with daily values arranged under columns labelled Day1 to Day31. To make the
data suitable for modelling, it was transformed into a continuous daily time series by
assigning each value a specific calendar date using the corresponding year, month, and

day. The dataset was then converted into a standard format consisting of date and
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rainfall columns and arranged chronologically. Missing rainfall values were assumed to
represent days with no rainfall and were therefore replaced with zero. The dataset was
further checked for inconsistencies such as duplicate entries and unrealistic values to

ensure reliability.

The discharge dataset obtained from DWRM was provided as a daily time series of river
flow values. However, it contained gaps and inconsistencies typical of long-term
hydrological records. To address this, all date entries were standardized and the dataset
was sorted chronologically. A complete daily time series covering the entire study period
(2000-2025) was then generated, and the dataset was reindexed to include all missing
dates. Missing discharge values were filled using time-based interpolation, which assumes
gradual variation in flow between known observations, while any remaining gaps at the
beginning or end of the dataset were filled using forward and backward filling techniques.
The final discharge dataset was continuous, with no missing dates or values, and suitable

for hydrological modelling.

Climate data from CORDEX was used to assess the potential impact of future climate
variability on rainfall and river discharge. The CORDEX rainfall variable (precipitation,
pr) was extracted for the study region and converted from its original units (kg/m?%s) to
mm/day by multiplying by a factor of 86,400. The data was then spatially processed using
GIS tools to extract values corresponding to the Nyagak catchment. Temporal aggregation
and formatting were carried out to match the structure of the observed rainfall dataset,
ensuring compatibility with the hydrological model. Where necessary, basic bias
adjustment was considered by comparing historical CORDEX data with observed rainfall

to ensure consistency in magnitude and trends.

All datasets were finally divided into calibration (2000-2019) and validation (2020-2025)
periods. This allowed the model to be calibrated using observed data and subsequently
validated using an independent dataset without further parameter adjustments. Proper data
collection and pre-processing ensured that the input datasets were continuous, consistent,
and compatible with the modelling framework, thereby improving the reliability and
accuracy of the simulation results.

Evapotranspiration Data Acquisition and Computation
Temperature data for the Nyagak catchment was obtained from the Uganda National

Meteorological Authority (UNMA) for the period 2000-2025. The dataset included daily
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maximum and minimum air temperature records from the nearest representative stations.
Where station data contained gaps, ERAS reanalysis temperature data from the Copernicus
Climate Change Service was used to fill the missing values, ensuring a continuous daily
temperature time series for the entire study period.
Reference evapotranspiration (ETo) was computed using the Hargreaves—Samani method,
which requires only daily maximum and minimum temperature values alongside
extraterrestrial radiation estimated from latitude and Julian day. This method is widely
adopted for data-sparse tropical catchments where humidity and wind speed records are
unavailable or unreliable. The Hargreaves—Samani equation is expressed as:

ETo = 0.0023 x Ry * (Tyax — Touan) *° % (Tonax + Toun)/2 + 17.8)
where ETo is the reference evapotranspiration (mm/day), R, is the extraterrestrial radiation
(mm/day equivalent), Timax is the daily maximum temperature (°C), and T is the daily
minimum temperature (°C). The extraterrestrial radiation R, was calculated for the latitude
of the catchment centroid using standard FAO procedures. The resulting daily ETo time
series was then incorporated into the HEC-HMS meteorological model to account for
evapotranspiration losses from the soil moisture store, improving the water balance
representation within the catchment. Actual evapotranspiration was estimated internally
by HEC-HMS using the computed ETo values in conjunction with the soil moisture
accounting procedure of the Deficit and Constant loss method.

Land Use Land Cover (LULC) Analysis and Impervious Area Characterisation
Land use land cover (LULC) data was obtained from the Copernicus Global Land Service

(CGLS) at 100 m spatial resolution. The LULC classification for the Nyagak catchment
was clipped to the catchment boundary using GIS tools and reclassified into hydrologically
meaningful categories including: cropland, grassland/savannah, woodland/forest, built-up
areas, bare soil, and open water. These categories directly influence runoff generation,
infiltration capacity, and evapotranspiration rates within the catchment.

The impervious fraction of the catchment was determined from the LULC map by
computing the proportion of built-up, paved, and hard-surfaced areas relative to the total
catchment area. Analysis revealed that the Nyagak catchment is predominantly rural, with
built-up and impervious surfaces accounting for a small fraction (estimated at
approximately 3-5%) of the total catchment area. The dominant land cover types are
smallholder agriculture (approximately 45%), grassland and shrubland (approximately
35%), and woodland and forest (approximately 15%), with the remaining area comprising

settlements, bare ground, and water bodies.
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The low impervious fraction confirms that infiltration and evapotranspiration are the
dominant processes controlling rainfall partitioning within the catchment, justifying the
use of the Deficit and Constant loss method. The LULC-derived impervious percentage
was used to refine the initial deficit parameter in HEC-HMS, ensuring that the proportion
of directly connected impervious area was appropriately accounted for in the runoff
simulation. This adjustment improved model realism, particularly during moderate rainfall
events where the balance between infiltration and direct runoff generation is most sensitive
to surface cover conditions.

Hydrological Model Development

The hydrological modelling of the Nyagak catchment was carried out using the HEC-HMS
to simulate rainfall-runoff processes and generate discharge outputs for hydropower
analysis.

A lumped modelling approach was adopted, whereby the entire catchment was represented
as a single hydrological unit. This approach was considered appropriate due to the scale of
the study and the availability of spatial data. The lumped model simplifies the
representation of hydrological processes while still capturing the overall response of the
basin.

The basin model was developed by defining a single subbasin representing the Nyagak
catchment and an outlet corresponding to the discharge measurement location. The model
structure incorporated the key components required for rainfall-runoff simulation,
including loss, transform, and baseflow processes. Rainfall data was assigned to the
subbasin through a meteorological model, while observed discharge data was linked to the

outlet to enable calibration and validation.

Model [nyagakd.

- F z'gure‘Z.' T /16;‘]\77;/ag4ak B.asiﬁ vzew in HEC HMS v
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The Deficit and Constant loss method was used to represent infiltration and initial soil
moisture conditions within the catchment. This method assumes that rainfall losses occur
in two stages: an initial deficit that must be satisfied before runoff begins, followed by a
constant rate of infiltration. The method is suitable for continuous simulation and provides
a simplified representation of soil moisture processes compared to more complex
physically-based approaches.

Key parameters for the loss method included the initial deficit, maximum storage, and
constant rate of infiltration. The constant rate represents the rate at which water infiltrates
into the soil after the initial deficit has been satisfied, while the deficit and storage
parameters represent the soil’s capacity to retain water. These parameters were selected
based on typical values for tropical rural catchments and were adjusted during calibration
to improve model performance. The transformation of excess rainfall into direct runoff
was performed using the Clark Unit Hydrograph method, which accounts for both the
translation and attenuation of flow within the catchment. The method requires estimation
of the time of concentration and storage coefficient. In this study, the time of concentration
was estimated at approximately 5 hours, while the storage coefficient was set at 2 hours.
These parameters control the timing and shape of the simulated hydrograph.

Baseflow was simulated using the recession method, which represents groundwater
contribution to streamflow as an exponential decay process. Parameters such as initial
discharge, recession constant, and ratio to peak flow were specified to capture the sustained
flow observed during dry periods. This ensured that both quick surface runoff and delayed
subsurface flow were represented in the model.

The meteorological model was configured using the specified hyetograph method,
allowing direct input of observed rainfall data into the model. Control specifications were
defined to govern the simulation period and time step. A daily time step was adopted to
match the temporal resolution of the rainfall and discharge datasets, ensuring consistency
in the simulation.

Observed discharge data was linked to the model outlet to enable comparison between
simulated and observed flows. This linkage allowed for evaluation of model performance
during calibration and validation. The overall model structure ensured that the dominant
hydrological processes within the Nyagak catchment were adequately represented,

providing a reliable basis for discharge simulation and subsequent hydropower assessment.

Model Calibration and Validation
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Model calibration and validation are critical steps in hydrological modelling, as they ensure
that the model accurately represents the observed behaviour of the catchment. In this study,
calibration and validation were carried out using observed discharge data obtained from
the Directorate of Water Resources Management (DWRM).

Calibration involves adjusting model parameters to achieve the best possible agreement
between simulated and observed discharge, while validation evaluates the model’s
predictive capability using independent data without further parameter modification.

The dataset was divided into two distinct periods to support this process. The calibration
period covered the years 2000 to 2019, during which model parameters were

systematically adjusted.

The validation period covered the years 2020 to 2025 and was used to test the model’s
performance under conditions not used during calibration.

During calibration, key parameters of the Deficit and Constant loss method, Clark Unit
Hydrograph, and baseflow model were adjusted iteratively. For the loss method,
parameters such as initial deficit, maximum storage, and constant infiltration rate were
modified to achieve a realistic balance between infiltration and runoff generation. The
constant rate parameter was particularly important, as it directly influenced the amount of
rainfall converted into surface runoff.

For the transform method, the time of concentration and storage coefficient were adjusted
to improve the timing and shape of the simulated hydrograph. These parameters control
how quickly runoff from different parts of the catchment reaches the outlet and how the
flow is attenuated during its movement.

Baseflow parameters, including initial discharge, recession constant, and ratio to peak,
were also adjusted to accurately represent groundwater contributions to streamflow. These
parameters were essential for reproducing low-flow conditions and maintaining realistic
discharge during dry periods.

The calibration process was carried out through a systematic iterative approach, where
parameters were adjusted and model outputs were compared against observed discharge at
each iteration. The incorporation of computed evapotranspiration into the meteorological
model, and the use of LULC-derived impervious fractions to constrain the initial deficit
parameter, significantly improved the representation of the catchment water balance. The
objective was to achieve a balanced reproduction of peak flows, seasonal variability, total

discharge volume, and low-flow baseflow conditions.
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Uncertainties in the model were addressed through multiple strategies. Parameter
sensitivity analysis was performed to identify the parameters with the greatest influence
on model output, allowing calibration efforts to be focused on those parameters.
Uncertainty arising from input data (particularly rainfall spatial variability and discharge
measurement errors) was acknowledged by assessing the range of plausible parameter
combinations that still yielded acceptable performance. Additionally, the use of multiple
performance metrics (NSE, PBIAS, RMSE) rather than a single indicator ensured that the
model was not optimised for one aspect of performance at the expense of others. The
calibrated parameter set was retained unchanged during validation to provide an
independent test of model uncertainty.

Model performance was evaluated using statistical indicators, including the Nash—Sutcliffe
Efficiency (NSE), Percentage Bias (PBIAS), and Root Mean Square Error (RMSE). These
three metrics together provide a comprehensive assessment of model accuracy, volume
bias, and error magnitude respectively. The Nash—Sutcliffe Efficiency was used as the
primary performance metric and is defined as:

— _ Z(Qobs_Qsim)2
NSE 1 Z(QObs‘Qmean)2

where Qobs represents observed
discharge, Qsim represents simulated
discharge, and
Qmean is the mean of observed discharge. NSE values range from —oo to 1, with values
closer to 1 indicating better model performance.
Percentage Bias (PBIAS) was used to assess the tendency of the model to overestimate or
underestimate the total discharge volume, and is defined as:

PBIAS = [¥ (Qonn = Qnim) / XQonn] % 100
where positive PBIAS values indicate model underestimation and negative values indicate
overestimation. Optimal model performance is indicated by PBIAS values close to zero.
RMSE was additionally used to quantify the magnitude of simulation errors. Model
performance was judged against established benchmarks: NSE > 0.50 and PBIAS within
+25% are considered satisfactory for monthly simulations, while NSE > 0.65 and PBIAS

within £15% indicate good performance (Moriasi et al., 2007).

Following calibration, the model was validated using data from 2020 to 2025 without any
further adjustment of parameters. This step was essential to test the robustness and

reliability of the model under independent conditions. Model performance during
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validation was evaluated using the same statistical indicators as in the calibration stage.
The comparison between simulated and observed hydrographs during both calibration and
validation periods provided a visual assessment of model performance, particularly in
terms of peak flow representation, timing of discharge, and baseflow simulation. Any
discrepancies observed during validation were used to assess model limitations and
identify areas for improvement.

Overall, the calibration and validation process ensured that the model was both
representative of observed hydrological behaviour and capable of predicting discharge
under varying conditions, thereby providing confidence in its application for hydropower
analysis and climate impact assessment.

Hydropower potential Assessment

The estimation of hydropower potential in the Nyagak catchment was carried out using
simulated and observed discharge obtained from the hydrological model. The purpose of
this analysis was to evaluate the amount of energy that can be generated from the river
under existing and projected flow conditions.
Hydropower generation is fundamentally dependent on river discharge and the available
hydraulic head. In this study, discharge values obtained from the HEC-HMS model were
used as the primary input for estimating power output. Both simulated and observed
discharge data were considered to allow comparison between model predictions and actual
hydrological conditions.
The theoretical hydropower potential was calculated using the standard hydropower equation:

P = npgQH

where P is the power output (W),

p is the density of water (1000 kg/m?),

g is the acceleration due to gravity

(9.81 m/s?), Q is the discharge

(m%s),

H is the effective hydraulic head (m), and

n is the efficiency of the turbine-generator system.

In this study, a representative head value was used to estimate power generation, and an
efficiency factor typical of small hydropower systems was assumed. The discharge values

from the model were substituted into the equation to compute power output for each time
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step, resulting in a time series of power generation.

To assess the overall energy potential, the computed power values were integrated over
time to obtain energy production. For daily data, energy was calculated by multiplying the
power output by the number of hours in a day. The total annual energy production was then
obtained by summing daily energy values over a one-year period. This allowed estimation
of average annual energy generation expressed in megawatt-hours (MWh) or gigawatt-
hours (GWh).

In addition to estimating total energy production, the reliability of hydropower generation
was evaluated by analysing flow variability. Since the Nyagak system operates as a run-
of-river scheme, power generation is directly influenced by river discharge and is therefore
sensitive to seasonal and inter-annual variations in rainfall. Periods of low flow correspond
to reduced power generation, while high-flow periods result in increased energy output.
The relationship between discharge and power generation was also examined to understand
how variations in flow affect energy production. This relationship is important for
identifying critical thresholds such as minimum flow required for turbine operation and
flow levels associated with maximum power output.

Furthermore, the estimated energy production was compared with the energy demand of
Zombo District to evaluate the contribution of the Nyagak hydropower system to local
energy needs. This comparison provided insight into whether the river can sustainably meet
current and future energy demand.

The results of this analysis provided a quantitative assessment of hydropower potential
under current hydrological conditions and formed the basis for further evaluation of

climate change impacts on energy production.

Climate Change Impact Assessment
The potential impact of climate change on hydrological processes and hydropower

generation in the Nyagak catchment was assessed using regional climate model data
obtained from the CORDEX (Coordinated Regional Climate Downscaling Experiment)
database. CORDEX provides high-resolution climate projections that are suitable for
regional-scale impact studies. In this study, projected rainfall data was extracted from
CORDEX datasets for selected future scenarios. The primary variable used was
precipitation (pr), which represents rainfall intensity over time. The data was originally
provided in units of kg/m?/s and was converted to mm/day by multiplying by a factor of

86,400 to ensure consistency with observed rainfall data used in the hydrological model.
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To ensure spatial relevance, the CORDEX data was processed using geographic
information system (GIS) tools to extract rainfall values corresponding to the Nyagak
catchment. The extracted data was then averaged over the catchment area to generate a
representative rainfall time series for the basin.

The processed climate data was further organized into a format compatible with the
hydrological model by converting it into a continuous time series with date and rainfall
values. Where necessary, basic bias adjustment was applied by comparing historical
CORDEX rainfall with observed rainfall data to reduce systematic differences in
magnitude.

The prepared CORDEX rainfall data was then used as input into the HEC-HMS model to
simulate future discharge conditions under climate change scenarios. The same model
parameters obtained during calibration were retained for these simulations to ensure
consistency and to isolate the effects of changes in rainfall patterns.

Simulations were conducted for future periods to assess how projected changes in rainfall
would influence river discharge. The resulting discharge outputs were then used to estimate
future hydropower generation using the same methodology applied for current conditions.
The impact of climate change was evaluated by comparing simulated discharge and energy
production under future scenarios with baseline conditions. Percentage changes in flow
and energy generation were calculated to quantify the extent of impact.

This analysis provided insight into how variations in rainfall due to climate change could
affect the reliability and sustainability of hydropower generation in the Nyagak catchment.
Particular attention was given to changes in peak flows, low flows, and seasonal

variability, as these factors directly influence hydropower performance.
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CHAPTER FOUR: RESULTS AND DISCUSSION

Objective One: Analysis of Discharge Characteristics of the Nyagak Catchment
The first objective of this study was to analyse the discharge characteristics of the Nyagak

River in order to understand its hydrological behaviour and its suitability for hydropower
generation. This analysis was based on observed discharge data obtained from the
Directorate of Water Resources Management (DWRM) and simulated discharge generated
using the hydrological model.

Temporal Variation of Discharge
The observed discharge data revealed clear temporal variations in river flow, reflecting the

seasonal rainfall patterns of the Nyagak catchment. The hydrograph showed a bimodal
distribution of discharge, corresponding to the two rainy seasons experienced in the region.
Peak flows were generally observed during the months of March to May and October to
November, which coincide with periods of high rainfall. Conversely, low flows occurred
during the dry seasons, particularly between December and February, and to a lesser extent

between June and July.
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Figure 3:0bserved discharge hydrograph (2000-2025)
This seasonal variability indicates that the river flow is strongly controlled by rainfall
patterns, which is typical of tropical catchments. The presence of sustained baseflow during
dry periods suggests a contribution from groundwater storage, which helps maintain flow

even in the absence of rainfall.

Peak Flow Characteristics

Analysis of peak discharge events showed significant variability in magnitude and
frequency over the study period. High flow events were associated with intense rainfall

episodes and were characterized by sharp increases in discharge.
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However, the distribution of peak flows was not uniform across the years. Some periods
exhibited relatively stable flow conditions, while others showed pronounced fluctuations.
This variability may be attributed to inter-annual changes in rainfall intensity, land use
changes, or upstream influences.

A noticeable increase in discharge variability was observed during certain periods,
suggesting possible changes in hydrological response. This could be linked to variations in

rainfall patterns or developments within the catchment that affect runoff generation.
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Figure 4:Peak flow analysis or annual maximum discharge plot

Baseflow and Low Flow Conditions

The analysis of low flow conditions indicated that the Nyagak River maintains a relatively
consistent baseflow throughout the year. Based on available data, the 95% dependable flow

was estimated to be in the range of approximately 1.6 to 2.8 m?/s.

This dependable flow is particularly important for hydropower generation, as it represents
the minimum flow that can be relied upon for continuous operation. The presence of
sustained baseflow suggests that groundwater contributions play a significant role in

maintaining river discharge during dry periods.
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However, during prolonged dry spells, discharge levels were observed to decline, which

may affect the reliability of power generation in a run-of-river system.
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Figure 5:The flow duration curve

Comparison of Observed and Simulated Discharge
The comparison between observed and simulated discharge showed that the hydrological

model was able to reproduce the general pattern of river flow, including seasonal variations
and baseflow conditions.

The simulated hydrograph followed the overall trend of the observed data, indicating that
the model captured the timing of flow events reasonably well. However, discrepancies
were observed in the magnitude of peak flows, with the model tending to underestimate

some peak discharge events.
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Figure 6:Calibration hydrograph (Observed vs Simulated)

These differences suggest that while the model performs well in representing general flow
behaviour, it has limitations in capturing extreme events. This may be due to

simplifications in the model structure or uncertainties in input data.

Discussion of Discharge Behavior

The discharge characteristics of the Nyagak River indicate a system that is highly dependent
on rainfall and exhibits significant seasonal variability. The bimodal pattern of flow aligns
with the rainfall regime of the region, confirming the strong influence of climatic factors
on hydrological processes.

The presence of reliable baseflow suggests that the catchment has sufficient subsurface
storage capacity, which is beneficial for sustaining river flow during dry periods. This is
particularly important for hydropower generation, as it ensures a minimum level of energy
production.

However, the variability in peak flows and the occurrence of low-flow periods highlight
the challenges associated with run-of-river hydropower systems. Such systems are
inherently sensitive to changes in rainfall patterns and may experience fluctuations in
power output.

The observed discrepancies between simulated and observed peak flows also point to
limitations in the modelling approach. While the Deficit and Constant loss method
provides a simplified representation of infiltration processes, it may not fully capture the
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complexity of runoff generation during extreme rainfall events.

Key Findings for Objective One
The analysis of discharge characteristics led to the following key findings:

o The Nyagak River exhibits a clear bimodal flow pattern driven by seasonal
rainfall

e Peak flows occur during the major rainy seasons and are highly variable
o Baseflow is sustained throughout the year, with dependable flow ranging
between 1.6 and 2.8 m?/s

e The hydrological model captures general flow trends but underestimates peak
discharge

o River discharge is strongly influenced by rainfall variability, which has
implications for hydropower generation

Objective Two: Evaluation of Hydrological Model Performance
The second objective of this study was to evaluate the performance of the hydrological

model in simulating discharge within the Nyagak catchment. This involved assessing the
agreement between simulated and observed flow using both graphical and statistical
methods.

Calibration Results
Model calibration was carried out for the period 2000-2019 by adjusting parameters of the

Deficit and Constant loss method, Clark Unit Hydrograph, and baseflow components.
The comparison between simulated and observed discharge during calibration showed that
the model was able to reproduce the general trend of river flow. The timing of peak flows
and seasonal variations were reasonably well captured, indicating that the model structure
and input data were appropriate.

However, differences were observed in the magnitude of peak flows, with the model
tending to underestimate some high-flow events. This suggests that while the model
captures the hydrological response of the catchment, it simplifies certain processes such as

rapid surface runoff generation.
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Figure 7:The calibrated model (observed vs simulated)

Validation Results
The model was validated using independent data from 2020-2025 without further

parameter adjustment. This step was essential to test the reliability of the calibrated model
under different conditions.

The validation results showed that the model maintained its ability to simulate the general
pattern of discharge, including seasonal fluctuations and baseflow conditions. This
indicates that the model has some predictive capability and is not overfitted to the
calibration dataset.

Nevertheless, discrepancies between observed and simulated discharge were more
pronounced during the validation period, particularly during peak flow events. This
highlights the challenges of modelling hydrological systems under varying climatic

conditions.
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Statistical Performance Evaluation

Model performance was evaluated using the Nash—Sutcliffe Efficiency (NSE), Percentage
Bias (PBIAS), and Root Mean Square Error (RMSE). The inclusion of evapotranspiration
data computed from temperature records and the integration of LULC-derived impervious
fractions into the model parameterisation significantly improved all performance metrics

compared to the initial model runs.

During calibration (2000-2019), the model achieved an NSE of 0.72, a PBIAS of —8.4%,
and an RMSE of 4.31 m?/s. These results meet the criteria for good model performance
(NSE > 0.65; |[PBIAS| < 15%). The negative PBIAS indicates a slight tendency to
overestimate total discharge volume, which is attributed to occasional overestimation of
baseflow during dry periods. During the validation period (2020-2025), the model yielded
an NSE 0f 0.68, a PBIAS of 11.2%, and an RMSE of 5.17 m?/s, indicating satisfactory and
consistent predictive performance on independent data not used in calibration. The slight
reduction in NSE and increase in PBIAS during validation is expected and reflects the
natural variability in hydrological conditions between the calibration and validation
periods.

Discussion of Model Performance
The results indicate that the model performs adequately in simulating the general

hydrological behaviour of the Nyagak catchment. The ability of the model to capture
seasonal trends and baseflow conditions demonstrates that the Deficit and Constant loss
method, combined with the Clark Unit Hydrograph, provides a reasonable representation
of the rainfall-runoft process.

However, the model exhibits limitations in accurately reproducing peak discharge events.
However, some limitations remain. The model exhibits some difficulty in accurately
reproducing the highest peak discharge events. This can be attributed to the simplified
representation of infiltration processes under extreme rainfall, uncertainties in rainfall
spatial distribution, and the use of a lumped modelling approach, which does not account
for sub-catchment variability. The remaining PBIAS of —8.4% during calibration indicates
a slight volume overestimation tendency that is partially linked to the baseflow recession

parameterization during low-rainfall months.

The slight reduction in performance between calibration (NSE = 0.72) and validation (NSE
= 0.68) is expected in hydrological modelling and reflects the inherent variability of

climatic conditions between periods. Both values remain within the good-performance
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range, confirming that the model generalises well to independent data. The PBIAS values
of —8.4% (calibration) and 11.2% (validation) are within the acceptable threshold of +15%,
and the RMSE values of 4.31 and 5.17 m?/s respectively are consistent with the scale and
variability of discharge in the catchment. Overall, these results demonstrate that the model
is well-calibrated and validated, providing a reliable basis for hydropower assessment and
climate impact analysis.

Implications for Hydropower Modelling
The performance of the hydrological model has direct implications for hydropower

estimation. Since power generation is highly dependent on discharge, any inaccuracies in
flow simulation will affect the estimation of energy production.

The underestimation of peak flows may lead to underestimation of maximum power
generation potential, while errors in low-flow simulation may affect estimates of reliable
energy supply. Despite these limitations, the model provides a useful tool for assessing

general hydropower potential and understanding flow variability.

Key Findings for Objective Two
The evaluation of model performance led to the following conclusions:
o The model successfully captures seasonal flow patterns and baseflow conditions

o Peak discharge events are generally underestimated, particularly during extreme
events; overall NSE = 0.72 (calibration) and 0.68 (validation)

e Model performance is better during calibration than validation
e The model shows good predictive capability (NSE = 0.68 during validation)

e Uncertainties in input data and model structure were addressed through
sensitivity analysis, multi-metric evaluation (NSE, PBIAS, RMSE), and use of
evapotranspiration and LULC data

Objective Three: Evaluation of the Impacts of Climate Variability on River
Flows and Hydropower Generation
The third objective of this study was to evaluate the impact of climate variability on river
discharge and the corresponding performance of hydropower generation at the Nyagak
Run-of-River Hydropower system. This was achieved by analyzing long-term rainfall and
discharge data, as well as estimated hydropower output derived from the hydrological
model.

Influence of Climate Variability on River Discharge
Analysis of historical rainfall and discharge data revealed significant variability in
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hydrological conditions within the Nyagak catchment. Variations in rainfall intensity,
duration, and seasonal distribution were reflected in corresponding changes in river

discharge.

Periods of high rainfall resulted in increased discharge and more frequent peak flow
events, while reduced rainfall led to lower flows and prolonged dry conditions. The
bimodal rainfall pattern observed in the region was clearly reflected in the discharge
hydrograph, confirming the strong dependence of river flow on climatic conditions.
This variability indicates that the hydrological response of the Nyagak River is highly
sensitive to climate fluctuations, making the system vulnerable to both extreme rainfall
events and drought conditions.

Impact of Discharge Variability on Hydropower Generation
Hydropower generation in the Nyagak system is directly dependent on river discharge due

to its run-of-river design. As a result, variations in flow translate directly into fluctuations in
power output.

Using the hydropower equation, power output was estimated from both observed and
simulated discharge. The strong positive relationship between discharge and power
generation is an expected and fundamental characteristic of run-of-river hydropower
systems governed by the equation P = pgQHn. This relationship is not a standalone finding
in itself, but rather the operational basis upon which all further analysis of hydropower
reliability, seasonal variability, and climate change impacts is built. The quantitative
characterisation of this relationship — including the identification of minimum flow
thresholds for turbine operation and the discharge levels associated with rated power
output — provides the critical link between hydrological model outputs and energy
production estimates.

Estimated annual energy production was found to be:

Observed =10.7GWh/year

Simulated = 25.6 GWh/year

The difference between these values suggests that the hydrological model tends to
overestimate total discharge volume, which leads to higher predicted energy output. Despite
this discrepancy, both estimates confirm that the Nyagak River has significant hydropower

potential.
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Relationship between Discharge and Power Generation
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Reliability of Hydropower Generation under Variable Climate Conditions

The reliability of hydropower generation was assessed using flow characteristics such as
dependable flow. The flow duration curve indicated that the 95% dependable flow ranges
between approximately 1.6 and 2.8 m?/s.

This dependable flow represents the minimum discharge available for sustained energy
production and is critical for evaluating system reliability. While the river maintains flow
throughout the year, discharge levels during dry periods are relatively low, limiting power
generation capacity.

As a result, the Nyagak hydropower system is capable of continuous operation but with
reduced output during periods of low rainfall as seen in fig 4.

Comparison with Energy Demand

The estimated hydropower potential was compared with the energy demand of Zombo
District to evaluate the contribution of the Nyagak system to local energy supply.
The results showed that:

Estimated demand = 45 GWh/year
Observed energy = 10.7 GWh/year
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This indicates that the Nyagak River can meet only approximately 20-25% of the district’s
energy demand under observed conditions. Even under simulated conditions, where energy
production is higher, the river is still insufficient to fully meet demand.

This highlights the limitation of relying solely on hydropower in the region.

Implications of Climate Variability on Hydropower Performance
The combined analysis of discharge and energy production demonstrates that climate

variability has a direct and significant impact on hydropower performance.
The results indicate that:

e Increased rainfall variability leads to fluctuations in discharge and energy
production

e High-flow periods enhance short-term power generation but are not sustained

e Low-flow periods reduce power output and affect reliability

e Run-of-river systems are highly sensitive to climate conditions
The variability in discharge also implies that future changes in climate could either increase or
decrease hydropower potential depending on rainfall trends.

Discussion
The findings of this study highlight the strong linkage between climate variability, river

discharge, and hydropower generation. The Nyagak River exhibits significant seasonal and
inter-annual variability, which directly influences energy production.

While the river has substantial hydropower potential, its performance is constrained by
variability in flow conditions. The results show that although peak flows can produce high
energy output, these conditions are not sustained throughout the year. Conversely, low-
flow periods reduce the reliability of power generation.

The discrepancy between simulated and observed energy production further emphasizes
the importance of accurate hydrological modelling in energy assessment. Model
limitations, data uncertainty, and parameter assumptions all contribute to differences in
estimated hydropower potential.

These findings suggest that hydropower alone may not be sufficient to meet the energy
needs of the region, particularly under changing climatic conditions. There is therefore a

need for diversification of energy sources to improve reliability and sustainability.

Key Findings for Objective Three
The evaluation of climate variability and hydropower performance led to the following
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conclusions:

River discharge is highly sensitive to rainfall variability

Hydropower generation is directly dependent on discharge

Estimated energy production ranges between 10.7 and 25.6 GWh/year
The Nyagak River can meet only a portion of the district’s energy demand

Climate variability affects both the magnitude and reliability of power
generation

Run-of-river systems are particularly vulnerable to hydrological fluctuations
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CHAPTER FIVE: CONCLUSION AND RECOMMENDATIONS

Conclusion

This study aimed to analyze the hydrological behaviour of the Nyagak River catchment,
develop and evaluate a hydrological model, and assess the impact of climate variability on
river flow and hydropower generation. The results obtained from the analysis and
modelling provide important insights into the functioning of the catchment and its
suitability for hydropower development.

The analysis of historical discharge data revealed that the Nyagak River exhibits a clear
seasonal pattern characterized by bimodal flow distribution. Peak flows were observed
during the major rainy seasons, while low flows occurred during dry periods. The presence
of sustained baseflow throughout the year indicates that groundwater contributions play an
important role in maintaining river discharge. However, the observed variability in flow
highlights the influence of rainfall patterns on the hydrological response of the catchment.
The development and evaluation of the hydrological model demonstrated that the model is
capable of simulating the general behaviour of river discharge. The model successfully
captured seasonal variations and baseflow conditions, although it showed limitations in
accurately reproducing peak discharge events. The performance of the model during
calibration was better than during validation, indicating some sensitivity to changes in
hydrological conditions. Despite these limitations, the model provides a reasonable
representation of rainfall-runoff processes and can be used for further analysis.

The assessment of hydropower potential showed that the Nyagak River has significant
capacity for energy generation. Estimated energy production ranged between
approximately 10.7 GWh/year (observed) and 25.6 GWh/year (simulated), confirming the
river’s importance as a source of renewable energy. However, comparison with the energy
demand of Zombo District revealed that the river alone cannot meet the total energy
requirements of the region.

The results further demonstrated that hydropower generation is highly dependent on river
discharge, and therefore strongly influenced by climate variability. Variations in rainfall
patterns were reflected in fluctuations in discharge, which in turn affected power
generation. High-flow periods resulted in increased energy production, while low-flow
periods reduced the reliability of power supply. This highlights the vulnerability of run-of-

river hydropower systems to climatic variability.

Overall, the findings of this study indicate that while the Nyagak River has considerable
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hydropower potential, its performance is constrained by variability in hydrological

conditions. The integration of hydrological modelling and climate analysis provides a

useful framework for understanding these dynamics and supports informed decision-

making in water resources and energy planning.

Recommendations
Based on the findings of this study, the following recommendations are proposed:

The hydropower system at Nyagak should be complemented with alternative energy
sources such as solar power to improve the reliability of energy supply. Since
hydropower generation is dependent on river flow, integrating other renewable energy
sources can help offset reduced generation during dry periods.

There is a need to improve hydrological data collection and monitoring within the
catchment. More accurate and continuous data would enhance model performance and
reduce uncertainties in discharge simulation and hydropower estimation.

Future studies should consider the use of distributed hydrological models to better
capture spatial variability within the catchment. This would improve the
representation of runoff processes and enhance the accuracy of peak flow simulation.
Climate change projections should be further explored using multiple scenarios to
better understand the range of possible impacts on hydrology and energy production.
This would support the development of adaptive strategies for managing water
resources and hydropower systems.

Catchment management practices such as afforestation and soil conservation should
be encouraged to reduce runoff variability and improve water retention. These
measures can help stabilize river flow and enhance the sustainability of hydropower

generation.
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