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Abstract

This paper applied geo-spatial technology and the Soil and Water Assessment Tool(SWAT)
modeling tool for the assessment of hydropower potential in the River Kaduna, Kaduna State, daily
precipitation, minimum and maximum temperature data, discharge records, land use, and soil
data were used for the SWAT model setup and simulation. The model was calibrated using river
runoff data (1997-2002) with a model performance of R2 of 0.71,Nash-Sutcliffe Efficiency (NSE)
of 0.859, Percentage Bias (PBAIS) of 10.39 and validated using river runoffdata (2003-2008) with
a model performance of Rz of 0.75, NSE of 0.96 and PBAIS of 12.59, which shows a good
correlation. The validated SWAT model was used to simulate the river flow discharge at the
potential hydropower points. One potential hydropower location was identified that fulfilled the
criteria of sufficient head determined from digital elevation model (DEM) processing.
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1.0 INTRODUCTION

Energy is crucial for improving people's quality of life and growing economies (Liming, 2009).
Renewable energy sources are crucial to supplying the world's energy needs while minimizing
their adverse environmental effects. The world needs as much power as possible, especially from
renewable resources like the sun, wind, hydropower, and ocean waves and currents. Without a
doubt, hydropower is part of the answer and provides the best balance between efficiency,
environmental concerns, and energy use. Water is the source of this reliable, sustainable, and clean
energy source (Kusreet al., 2010). Their durability and long-term dependability also offer other
benefits. Typical hydro projects rarely last more than 20 to 30 years, but other power projects,
including wind generation, may not. However, even after 30 years, a typical hydro project only
reaches the middle of its life. Numerous advantages of hydropower include its cost-effectiveness,
environmental friendliness, and independence from global trade, unlike oil and other commodities.
The importance of small-scale hydropower and the use of geospatial approaches for potential
evaluation cannot be overemphasized. Geographical Information System(GIS) based tools and
remote sensing are powerful tools that enable the recording, storage, and analysis of various types
of spatial and geographic data in different types of the coordinate system, which can be use to
select suitable locations for small hydroelectric power plants, taking into account engineering,
economic and environmental criteria (Liu et al., 2017).

There is no universally accepted definition of small-scale hydropower. In the United State for
instance "small" can indicate up to 30 Mega Watts (MW), however in Canada, it can refer to top
limit capacities of 20 to 25 MW. Nonetheless, a definition of up to 10 MW total capabilities is
gaining traction (www.small-hydro.com).Depending on the power output, small-scale hydropower
is further divided into small, mini, micro, and Pico hydropower (Singh et al., 2009). Small-scale
hydropower systems of 10 MW or less was referred to in this research using the classifications in
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Table 2.2.The hydroelectric schemes that fall within the lower range of the "small-scale hydro"
concept-mini, micro, and pico hydropower are the most appropriate for our evaluation.

Table 1: Classification of hydropower

Type Capacity Required Head (m)
Large hydro >100 MW >50

Medium hydro 10-100 MW 20-50

Small / Low hydro 1-10 MW 10- 20

Mini hydro 100kW-1MW 2 -10

Micro hydro 5—-100 kW 1-5

Pico hydro <Skw <5

Source: Singh et al., 2009

Nigeria can generate up to 3,500 MW of energy, which is more than sufficient to meet its needs
for rural electrification, and it has a lot of potential for small hydropower. Only 30 MW of Nigeria's
more than 277 small hydro sites, which can generate 734.2 MWh of power, were utilized (Kelaet
al., 2012). Approximately 145 GWh were generated and supplied by the private sector operator
National Electricity Supply Company (NESCO) from the mid-1940s to the 1980s using
hydropower from the Kurra Falls on the N'Gell River (River Kaduna). Small hydropower (SHP)
has been in Nigeria since 1923, 45 years before the country's first major hydropower plant was
placed into operation in Kainji, according to Olayinkaet al. (2010). The list of Nigeria's current
minor hydro projects is presented in Table 2.

Table 2: Existing Small Hydro Schemes in Nigeria

S/N RIVER STATE INSTALLED CAPACITY (MW)
1 Bagel (I) Plateau 1.0
(IT) 2.0
2 Kurra Plateau 8.0
Lere(I) Plateau 4.0
(IT) 4.0
4 Bakalor (I) Sokoto 3.0
5 *Tiga Kano 6.0
6 *Oyan Ogun 9.0

Source: Adejumobiet al., 2011

This aim of this research is to evaluate the potential use of streams for the production of
Hydropower using river Kaduna as a case study. To achieve this, we estimate the river flow in
several points along the river network within the study Area, calibrate and validate the observed
river flow, to determine the drop head, along the river channel and calculate the available power
potential.

1.1 Study Area
1.1.1 Study area
The study area, which spans through Chikun local government, is roughly 70,200 square
kilometres in size over a 550-kilometer main river course that covers Kaduna, Niger, FCT, portions
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of the Plateau, Nasarawa, and Kano States, the river finally flows south through the wide, level
Niger valley and empties into the Niger River near Wuya in Niger State (Arimoroef al., 2018) and
is situated between latitudes 10.12° N and 10.36° N and longitudes 6.84° E and 7.20° E, as seen in
Figure 1. The Jos Plateau is the source of the Kaduna River, which flows northwest across the
Kaduna plains and cuts through a number of gorges in the rocky terrain between Zungeru and
Kaduna. After draining roughly of land The Karami, Galma, Tubo, SarkinPawa, and Mariga rivers
are the main tributaries that join the Kaduna River along its path, in that order from the source.
The only significant dam across the main is Shiroro Hydropower Reservoir, and Kaduna is the
only state capital through which the main channel flows.
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Figure 1: Location Map of Study Area

Chikun is One of Kaduna state's twenty-three local government areas, Chikun is bordered to the
south by Kachia, to the east by Kajuru, to the north east by Kaduna South, to the northeast by
Igabi, to the northwest by BirninGwari, to the south by Munya, to the west by Shiroro, and to the
west by the entirety of Niger state. The water flows from the North which is Rigachikun and
emptied into Lake Shiroro which is at the West of map, Figure 2 shows the flow regime of the
study area.
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Figure 2: Hydro geological Map showing water way of the Study area

2.0 MATERIALS AND METHODS

2.1 Data Acquisition

Monthly River discharge flow data were obtained from Kaduna state water board from year 2006
to 2012 as the target variable. Digital elevation model of the projected area showing where the
elevation was obtained, in particular the 50 x 50 m DEM was used to delineate the stream network
by calculate the length of the river channels, evaluate the river bed slope, identify the sub-basin
areas, and, finally, assess the elevation of a great number of points along the river network
byintersecting the DEM raster with the points layer. The 50 meter Shuttle Radar Topography
Mission(SRTM) DEM of the river basin was taken from National Aeronautics and Space
Administration (NASA) Earth Data Survey (OS) terrain.

2.1.1 Production of Soil and Land Cover Maps using ArcMap

ArcGIS (ArcMap) is a Windows-based collection of Geographic Information Systems (GIS)
software products designed to produce detailed maps, build spatial models, and manage spatial
data. Included are ArcGIS Desktop, ArcGIS Online, ArcMap, &ArcScene.

This was used in the reading of an already made soil maps data which was downloaded from Food
and agricultural organization (FAO), as seen in Figure 3.
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Figure 3: Created Soil Map from ArcGIS for the Study Area

2.1.2 Digital Elevation Data Processing

In particular, the 50 x 50 m DEM was used to delineate the stream network, calculate the length
of the river channels, evaluate the river bed slope, identify the sub-basin areas, and, finally, assess
the elevation of a great number of points along the river network (intersecting the DEM raster with
the points layer). The 50 meter SRTM DEM of the river basin was taken from NASA Earth Data
Survey OS terrain. The contours was interpolated to create a continuous surface, was used to
calculate river height differences and identify possible locations for small hydro power plants.
Figure 4 shows the created DEM for the study area (Figure 4).
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Figure 4: Created DEM map for the study area

2.1.3 River Discharge Flow data

The accurate estimation of discharge is an essential component of hydropower design and
constructions for energy generation capacity estimation as well as environment protection on
ungauged river basins (Tuna, 2013).In Nigeria, stream flow measurements are carried out by
government through River Basin Development Authority (RBDA) and State water boards,
which established gauging stations on rivers within their catchment areas and stream flow data,
can be obtained from them. However, in the past fifteen years it was reported that there have not
been stream flow measurements along major rivers in Nigeria due to lack of funding (Adedokuner
al., 2013).. Table 3 shows the monthly inflow data for Kaduna River in cubic meter per second
that was used for calibration and validation (1997-2008).
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Table 3: Monthly inflow data for Kaduna River in cubic meter per second (m?3/s)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC Peak flow(m?%s)
1997 59.69 53,57 39.96 55.66 66.34 121.97 284.83 617.86 657.07 37558 168.15 92.61 657.07
1998 5555 53.67 55.89 5845 68.99 145.77 299.66 772.63 681.90 370.99 195.52 10731  772.63
1999 59.83 50.98 4455 3794 56.66 125.84 302.05 730.20 637.58 368.32 169.57 92.43 730.20
2000 65.90 52.70 4485 40.65 6225 120.01 282.71 693.08 625.52 34585 179.49 87.87 693.08
2001 59.82 5139 5394 5766 68.06 12236 284.25 648.16 645.12 388.04 197.91 92.80 648.16
2002 63.06 58.31 4056 36.85 5796 114.79 277.82 762.98 758.30 42734 21282 110.69  762.98
2003 66.50 59.40 47.66 56.88 76.53 126.92 30597 725.66 669.37 377.98 171.55 90.07 725.66
2004 6343 5329 4848 4186 59.21 14050 302.60 788.35 780.46 44163 189.92 90.75 788.35
2005 63.08 57.34 40.14 5212 68.06 127.22 316.44 709.55 709.53 391.16 195.94 111.30  709.55
2006 57.74 5217 50.10 46.77 73.83 15598 329.30 801.18 661.83 377.75 17391 88.84 801.18
2007 5745 46.14 4567 5822 77.86 12547 247.86 649.48 706.30 421.21 180.61 109.84  706.30
2008 65.81 5556 42.02 50.34 76.96 14132 307.67 659.95 626.59 380.81 176.21 94.43 659.95
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2.1.4 RIVER HEAD MEASUREMENT

In potential micro-hydropower site, the available head is the vertical distance that water falls
(U.S.A Department of Energy, 2001). When evaluating a potential site, head is usually measured
in feet, meters, or units of pressure. Head also is a function of the characteristics of the channel or
pipe through which it flows. It is generally better to have more head than more volumetric flow;
because less water will be needed to produce a given amount of power with smaller, less expensive
equipment River profile for the catchment area was generated using civil 3D and the most suitable
elevation was gotten.

2.1.5 Soil and Water Assessment tool (SWAT) Modelling

SWAT needs the topography, land cover, and soil map for the study area as well as historical
measurements of weather data (precipitation, temperature, solar radiation, relative humidity, and
wind speed) as input. The basin is divided by SWAT into numerous sub-basins, which are further
subdivided into geographical units known as Hydrological Response Units (HRUs), which have
uniform slope, land use, and soil characteristics. Each HRU's response to changes in water quantity
and quality is simulated by the model, and the findings are then combined at the sub-basin level
and sent via the channel network to the watershed outlet. Equation 2.1 shows that hydrological
model is based on the following water balance equation for soil water content:
SW=SWi1+P--Qr--ET--SP--OR(1)

Where SWiis the soil water content for the current time step, SWi-1 is the soil water content for the
previous time step, Pis the precipitation, Qss the surface runoff, E7;is the evapotranspiration, SPis
the percolation or the seepage, and QRis the return flow.

2.2 Methods

In this study, the QGIS interface of the model, called QSWAT (Dile., 2016) was used. This interface
is provided with tools for stream network and watershed delineation, sub-basins definition, and
the identification of the HRUs. For the area of study, SWAT has been calibrated while using the
software package SWAT-CUP (Abbaspour.,2008). For simulation the river flow series recorded at
the Kaduna River's mouth was used to calibrate the model. Two datasets one for calibration and
the other for validation have been created from the available observed data. The SWAT model was
used to estimate river flow at various locations along the river network after it has been calibrated
and verified. The SWAT execution chart used to achieve the desired outcome is displayed in Figure
5.
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Figure 5: SWAT modelling chart

The workflow, which consists of four major inputs with unique sub-steps for each, is clearly shown
above. The required input data such as soil types, climate data include rainfall data, land use, and
hydrology data have been prepared in the data collection process. They are inputted into the input
data file of Soil and water Assessment Tool (SWAT). The stages of the analysis activities carried
out are as follows:

2.2.1 Delineation of Hydrological Response unit using QSWAT+

In order to process the results, the initial stage in the process is to load the digital elevation, soil,
and land use maps of the research region. The Watershed Delineation Process uses QSWAT
software to process digital elevation model (DEM) data with a 50 meter resolution. The Kaduna
River watershed's natural topographic borders served as the basis for defining the observation area.
The threshold area technique 100 ha was employed in the delineation procedure; the number of
sub-basins generated depends on the magnitude of the threshold value. Watershed boundary maps,
river flow network maps, discharge measurement outlet point coordinates, and 50 x 50 m DEM
data are used in this delineation stage(Figure 6). After delineation, the Kaduna River is divided
into 5 catchments. The pattern of water flow is dependent on the elevation value. The chosen outlet
is the discharge measurement post of Chikun LGA; the watershed delineation map is presented in
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Figure 6: Study Area watershed delineation

The sub-basin's forecast accuracy is improved by the development of HRUs (Williams et
al.,2012).HRU can explain how a watershed area affects the hydrological factors that exist there,
as well as how the region is divided according to land use, slope, and soil properties.

The catchment area is divided into five (5) sub-basins as shown in Figure 7, in the course of
initializing the result.
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Figure 7: Establishment of Sub-basin

After establishing the HRU and Sub-basins, the climate data for a weather generator (WGN) input
were downloaded from SWAT plus. The 2012 SWAT climate data from WGN output to run the
SWAT model.

2.3 Evaluation Criteria
The model performance was used to evaluated from a comparison of simulated and observed
discharge data in terms of mean, standard deviation, maximum daily discharge and total discharge
using commonly-used indices (Krause et al; 2010). Three statistical indices; Coefficient of
Percentage Bias (PBAIS) were used to evaluate the model performance by using the expression

2 _Z(QObs—E)Z_Z(QSim—@)Z
R (Qobs-Qobs)? @)
Where Qpps 1s Observed discharge and Qg;;y, 1s the Simulated discharge

If R? is close to 1, then there is a pattern of a close relationship between the prediction results of
the model and the results of field observations.

The SWAT model uses more than 500 hydrological parameters for calibration (Arnold et al., 2012).
Not all parameters are used at the calibration stage. Parameter selection is made by conducting a
literature study on the often-used parameters in the SWAT model. The value of these parameters
is calibrated by trial and error to get the best value seen from the results.

The Nash-Sutcliffe model efficiency coefficient (NSE) as shown in equation 2.3 is used to assess
the predictive skill of hydrological models. It is defined as:

_ _ (QObs—Qsim)2
ENS ! 2E(Qobs—Qsim) x 100 (3)

Where:Where Qs is Observed discharge and Qg;,,, is theSimulated discharge

The Nash-Sutcliffe efficiency is calculated as one minus the ratio of the error variance of the
modelled time-series divided by the variance of the observed time-series. In the situation of a
perfect model with an estimation error variance of zero, the resulting Nash-Sutcliffe Efficiency
equals 1 (NSE=1). Conversely, a model that produces an estimation error variance equal to the
variance of the observed time series results in a Nash-Sutcliffe efficiency of 0.0 (NSE=0). In
reality, NSE=0 indicates that the model has the same predictive skill as the mean of the time-series
in terms of the sum of the squared error. In the case of a modelled time series with an estimation
error variance that is significantly larger than the variance that is significantly larger than the
variance of observation, the NSE becomes negative. An efficiency less than zero (NSE <0) occurs
when the observed mean is a better predictor than the model. Values of the NSE nearer to 1, suggest
a model with more predictive skill. Subjective application of different NSE values as thresholds
of sufficiency have been suggested by several authors or smaller than their observed ones. The
optimal value of PBIAS is 0.0, with low magnitude values indicating accurate model simulation.
Positive values indicate overestimation bias, whereas negative values indicate model
underestimation bias and been describe in equation 2.4.

— Z(QObs—Qsim)
PBAIS e X100 (4)

Where Qg5 1s Observed discharge and Qg;,, 1s theSimulated discharge

3.0 RESULTS AND DISCUSSION

3.1 Model Performance

The study area has few river gauging sites. For this reason, a well-calibrated model has been
required for assessing the river flow in different ungauged sites along the river network. The hard
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calibration tool of QSWAT enables adjustment of different parameters through user intervention.
These parameters can be adjusted manually or automatically, the manual calibration and sensitivity
analysis of curve number parameters was done in this study.

3.1.1 Calibration results

The influence of the curve number (CN2) on the calibrated output in the monthly flow analysis
from 1997 to 2002 is presented in Table 4 and the gotten graphical relationship for Observed and
simulated flows for calibration is shown in Figure 8.

Table 4: NSE, R2 and PBIAS of the observed and simulated series for model calibration

Statistical Evaluation Parameter Calibration (1997 -2002)
Monthly Time Step
R? 0.71
NSE 0.89
PBIAS 10.39
900
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g 400 Observed
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200
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Figure 8: Observed and simulated flows for calibration (1997 — 2002)

3.1.2 Validation results

The influence of the curve number (CN2) variables on the validated output in the monthly flow
validation value from 2003 to 2008 is presented in Table 5 and the gotten graphical relationship
for Observed and simulated flows for calibration is shown in Figure 9.

Table 5: NSE, R2 and PBIAS of the observed and simulated series for model validation

Statistical Evaluation Parameter Validation (2003-2008)
Monthly Time Step

R? 0.75

NSE 0.96

PBIAS 12.59
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Figure 9: Observed and simulated flows for validation period (2003 — 2008)

The overall performance of the SWAT model was judged by statistical analysis of the discharge
data for all the years considering the wet and dry season. High values of R? (0.71), NSE (0.89)
indicated a close relationship between the observed and modelled discharge, while PBAIS (10.39)
indicated that although simulated discharge is under estimated (positive PBAIS), the simulated
discharge by the model is well within the acceptable limit.

The performance of the model is considered to be satisfactory if both R?> and NSE are greater than
0.6 for each observation and simulation (Kwarteng et al., 2020; Franco and Bonuma, 2017.,
Christine et al., 2005; Santhi et al., 2001) and PBIAS value is less than 15 % (Santhi et al.2001;
Vanliew et al., 2007).The overall summary of statistical evaluation of model showed a good
performance of the model. The comparatively higher PBAIS in validation period than in
calibration period was observed because of use of latest DEM, soil data and land use data for model
preparation.’

3.1.3 RIVER HEAD
River profile for the catchment area were generated using AutoCAD civil 3D and the most suitable
elevation was gotten at a distance of 5+600m from the outlet as shown in Figure 10.
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Figure 10: Possible Mini Hydropower sites

The design and analysis of the mini hydropower was done based on the monthly mean discharge
gotten from channel 55 and channel 49 Swat channel flow output result, which corresponds
tochainage 5+600 , for the year 2006 to 2019.

M 1 2 3 4 5 6 7 8 9 10 11 12
Discharge

(cumec)x100 | 60.81 | 41.14 | 38.02 | 52.22 | 69.96 | 118.47 | 298.67 | 639.48 | 616.59 | 419.21 | 169.21 | 90.43
Percentage

of time

equalled or | 8.3 16.7 | 25.0 | 33.3 | 41.7 | 50.0 |583 |66.7 |75.0 |83.3

exceeded p= 91.7 | 100
24100

12

Stream flow data for dependable discharge.

50% dependable discharge = 118.47 m%/s

75% dependable discharge = 616.59m>/s

100% dependable discharge = 90.43 m%/s

a. Net Head for HP 1 (Chainage 5+600 and Chainage 5+175) = 407 — 393
= 14 meter
3.1.4 POWER POTENTIAL AVAILABLE
Conceptually, the equation generally used to determine the power output based on the flow and
head is (Sule et al., 2011) as shown in Equation 5.
P=Q*H*g *n*p ®)
Where P is Power (watts), 1 is overall efficiency (%), p is the density of water (1000 kg/m?), g is
the acceleration due to gravity (9.81 m/s?), Q is the water flow rate (m>/s) and H is the net head
(m). Taking efficiency of 0.85 to estimate the power output
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1. The power potential (P) available at HP 1 is:
I. At 50% dependable discharge
Power = 118.47 x 13 x 9.81 x 0.85 x 1000 = 12,842,207.2 KW = 12.8 MW
Il. At 75% dependable discharge
P= Q*H*g *n*p
=616.59 x 13 x9.81 x 0.85 x 1000 =5,141,425.5 kW = 5.1 MW

4.0 CONCLUSION

The study evaluated the use of river runoff in Kaduna River for the production of mini hydropower.
The river runoff at suitable elevation along the river bed was simulated and gotten using SWAT.
The Calibration and validation of SWAT for the above-mentioned catchment shows that the model
is able to provide a reliable and constant estimation of the river flow along river beds. From the
analysis made, it can be concluded that SWAT software in hydrological modelling is able to give
a real scenario result. Proven statistically, the final model performance proved good with a Nash
Sutcliffe Efficiency of (NSE, 0.89), Coefficient of determination of (R?, 0.71), Percent BIAS of
(PBIAS, 10.39) for calibration and a Nash Sutcliffe Efficiency of (NSE, 0.75),Coefficient of
determination of (R?, 0.96), Percent BIAS of (PBIAS, 12.59) for validation. Head for hydropower
situation was identified using the river profile, and it was establish to fall within the classification
of a Small hydropower project, which ranges within 10 meter and 20 meters.
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