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Abstract

This research focused on integrating GIS into energy alternatives for climate change mitigation by
creating a GIS-based hydrologic model that can be used to identify sites that have significant po-
tential for micro hydropower development within the River Perkerra catchment area. Hydropow-
er is a clean and renewable energy source that remains largely untapped in the country and its
development can be used to mitigate anthropogenic climate change by reducing reliance on fossil
or biomass derived fuels. This research established the extent of this resource and whether the
available sites with significant micro hydropower potential within the study area were amply co-
pious to warrant further development. Currently, such identification is done physically using
means that are menial, costly and significantly time consuming. A 90-metre resolution Digital
Terrain Model (DTM) data obtained from the Shuttle Radar Topography Mission and various GIS
tools were used to create a hydrologic framework which was used to identify potential sites along
River Perkerra that suited any desired head requirement for the purposes of locating micro hy-
dropower plants. The derived model demonstrated that it was possible to identify sites at discrete
geographic locations along any stream drainage network using GIS. In addition, the model also
provides a decision support system that integrates a powerful graphical user interface, spatial da-
tabase management system and a generalized river basin network flow model for the purposes of
exploiting and developing micro hydropower. With sufficient data on catchment discharge and use
of higher resolution DTM, the model can be further enhanced to accurately obtain the total mi-
crohydro potential of River Perkerra by aggregating the respective potentials of every steam seg-
ment.
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Delineation, River Perkerra

1. Introduction

Kenya hopes to industrialize by 2030 [1]. This would involve development of industries on an extensive scale
and impact on the livelihood of its citizens. Industrialization has both negative and positive impacts. The posi-
tive impacts include economic growth and food security among others, whereas the negative impacts include
climate change which was first noticed as an impact of industrialization by Svante Arrhenious, a 19th century
Swede scientist [2]. The development agenda of many developing countries are increasingly being affected by
climate related disasters including hurricanes, drought, floods and landslides [3], largely because of the increas-
ing climate variability and the risk associated with it [4].

Climate variability is already having a large negative effect on the region’s socio-economic development.
This is likely to worsen with climate change hence the need to vigorously pursue adaptation to climate change.
Together with other factors including rapidly growing population, poor management of natural resources and
limited use of technologies, climate variability or long-term climate change could worsen the poverty situation
in Kenya. Due to the many and diverse impacts likely to result from climate change, a combination of mechan-
isms including both technical and social strategies would be needed to promote adaptation [5].

The causes of climate change are related to energy use and as such, it has been established that anthropogenic
factors mainly resulting from greenhouse gas emissions associated with energy use and generation are the key
causes of climate change. Currently, CO, concentrations stand at 380 ppm and the global average temperature
has risen by 0.6°C over the past 100 years with related impacts being observed. With status quo prevailing, con-
tinued use of fossil fuels and destruction of bio-mass to satisfy the ever growing energy demand, the global av-
erage temperature is expected to rise by between 1.4°C and 5.8°C this century [6].

Energy is indeed necessary for economic development and the level or intensity of its use is synonymous to
any country’s economic growth and development. Countries with low per capita consumption of commercial
energy would typically have correspondingly low per capita Gross Domestic Product (GDP) [1]. This is true for
Kenya whose commercial energy consumption has declined over the previous three decades when the economy
has had a weak performance and growth. Countries that have achieved strong growth such as Egypt, South
Africa and the Asian tiger economies have equally had a similar increased trend in energy consumption and
Gross National Income (GNI) [7].

Since factors related to energy use are the main contributors to climate variability, any technical intervention
needs to focus more on greener sources of energy. Some of these green energy sources include the solar, geo-
thermal, and hydro-power. These are already being used in the Kenya but siting of the points for harnessing
energy including hydropower has been a challenge. This research aimed at providing a means of identifying po-
tential micro hydropower sites using GIS to enable further evaluation and development to harness this clean
energy source.

Climate change is an issue of global impact and concern which is driven mainly by anthropogenic causes.
There is need to adopt cleaner energy and at the same time reduce demand for biomass energy that has driven
destruction of forests which naturally act as carbon banks whilst sequestering atmospheric carbon dioxide, one
of the major greenhouse gases [8]. Hydropower is one of the most common renewable energy resources abun-
dantly available in regions that receive significant rainfall and provides itself as an alternative clean, low cost
and well developed technology that can be adopted to avert energy scarcity, biomass destruction and advance-
ment of climate change [9]. Likewise in Kenya, there is an estimated 3000 MW of untapped hydroelectric ca-
pacity of small, micro to pico hydropower, part of which may be viable for community based electricity produc-
tion, detailed resource assessments have only been done for a small number of hydroelectric power projects in
all regions making it impossible for hydroelectric power projects to be included in the least-cost power devel-
opment plan [10].

Considering that Geographic Information System (GIS) technology is evolving, its use is expected to steadily
increase across a multitude of domains as it provides an efficient framework for geo-referencing information
enabling expedited and accurate decision making based on location and innate relationships hence reducing the
costs associated with extensive fieldwork and manual office work.
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The overall problem addressed by this study is that while the use of GIS has been commonplace in disciplines
such as forestry, hydrology, environmental management, geology and mining, it has not been used extensively
in the exploitation of renewable energy sources. Currently, identification of suitable micro hydropower sites
within river drainage networks is conducted through abstract and manual means that do not provide the entirety
of crucial hydrological information needed to support decision making. This process is menial, time consuming
and costly hence in order to hasten and improve the process of locating and planning micro hydropower projects
within a given river basin there are pertinent research questions such as: Could GIS be used as a proactive plan-
ning tool that could lay ground for a quicker assessment of micro hydropower potential and identification of
suitable sites where this source of renewable energy can be effectively exploited? The objective of this research
study was to identify sites along the gauged stream segments within River Perkerra catchment area in Baringo
County, Kenya with significant potential for micro hydropower development and subsequently estimate the
electric power generation potential.

2. Hydropower Modelling

Hydropower has been in use since ancient times from before 200 B.C. by the Greeks and Chinese where this
form of energy was harnessed for basic tasks such as irrigation, grinding of grains into flour [11]-[13]. In terms
of significance, hydropower is amongst the key sources of renewable energy for electrical power production
with a projected global potential of 14,370 TWh/year, of which 8080 TWh/yr. is currently considered economi-
cally viable [14]. Consequently rural populations in Africa including those located far away from the electricity
distribution grid can hugely benefit from local small-scale hydropower projects [15].

Electricity is a secondary energy source, obtained through conversion of primary sources of energy such as
hydropower, thermal, wind or solar [16] as such; micro hydropower generation is an inexpensive compliment to
solar and other renewable energy forms. The nature of hydropower makes its use possible beyond a single home
and instead can provide electric power to a several homes. Apart from being environmentally benign, having a
long running life and maintenance easy, small-hydro has the advantage of being amongst cost-effective energy
technologies that can be considered for rural electrification in developing countries while also augmenting pow-
er generation from large hydro schemes Whereas reservoirs associated with large-hydro have considerable social
and environmental impacts such as interrupted fish breeding, methane release into the atmosphere, water quality
degradation, intensification of disease vector as well as reduced water availability downstream, small hydro is a
cleaner substitute [17] [18]. Another benefit of micro hydropower is that water, which would otherwise cause
soil loss on steep slopes, is directed through pipes and its force is used to produce energy rather than cause ero-
sion.

To date, there is still no internationally agreed definition of small-hydro. Some school of thought applies the
term small-hydro to collectively cover small, mini, micro and pico hydropower schemes. Conventionally, small-
hydro refers to between 2.5 and 25 MW, mini-hydro typically refers to schemes below 2 MW, micro-hydro be-
low 500 kW and pico-hydro below 10 kW. These are arbitrary demarcations though most principals cut across
smaller and larger schemes [19]. Pepermans and others define small-hydro as ranging between 1 - 100 MW and
micro-hydro between 25 kW - 1 MW. Some authors define generation between 1 kW and 1 MW as dispersed
generation [20].

While the process of identifying potential micro hydropower sites can be an overwhelming exercise, remote
sensing and GIS technology can play a pivotal role in the scientific assessment of drainage networks to accu-
rately identify locations with the highest potential for hydropower development hence increasing access to af-
fordable energy [21]. Hydropower potential is directly related to the geography of an area, amount of precipita-
tion and soil saturation. GIS can be used to evaluate specific watersheds for runoff and the difference in eleva-
tion from where water can be collected and where a turbine can be located. Rojanamon et al. propose new me-
thods of application of GIS to site selection of small run-of-river hydropower that can help address some of the
challenges encountered during site selection of small run-of-river hydropower projects occasioned by accessibil-
ity of the possible sites which are mostly located in rural and mountainous areas, the large amount of data re-
quired, and the lack of participation of the local communities [22].

Das, S. & Paul, P. K. note the difficulty of site selection for small hydro in the inaccessible tracts of Hima-
layan region while using conventional methods leading to considerable loss of time and money. Their research
demonstrated the use GIS and Remote Sensing technology to arrive at various alternative sites available in the
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study area and finally to select the most technically suitable site [23].

A study by Jha, R. used the hydro-meteorological data from Department of Hydrology and Meteorology for
hydrological analysis of all the rivers in Nepal. By incorporating hydrological analysis, GIS and a purposely de-
veloped hydropower model as shown on Figure 1, the power potential and annual run-of-the-river energy esti-
mate for the entire country was established [24].

A paper by Feizizadeh & Haslauer [25] discusses the application of a GIS to calculate the theoretical surface
hydropower potential of the Tabriz basin in Iran. GIS based hydrological modelling is performed on equi-areal
raster cells using topographical and meteorological datasets. The input data was com-piled and analyzed using
GIS data layers, including topographic characteristics, monthly evaporation and precipitation data to identify
areas of the river network the highest potentials that could be used to locate for hydropower plant. Figure 2 illu-
strates the schema of the model used. From the above, GIS thus provides a practical means of modelling both
elevation and hydrologic data.

This research proposes to adopt both models by Jha, R. [24] and Feizizadeh & Haslauer [25] to create an en-
hanced one capable of identifying focus areas for development of micro hydropower hence facilitating devel-
opment and increased use of electricity and mechanical energy derived from micro hydropower with an aim of:
1) reducing the use unsustainable energy sources and 2) reducing emissions generated by use of fossil fuels and
biomass.

3. Materials and Methods
3.1. Hydrologic Analysis

Hydrologic Analysis was carried to obtain the respective flow duration curves at gauging station points along
the Perkerra River. The flow duration curves were necessary for calculations to determine the average flow
magnitude in a year that could be expected to be equal or exceed 40, 50 and 60 percentile of the time. The exer-
cise involved use of primary data containing river flows from gauging stations supplied by the Water Resource
Management Authority (WRMA) and the Rift VValley Water Services Board.

Hydrological Analysis
l GIS Analysis
Monthly Average Discharge ¢
Jor 10 years (97-06) DEM from SRTM (100 m x
l 100 m) Resolution
FD-Curve ¢
¢ Flow Accumulation
River Link
040, 050, 060 River Order
River Elevation

Hydropower Model

\ 4

Installed Power
Power for 12 months
Wet and Dry Energy in GWH
For 040, 050, Q60

Figure 1. Model used to calculate the total run-of-river type hydropower potential of Nepal [24].
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Figure 2. Model used to calculate hydropower potential for Tabriz Basin, Iran. [25].

O,



G. C. K. Chelelgo et al.

3.2. Stream & River Network Delineation

Delineation of River Perkerra drainage network through GIS hydrologic modelling was done using ArcGIS
Model Builder & ArcHydro tools to process DEM data from the Shuttle Radar Topography Mission (SRTM)
containing elevation data at a 90 m resolution in ASCII format. Ground truthing and topographic maps from the
Survey of Kenya were used to validate the derived river network.

3.3. Hydropower Modelling

A hydropower model was developed by further processing the delineated drainage network of River Perkerra
within ArcGIS to:

1) Identify sites along delineated stream network that have suitable head requirement for the purposes of lo-
cating micro hydropower plants.

a) Drop points within the area of interest were obtained by subtracting minimum neighbours from the area of
interest DEM. The minimum neighbours were derived by applying 3 by 3 cell focal statistics against each pixel
on the area of interest DEM.

b) Drop points along the river network were obtained through extracting by mask, drop points within the area
of interest from a 3D raster representation of the river network. The river drop was colour coded and classified
in terms of head as either high (>50 m), medium (10 - 50 m) or low (<10 m) which would guide the type of tur-
bine as illustrated on Figure 3.

2) ldentify potential hydropower sites along gauged stream segments within the study area.

a) To establish the hydropower potential, the river drop was multiplied by gravitational acceleration 9.81
ms-2.

b) The product of hydropower potential and river discharge would yield the extractable hydropower output of
any identified site.

3) Estimate the power potential of selected hydropower sites along the gauged stream segments in the drai-
nage basin. Using hydropower potential and discharge calculation from hydrologic analysis of the Perkerra Riv-
er, the extractable Q40, Q50 & Q60 hydropower output potential was obtained for high head sites along the Ti-
geri, Lelgel and Eldama Ravine gauged sections of the River Perkerra. A high-level flow chart of the model is
shown in Figure 4.

500 » Pelton wheel
" or Turgo wheel
200 -
100 -
- e
g 0\.{ ‘ ___Francis turbine
4,
R 4 '
S 3
an 2, |
- f&
Z 207 “ __ Crossflow turbine
7] “"'-. -
10 7 ” X ¥ Propeller turbine
0'{ " or Kaplan
3 T ' :
0.5 1 5 10 20
Discharge (m?*/sec)

Figure 3. Turbine sizing [19].
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Figure 4. Hydropower potential model.

4. Results and Analysis
4.1. Derived Flow Duration and Discharge

For each gauging station with data flow-duration curves were derived with the cumulative frequency curve that

©,
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showed the percent of time specified discharges were equaled or exceeded over the period which readings were
recorded. The flow-duration curve represents the long-term characteristics of the gauged stream segments hence
were used to predict the distribution of future flows for hydropower estimation. The respective Q40, Q50 and
Q60 are tabulated on Table 1 below while Figure 5 and Figure 6 show the flow duration curves for the Tigeri
gauging station 2EDOL.

4.2. Delineated Stream & River Network

The River Perkerra watershed and its stream network were delineated the from digital elevation model data.
Figure 7 illustrates the 3D TIN surface rendering of the resultant river network. The derived stream network
compared well to those obtained from digitized maps as shown an overlay with a stream network obtained from
DEPHA in Figure 8. Digitized maps carry a bigger approximation due to the scale of representation being lower
that the SRTM data used in this research explaining the few differences observed.

In addition, the GPS coordinates for gauging station obtained during site visits all fell within the derived river
network confirming accuracy of the model. Figure 9 shows the relative positions of the gauging stations with

Table 1. Q40, Q50 and Q60 discharge values by gauging station.

Gauging . Q40 Q50 Q60
Station Code LD S UL m®s* m®s* mest
2EBO1 WASEGES KISANANA 0.37 0.34 0.31
2EC02 RONGAI RONGAI 0.111 0.078 0.056
2ECO03 RONGAI RONGAI 0.093 0.062 0.045
2EC04 RONGAI RONGAI 0.02 0.02 0.019
2EDO1 TIGERI KAPCHOLOI 0.82 0.8 0.8
2EDO02 LELGEL POROR 0.35 0.30 0.28
2EDO3 ELDAMA RAVINE ELDAMA RAVINE 0.0.30 0.28 0.24
2EEOQ7 PERKERRA KIMOSE 2.718 1.7515 1.187
2EEOQ7A PERKERRA MARIGAT BRIDGE 6.612 5.766 4.788
2EEO07B PERKERRA MARIGAT BRIDGE 0.907 0.687 0.525
2EEO08 PERKERRA KIMNGOROM 1.589 12 091
2EF04 NAROSURA KABIMOI 0.907 0.687 0.525
2EGO01 MOLO RIVER KELELWA 0.863 0.575 0.404
Flow Duration Curve (20 Equal Intervals) for River
Perkerra at Gauging Station 2EDO01
25.00
20.00¢
g 3
o 15.00%
£ 3
N L 4
< 10.00
Q
A
A 5.00 k’\\L
0.00 ‘ ‘ —
0.00 10.00 20.00 30.00 40.00
Percent of time that indicated discharge was equaled or exceeded

Figure 5. Flow duration curve (20 equal intervals) for River Perkerra at gauging station.
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Figure 6. Flow duration curve (log intervals) for River Perkerra at gauging station 2EDO1.
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topographic maps (red).

O



G. C. K. Chelelgo et al.

River Drop
¥ T E J - -
g 3 \ [ -’
{ 1 R ;
5 Y " r ) -
) i ) | NAROSLIRA
: - \, y -
. ."f IL.: L 4 5 o
;‘ ' i £
A : i r o
e k,. 1 ] r_I: 5, '
.I - ;
). i !
. PERKERRA i
‘-l.' ‘.i - ' |I
| I
y ¥ il
~ o #
j N\ 2
i | - - -
i, ] A
. ‘. TIGERI_ :.}r -
Ny T e e
b - # - f |- ‘W 1
s r J s
! - B
Al
7 . LELGEF ;
N N - o '3
e '‘ELDAMARAVINE |
L
— i i
ra —y \ L
i NAROSURA
~ . il : ;| - . ESAGERI
A i ; - o I
B ! o .r - 4 s
/ ! _;' . !
- Jr'f f |
I A e | ] |
s FJ r'
/ | [
L | '
1l 1
_3/
l Y
1
riverdrop
[ Jo-9.99% 0 17,503,500 7000 10,500 14,000
B 9999900001 - 49.9999 Meters
B 29.99990001 - 6.000

Figure 9. Close up image of river drop points by head classification.
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respect to the derived stream network.

4.3. Hydropower Model and Identified Potential Micro Hydropower Sites

River drop points were extracted from the DEM and stream net-work in order to identify sites along delineated
stream network that potentially have suitable head requirement for locating micro hydropower plants. Figure 9
shows a close up view of one of the stream segments and drop points classified by available head.

The extractable Q40, Q50 & Q60 hydropower output potential for sites along the Tigeri, Lelgel and Eldama
Ravine gauged sections of the River Perkerra identified to have a head drop of 50 metres and above are tabu-
lated on Table 2.

5. Conclusions and Further Work

This research demonstrated the use of GIS in accurately identifying and assessing the extent of hydropower

Table 2. Potential hydropower output sites with 50 m or more head.

Head Hydro Site Total AvaiIaabIgDischarge Total Potential Power
Reference Gauging Point (s) Drop Coordinates (m*s™) Output (MW)
(m) (Decimal Degrees) Q40 Q50 Q60 Q40 Q50 Q60
TIGERI 2EDO1 51 35.712236, 0.102368 0.82 0.80 0.80 0.410 0.400 0.400
ELDAMA RAVINE 2ED03 52 35.711548, 0.035348 0.30 0.28 0.24 0.153 0.143 0.122
ELDAMA RAVINE 2ED03 50 35.712513, 0.036192 0.30 0.28 0.24 0.147 0.137 0.118
ELDIfl\Iﬂ-ilf?le%FIR(I);Z&IELDOS 58 35.725049, 0.069461 0.65 0.58 0.52 0.370 0.330 0.296
LELGEL 2ED02 &

ELDAMA RAVINE 2ED03 63 35.725772, 0.069943 0.65 0.58 0.52 0.402 0.358 0.321

LELGEL 2EDO02 &
ELDAMA RAVINE 2ED03

LELGEL 2EDO02 &
ELDAMA RAVINE 2ED03

LELGEL 2ED02 &
ELDAMA RAVINE 2ED03

LELGEL 2EDO02 &
ELDAMA RAVINE 2ED03

LELGEL 2ED02 &
ELDAMA RAVINE 2ED03

LELGEL 2EDO02 &
ELDAMA RAVINE 2ED03

LELGEL 2ED02 &
ELDAMA RAVINE 2ED03

LELGEL 2ED02 &
ELDAMA RAVINE 2ED03

TIGERI 2EDO1 & LELGEL
2ED02 & ELDAMA RAVINE 73 35.748615, 0.103190 1.47 1.38 1.32 1.053 0.988 0.945
2EDO3

TIGERI 2EDO1 & LELGEL
2ED02 & ELDAMA RAVINE 67 35.754556, 0.110750 1.47 1.38 1.32 0.966 0.907 0.868
2EDO3

TIGERI 2EDO1 & LELGEL
2ED02 & ELDAMA RAVINE 62 35.755250, 0.111599 1.47 1.38 1.32 0.894 0.839 0.803
2EDO3

55 35.726978, 0.071630 0.65 0.58 0.52 0.351 0.313 0.281

62 35.728304, 0.074523 0.65 0.58 0.52 0.395 0.353 0.316

51 35.729388, 0.075126 0.65 0.58 0.52 0.325 0.290 0.260

58 35.739343, 0.086141 0.65 0.58 0.52 0.370 0.330 0.296

78 35.742660, 0.092853 0.65 0.58 0.52 0.497 0.444 0.398

69 35.743586, 0.093778 0.65 0.58 0.52 0.440 0.393 0.352

79 35.744357, 0.094704 0.65 0.58 0.52 0.504 0.449 0.403

85 35.746131, 0.099024 0.65 0.58 0.52 0.542 0.484 0.434

TIGERI 2EDO1 & LELGEL
2ED02 & ELDAMA RAVINE 55 35.756253, 0.112370 1.47 1.38 1.32 0.793 0.745 0.712

2EDO3
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resources, including whether the availability of sites with micro hydropower potential within the study area was
sufficiently large to warrant further development.

Based on the results it is established that:

1) GIS can be used to accurately identify sites at discrete geographic locations along any stream drainage
network.

2) Potential sites for hydropower development are numerous within the study area and can reliably generate
electricity all year round. These sites have hydropower potential characteristic of pico, micro, mini and small
hydropower installations.

The use of GIS in identification and assessment of a country’s hydropower potential should be adopted. With
sufficient data on catchment discharge, the model can be further enhanced to obtain the total micro hydropower
potential of River Perkerra whereby the potentials of every stream segment are aggregated. This research can be
replicated to assess hydropower potential for any river network
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