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Abstract
Inadequate and epileptic power supply retards economic
development and this has plagued the economic development
of sub-Saharan Africa for decades. Despite this ugly situation,
coupled with the benefits of small hydropower (SHP) scheme,
the huge SHP potential available in the region is grossly
untapped. This study glances at steps required to develop a
SHP potential site and creates design charts based on site
assessment data for a range of capacities. This is expected to
trigger SHP domestic development to facilitate greater access
to power through more deployment of SHP. The study
observes from the comparative design charts that it is most
economical to apply the theoretical relation in the design of a
penstock. The United States Department of Interior Bureau of
Reclamation (USBR) relation is preferred for safety and
longer lifetime but is relatively more expensive. Further,
capacities and penstocks parameters were evaluated for
selected low-head potential sites in the region.
Keywords: small hydropower; sub-Saharan Africa; potential
sites; turbine power; low head
1.

INTRODUCTION

Developing countries with emerging commerce and industries
are facing an overwhelming task of dealing with the power
crisis. The socioeconomic development of the developing
countries is plagued by insufficient power generation and
distribution infrastructure, leading to a wider gap between
developing and developed countries [1-3]. “Ban Ki-moon,
former UN Secretary-General, stated that energy is the golden
thread that connects economic growth, social equity and
environmental sustainability” [4]. The rural and remote areas
in the developing countries are the most affected by
inadequate power access. In 2014, the world’s rural and urban
populations without electricity were 27% and 4%
respectively, as shown in Fig 1 [5]. This is due to no
electricity supply or the electricity supplied is characterised by
frequent cuts, transmission losses, high transmission and
distribution costs. The rapidly increasing demand for power
resulting from population increase, industrialisation and
urbanisation have not been appropriated by the power
infrastructural growth in the developing regions of the world.
Sub-Saharan Africa (SSA) and South India regions
accommodate the highest population without access to
electricity. To overcome the heavy power deficit and rapid
depletion of available resources appropriately, domestic
development of power technologies is a factor to be
considered.

Sub-Saharan Africa is a developing region with rapid
population and urbanisation growths and requires adequate,
affordable and sustainable energy resources to provoke the
socioeconomic activities in the region. However, irrespective
of the source, the total energy harvested should outweigh the
energy required for production and be sustainable. The
hydropower system satisfies these requirements, and in
addition, is one of the renewable sources of electricity. The
region has huge hydropower potential that is underutilised.
The adequate development of this potential will improve the
power supply and limit the use of fossil fuels. Other economic
impacts of hydropower are promotion of fish industry,
agriculture, navigation, tourism, fresh water supply and
provision of low-cost electricity for rural and urban
development. It is also expected to increase employment
opportunities and the reduction of greenhouse gas emissions.
Although insufficient and epileptic power supply has hindered
the economic activities in the region, especially in the rural
areas for decades, the huge SHP potentials available in the
region are untapped. Small hydropower has been identified
globally as an environmentally friendly, cost effective and
simple renewable power scheme suitable for rural
electrification. Domestic development of SHP components
and systems will facilitate greater access to power in the
region. The building of SHP capacity and the use of locally
sourced materials will promote domestic participation in the
design, manufacture of SHP components and application of
SHP systems.

Fig 1: Global access to electricity [5].
This work is motivated by the level of the vast undeveloped
SHP potential in the developing countries, especially in the
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rural areas of Southern India and SSA [6, 7]. These regions
have the highest percentage of the global population without
access to power in the regions. The study will add to the
literature by providing a simplified theoretical framework for
developing SHP system and determining turbine capacity, and
penstock diameter using both theoretical and empirical
relations. Hence, this study deals with SHP site development
processes, such as site assessment procedures, computation of
power generation capacity based on the established site
parameters and creating SHP design charts. Further, turbine
selection procedures and the establishment of turbine powers
and penstocks parameters for some identified low head SHP
sites in the region will be carried out.
2.

following four phases planning, project approval, construction
and exploitation. The main goals of this preliminary aspect are
an estimation of the power potential, civil and transmission
works that need to be done, and the economic viability of the
site. The capacity generation is a function of two basic
parameters, head (H) and flow (Q) conditions [11]. Apart
from the hydrological features, topographical and
geotechnical characteristics, which control the type and the
alignment for the conveyance system are also considered. In
the choice of site, the stability of the soil, bends, streambed,
and access are important factors to consider [12]. Some of the
significant features of a viable site are as follow:

METHOD

This paper shall provide insight into the general sequential
steps required in developing a SHP potential site. This will
involve the assessment of the site and the determination of
turbine power based on the hydrological information. In this
regard, the optimal generating power of some selected sites
will be computed and simplified linear expressions developed
to address the efficiency issues resulting from the turbine. The
study shall explore the different penstock design relations
both empirical and theoretical to develop design charts.
3.

SMALL
HYDROPOWER
PROCEDURES

i.

A hydro resource with the shortest route, high
head and discharge are preferable.

ii.

Green energy/renewable ‒ the energy source
should be naturally replenishable within a
reasonable length of time.

iii.

Eco friendly ‒ the project should be devoid of
damage to environmental, air quality and fish
populations, or threatened species.

iv.

Socially Responsible ‒ the energy generation
process should not conflict the community’s
tradition.

v.

Licensable ‒ the project must be in accordance
with all relevant regulations and standards.

DEVELOPMENT

The development process of SHP can be broadly categorised
into three – site assessment and planning, civil work
development and electromechanical section development.
Small hydropower is the development of a small scale
hydroelectric power to serve a small community or industrial
plant. The definition of a SHP scheme varies, however, a
generating capacity of about 1 to 20 MW is generally
acceptable. In some countries, SHP could be stretched up
to 50 MW [8, 9]. The SHP can categorise into mini hydro
(100‒103 kW) and micro hydro (5‒100) kW [10].

3.3. Obtaining authority and licences
Once the hydro resource assessment establishes the site to be
economical and feasible for power generation, authority
and/or licences are applied for from the relevant government
ministries and agency. This is done in accordance with the law
of a given country. In Nigeria, the power to regulate the entire
electricity sector is vested in the electricity Regulatory
Commission (NERC).
3.4. Planning

3.1. Site assessment and planning
This aspect of the development includes data collection,
planning, operation and maintenance, multi-purpose
utilization, skilled manpower, integration into the national
grid and management.

Once the necessary authorisation and licences are obtained,
selection of the type of structures and equipment, in
accordance with the data collected follows. Requirements,
such as, access to power and water by localities with SHP
sites are estimated in relation with population and expected
economic growth. This should be matched and compared
with the technical-economic viability of the SHP with other
options.

3.2. Data collection
Data collection is the first stage of the sequence of activities
involved in SHP development. It is SHP site assessment and
evaluation of the hydrological, geological, and topographical
aspects of the natural resource. The characterisation of the
water source and acquiring of the flow duration curve (FDC).
The collected data is used to establish the technical and
economical feasibility of the site and subsequently used to
compute the generation capacity and to select the appropriate
hydro turbine. A typical SHP data is further divided into the

3.5. The operation, Maintenance, and Surveillance
A successfully executed SHP project, requires emergency and
routine operation, periodic maintenance, regular inspection of
the facility, surveillance, lubrication, adjustments and repair
[13]. Source of technical personnel and financing of costs of
maintenance and repair of the dam, intake, powerhouse,
pipeline, electromechanical equipment, etc. are a vital part of
development considerations.
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3.6. Multi-purpose utilization of SHP
Apart from electricity, other applications of SHP resource,
such as, the supply of drinking water, navigation, fishing,
irrigation, etc. should be an integral part of consideration
before construction. The generating capacity could be lost
or severely affected due to other uses if not properly
planned and this might threaten the power generation
investments [14].

channel desilted water with the right pressure to the turbine, as
depicted in Fig 2. A run-off type of a SHP system consists of
the following basic civil components: water conveyance channel, pipeline, or penstock.

3.7. Skilled manpower
In training of SHP technical personnel, there are several
options, which include formal education (higher education
learning), on the job training, internship, short and extramural
courses. The method of training and retraining of operation
and maintenance of SHP technical personnel should be part of
pre-development considerations. For efficient operation and
maintenance of SHP, the training facilities need to be
adequately supplied.
Fig 2: Components of a SHP system [10]
3.8. Integration into the national grid
The 2005 Nigerian power reforms support the selling of
power from IPP to PHCN and supply of such into the
national grid. In the case of power generated for standalone
SHP reasonably exceeds the consumption, the excess can
be delivered to the national grid to help boost the capacity
of power in the grid. The application of PPP SHP schemes
to provide local network formation and its link to the
national grid can improve rural electrification and promote
rural socioeconomic activities. The procedures for
actualising this should be considered and spelt out in the
development plan.
3.9. Management
Effective running of a SHP scheme demands a well-designed
management system. The absence of managerial regulations,
central authority, and sufficient technical staff for periodic
maintenance can make the continuous operation and
maintenance of SHP local network facilities for rural areas
very challenging.
4.

5.

ELECTROMECHANICAL
SECTION
DEVELOPMENT: DEVELOPMENT OF TURBINE
POWER

A run-off type of a SHP system consists of the following basic
electromechanical components ‒ turbine, pump, or
waterwheel; alternator or generator; regulator - controls the
generator; and transmission (wiring). Hydro turbines are
machines used in hydropower generation plants that convert
the energy from flowing water to a rotating shaft, which is
transferred to a generator to produce electricity. There are
varieties of hydro turbines that can mainly be divided into two
- impulse and reaction turbines [15]. Generally, the selection
of the type of turbine to be used is determined by the
hydraulic head and the flow rate. Other factors that may be
considered include cost, efficiency and the depth of the
turbine application. Fig 3 shows the classes of hydropower
turbines and their applications.

THE CIVIL SECTION DEVELOPMENT

The needed water for a SHP system is diverted from a hydro
source, and transferred to the turbine situated in the
hydropower generating station, without signs of head loss. To
satisfy this, dynamics, such as effective head, flow variations,
sediment floods and turbulence must be taken into
consideration in the design process. The civil section of SHP
system is designed to accommodate these factors. The civil
section of SHP involves water diversion and storage,
desilting, and conducting water to the turbine. The
components that carry out these functions are weir, silt
settling basin, forebay or tank and spillway, headrace canal,
tunnel or Penstock, and tires. These features work together to
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Impulse turbines depend on the water velocity to turn the
runner and discharges to atmospheric pressure. Impulse
turbines are usually suitable for high head and low flow sites.
Reaction turbines use both actions of pressure and moving
water to develop power and is generally used for low head and
high flow sites. A reaction turbine develops power from the
combined action of pressure and moving water. The runner is
placed directly in the water stream flowing over the blades
rather than striking each individually. Reaction turbines are
generally used for sites with the lower head than compared
with the impulse turbines. Table 1 summaries the available
types of hydro turbines and their applications. The table below
summarises the main hydropower turbines that are available
and their uses.

used the low head (10m and below). The Francis turbine has
the largest range of applications as it is exploited for both high
and low heads of SHP [17].

The net head (H) and the flow rate (Q) are two main
parameters of flowing water that influences the type of
turbine to be used, as represented in Fig 4 [11]. In this regard,
head of 50m and above requires high pressure turbines, such
as Pelton turbines while crossflow and Kaplan turbines are

Fig 4: Turbine selection chart [18]

Table 1: Types of hydro turbines and their applications [19-21]
Hydropower turbine type
Impulse turbines

Typical site characteristics
Head type

Flow

Crossflow turbine

Low to medium (2 – 40 m)

Low to medium (0.1 – 5 m3/s)

Pelton/Turgo turbine

High (> 25 m)

Lower (0.01 m3/s – 0.5 m3/s)

Waterwheels

Low (1 – 5 m)

Medium flows (0.3 – 1.5 m3/s)

Archimedean Screw

Low (1.5 – 5 m)

Medium to high (1 to 20 m3/s)

Kaplan/ Propeller turbine

Low to medium (1.5 – 20 m)

Medium to high (3 m3/s – 30 m3/s)

Francis turbines

Low to medium (1.5 – 20 m)

Medium flows (0.5 – 4 m3/s)

Turgo turbines
Reaction turbines

5.1. Selected low head SHP sites
Computations were done based on the SHP information obtained from Adejumobi, Esan, and Okunuga study [22], as presented in
Table 2.
Table 2: Selected low head sites in Nigeria [22]
Name of site

Site location

Ayiba
Erinle
Otin
Osun
Ona
Oyo
Oba
Tagwai
Fofo

Ayiba, Osun state
Ede, Osun state
Eko-Odo, Osun state
Esa-Odo, Osun state
Eleiyele, Oyo state
Awon, Oyo state
Oba, Oyo state
Tagwai, Niger state
Shaki, Oyo state

Hydro
source

Average
water head (m)

Suggested
turbine Set

Theoretical plant
generating
capacity kW

Dam
Dam
Dam
Dam
Dam
Dam
Dam
Dan
Dam

11.58
10.5
13.7
11.3
14.6
13
13.5
15.7
14.6

Crossflow
Crossflow
Crossflow
Crossflow
Crossflow
Crossflow
Crossflow
Crossflow
Crossflow

122.4
110.94
140.75
120
148.26
130.3
139.2
165.95
148.26
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5.2. Turbine Power
Turbine power (Pti) is evaluated using equation (1) [6, 23, 24]:

Pti 

Q t gH n
1000

(kW)

……………… (1)

The relationship between the flow rate and turbine power
when turbine efficiency is 75% is shown in Fig 4 (a), while
Fig 4 (b) is the graph of turbine efficiencies against turbine
power for the selected sites. The turbine power at an
efficiency of 75% can be estimated using linear relation
expression derived from the plot in Figure 20 (a):

Where ηt is the efficiency of the wheel; Q is the flow rate
(m3/s); g is the acceleration due to gravity (9.81m/s2); Hn is
the net head (m); ρ is the density of water (kg/m3)

Pti  1.9*102 Q  1.4*102

..………. (2)

Fig 4: (a) Graph of flowrate against turbine power; and (b) Graph of turbine efficient against turbine power for selected sites
The optimal generating power of the selected sites can be
computed by these simplified linear expressions in Table 3 in
terms of turbine efficiency.

Where Ptay, Pter, Ptot, Ptos, Pton, Ptoy, Ptob, Ptta, and Ptfo are the
powers that can be developed from Ayiba, Erinle, Otin, Ona,
Oyo, Oba, Tagwai and Fofo sites at a turbine efficiency, ηt%.

Table 3: Power capacities of the selected low head sites

5.3. Design of SHP penstock for selected low head SHP sites

Name of site

Turbine power at a given
head, and flowrate

Ayiba

Ptay  160t  2.4*1014

Erinle

Pter  150t  2.2*1014

Otin

Ptot  190t  4.3*1014

Osun

Ptos  160t  3.9*1015

Ona

Pton  200t  1.2*1014

Oyo

Ptoy  170t  2.4*1014

Oba

Ptob  190t  1.6*1014

Tagwai

Ptta  220t  2.4*1014

Fofo

Ptfo  200t  3.9*1015

The penstock diameters for a given range of length of
penstock are shown in Fig 5. Table 4 presents penstock
internal diameters for the different sites flowrates and turbine
capacities.

Fig 5: Graph of penstock length against penstock internal
diameter
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Table 4: Evaluation of penstock internal diameter for selected sites by empirical relations

Name
of site

Average
water
head (m)

Theoretical
plant
generating
capacity kW

Theoretical
flow rate
(m3/s) (ηt =
75%)

Empirical methods
Warnick
et al

Fahlbusch

USBR

(m)

(m)

(m)

Ludin–
Bundschu
(m)

Ayiba

11.58

122.4

1.4093

0.8310

0.8673

0.9762

0.7549

Erinle

10.5

110.94

1.4088

0.8309

0.8817

1.0003

0.7548

Otin

13.7

140.75

1.3698

0.8193

0.8427

0.9229

0.7457

Osun

11.3

120

1.4159

0.8329

0.8727

0.9845

0.7564

Ona

14.6

148.26

1.3863

0.8329

0.8276

0.9137

0.7496

Oyo

13.0

130.3

1.3364

0.8092

0.8303

0.9236

0.7379

Oba

13.5

139.2

1.3748

0.8208

0.8356

0.9279

0.7469

Tagwai

15.7

165.95

1.4093

0.8310

0.8235

0.9047

0.7549

Fofo

14.6

148.26

1.3540

0.8145

0.8189

0.9030

0.7420

5.4. Determining optimal penstock diameter and thickness
In this study, a comparative study of the relations for
computing the optimum dimensions of penstock was carried
out. The theoretical and empirical relations were used to
process penstock main parameters - internal diameter, flow
rate, and penstock thickness, as shown in Figs 5-7. The
empirical relations used are that of the United States
Department of the Interior Bureau of Reclamation (USBR),
Warnick et al, Ludin–Bundschu and Fahlbusch. The curves on

the graphs in Fig 6 (a) and (b), show a similar profile trend.
The Ludin–Bundschu and theoretical relation curves start
from the origin, while Fahlbusch and USBR relation curves
do not start from the origin. From the plots, it could be
deduced that the use of theoretical relations will give the
smallest internal diameters for both penstock internal diameter
and thickness, while USBR relation will be the largest.
Relatively, this implies that the use of USBR relation will cost
the highest while the theoretical relation will cost the least,
since the cost of material is proportional to its size.

Fig 6: Use of both theoretical and empirical methods to evaluate penstock’s (a) internal diameter and (b) thickness.
The use of the theoretical relation will be the best option in
terms of cost, while USBR relation gives the highest factor of
safety, as shown in Fig 7. The choice of a relation or model is
important in SHP project because penstock takes a reasonable
percentage of the total cost of the project. However, certain
factors, such as safety, optimisation concept, environment

factor and good engineering judgement control the design
relation to apply. Hence, this study sees the use of theoretical
relation as the best option for penstock design for
underground deployment and Ludin–Bundschu relation for
surface penstock design. For simplicity, linear expressions
were developed to estimate penstock diameter, and thickness.
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In this regard, the optimal generating power of some selected
sites will be computed and simplified linear expressions
developed in terms of flowrate can be used at above certain
flowrate limits. Table 5 presents linear expressions that can be

used to estimate penstock parameters at certain flowrate
limits, derived from Figs 6-8.

Fig 7: Evaluation of penstock thickness using both theoretical and empirical methods (a) single penstock;
and (b) n penstock (n =2)

Fig 8: Evaluation of (a) penstock air vent diameter; and (b) penstock head loss using both theoretical and empirical methods.
The sizing of the penstock in terms of flow rate can be computed using linear equations in Table 5.
Table 5: Linear expressions to estimate significant penstock parameters
Penstock parameters

Linear expressions

Flowrate limit

Penstock internal diameter (m)

Dp  0.14Q  0.023

Above 0.75 (m3/s)

n Penstock internal diameter (m)

Dpn  2  0.29Q  0.16

Above 0.75 (m3/s)

Penstock thickness (mm)

t p  0.001* Q  5.5

Above 0.75 (m3/s)

n Penstock thickness (mm)

t pn  0.00072* Q  3.9

Above 0.75 (m3/s)

Penstock vent diameter (m)

dvent  6.5*105 Qp  9.2*109

Above 0.125 (m3/s)

Penstock major head loss (m)

hL  0.087Q  0.016

Above 0.25 (m3/s)

15536

International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 22 (2018) pp. 15530-15538
© Research India Publications. http://www.ripublication.com
6.

Stout, Ed., ed Amsterdam: Pergamon, 1990, pp. 384430.

CONCLUSION

Adequate access to reliable, quality and affordable power is
crucial to the standard of living in SSA. The power situation
in developing regions, especially SSA and South India, is
mostly characterised by inadequate and epileptic electricity
supply. Consequently, this limits their socioeconomic growth.
Apparently, there is a large presence of SHP sites in these
regions that are yet to be tapped adequately. The amount and
quality of power supply to the rural areas could be raised if
these SHP sites are reasonably harnessed. To facilitate greater
deployment of SHP, there is need to build domestic SHP
capacities in developing regions. This study presents site
assessment, civil section and electromechanical section as the
components of a SHP system. The site assessment provides
the basic information to kick the design of both the civil and
electromechanical sections. The evaluation results are used to
design and size the water conveying components of the SHP
system. In this study, both theoretical and empirical relations
were used to develop a range of parameters, such as wet
perimeter, channel slope, weir height, channel sectional area
and penstock.
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