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ABSTRACT  

Hydropower is the leading source of renewable energy and provides more than 97% of all 

electricity generated by renewable sources. Small hydropower plants are needed to produce 

electricity, especially in less developed countries. The socio-economic development in the 

Inkomati River Catchment has experienced slow growth because of the lack of electric energy 

production especially in small rural communities and this hinders agricultural production, job 

creation and revenue growth. The installation of small hydropower plants could be one way to 

solve this kind of problem because water resources are renewable and allow the possibility of 

producing clean and cheap energy.   

Numerous hydrological studies that have been conducted in the Inkomati River Catchment have 

focused on the mitigation of floods and droughts and little attention has been given to the small-

scale production of electricity within the Catchment. This lack of information on potential 

electricity production in this Catchment imposes limitations in terms of opportunities for 

investment in electricity production using river flow. The main objective of this study is to 

identify potential sites for the installation of small hydropower plants; to estimate the possible 

amount of energy that can be produced annually and to derive a methodology to determine the 

potential energy at ungauged sites. To address this, energy potential from the river basin can be 

estimated using the approach of flow duration curves in gauged catchments. However, most 

catchments are ungauged and a regionalization approach needs to be adopted to construct flow 

duration curves in such cases.            



 

ii

TABLE OF CONTENTS   

ABSTRACT                    i  

TABLE OF CONTENTS                  ii  

LIST OF FIGURES                              iii  

LIST OF TABLES                   iv 

1. INTRODUCTION                                                                                                   1  

2. SMALL HYDROELECTRIC POWER PLANTS     3 

             2.1 Definition of Small Hydropower Plants     3               

2.2       Classification of Hydropower Plants                 4  

2.3 Factors that need to be considered for the Installation of SHPs                     5   

3. METHODS FOR ESTIMATING POWER POTENTIAL   8 

3.1 Flow Duration Curve Method                  8  

3.2 FDC in Hydropower Applications                 10 

4. CASE STUDIES                   14  

4.1 Case Study 1- Low Flow Estimation in Malawi                        14                        

  

4.2 Case Study 2- Regionalization of Flow Duration Characteristics                 19              

4.3 Case Study 3- Regional Flow Duration Curve Estimation                             

In Small Ungauged Catchments in Greece                22 

5. DISCUSSION AND CONCLUSIONS                        28              

6. PROJECT PROPOSAL                   30  

6.1 Study Area                    30  

6.2 Problem Statement                   31  

6.3 Justification                    31  

6.4 General Objectives                   31  

6.5 Specific Objectives                   32  

6.6 Methodology                    32   

6.6.1 Data preparation                  32   

6.6.2 Determination of physical parameters using Geographical  

                                       Information System (GIS)                 33 



 

iii

   
6.6.3 Derivation of Flow Duration Curve for the gauged sites  33  

            

6.6.4 Development of the Regional Flow Frequency curves using the  

                                       Multiple Regressions Techniques     34   

6.6.5 Determination of hydro-potential for small hydropower plants 37   

6.7 Time Schedule        38          

7. REFERENCES                     39                               



 

iv

LIST OF FIGURES  

Figure 1.1 Planning for Small Hydropower Plants                                                         5 

Figure 3.1 Typical Flow Duration Curve                                                                         9 

Figure 3.2 Layout of small hydropower plant                                                                 12 

1Figure 3.3 Illustrations of Flow Duration and Power Duration Curve 

                        (Karamouz et a., 1991)                                                                                   12 

Figure 4.1.1 Mean annual runoff against rainfall       16 

Figure 4.1.2 Illustration of the relationship between standardised Q70 flow statistic   

 and Base Flow Index         17 

Figure 4.1.3 Standardised flow duration types curves for perennial rivers  

                        in Southern Africa                                                                                        18 

Figure 4.3.1 Estimated FDC, observed flow data and approximate uncertainty                                                                            

                        bounds for the Krania catchment                25 

Figure 4.3.2 Comparison of estimated FDCs for the Krania Catchment (Niadas, 2005) 25 

Figure 4.3.3 Estimated FDC, observed flow data approximately. uncertainty 

                        bounds for the Vourkopotamos Catchment (Niadas,2005)   26 

Figure 4.3.4 Comparison of estimated FDC for the Vourkopotamos Catchment 

                        (Niadas, 2005)          27 

Figure 6.1 Location of catchments along the Inkomati River basin 

                         (Kranendork, 1984)        30         

LIST OF TABLES   

Table 2.1 Classification of hydropower plants       4 



 

1  

1.  INTRODUCTION  

Currently, the ability to meet the demand for energy has become a serious problem in many 

countries, in particular in developing countries due to the increasing population and the high 

demand for electricity (Baki and Demirba , 2004; Balat, 2006). The use of Small Hydropower 

Plants (SHPs) offers an alternative to generate renewable electricity at a low cost.    

Small hydropower plants are generally constructed as run-of-river with no dam (Aslan et al., 

2007). They can also be developed at existing dams constructed for the control of water levels of 

rivers and lakes and for irrigation schemes (Aslan et al., 2007). Hydropower plants play an 

important role in the generation of cleaner renewable energy and can be useful for water 

resources management (Kaygusuz, 2002; Yüksel, 2008). The development of SHPs can 

contribute to meeting the needs of local people in remote and mountainous areas and thus 

improve their standard of living and quality of life (Baki and Demirba , 2004; Dudhani et al., 

2006). There are several factors that should be considered when installing SHPs and these include 

the technical, environmental or ecological, human and legal needs (Dudhani et al., 2006; 

Kaldellis, 2007).  

There has recently been a growing need to produce energy hydroelectric schemes because of the 

serious environmental effects associated with the production of energy when using fossil fuels 

(Aslan et al., 2007). One main advantage for the installation of SHPs is that they do not lead to 

adverse environmental effects compared to other energy sources (Paish, 2002). The 

environmental impact of hydropower plants is minimal because they generate renewable energy 

without causing pollution through carbon dioxide emissions (Yüksel, 2008).  

In the global context, hydropower contributes one-fifth of the world s power generation and 

provides the majority of electricity supply in 55 countries (Yüksel, 2008). In Africa, hydropower 

contributes more than 50% of electricity in approximately 25 countries (Bartle, 2002). As the 

demands of water resources systems become more complex, the need for simple, understandable 

graphical displays of hydrological information (e.g. flow duration curves) becomes more 

important (Vogel and Fennessey, 1995). Flow duration curves are a key concept in the estimation 



 

2

of hydropower production potential and are thus important for the operation of SHPs along the 

rivers (Karamouz et al., 1991).   

Mozambique has a natural potential for the efficient and effective use of SHPs (Sweco and 

Associates, 2003). The country has small-scale hydropower potential and adequate topographical 

conditions in which water resources could be utilized to generate electricity (Consultec and BKS, 

2001). However, electricity production in the country is far from satisfying the needs of the 

population, especially in the rural areas (Sweco and Associates, 2003). There is a need to enhance 

more energy production systems by promoting the development of small-scale hydropower 

systems.   

The objective of this review is to define small hydropower plants and to discuss some methods 

for the estimation of the potential amount of energy generated by small hydropower operations. 

This document is divided in six chapters. Chapter 1 contains a general introduction, Chapter 2 

contains a theoretical discussion and Literature Review, and Chapter 3 highlights the methods for 

estimating the power potential from hydropower plants and includes the concept of a flow 

duration curve and its applications in hydropower plants. Chapter 4 contains a description of 

three case studies which present some techniques applied to estimate low flow at ungauged sites 

in Malawi, regionalization of flow duration characteristics in Greece and regional flow duration 

curve estimation in small ungauged catchments in Greece. Chapter 5 contains the Discussion and 

Conclusions of the Literature Review. Finally, the project proposal is presented, which outlines 

the area of study, the problem statement, the aims and objectives as well as the methodology 

proposed for this study.   
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2. SMALL HYDROELECTRIC POWER PLANTS  

This chapter defines small hydropower plants, classifies hydropower plants, highlights the factors 

that need to be considered for the installation of small hydro plants and, most importantly, it 

describes the concept of estimating power potential using the flow duration curve approach.   

2.1 Definition of Small Hydropower Plants    

Small hydropower plants have been defined by Paish (2002) and Yüksel (2007) as a run-of-

river or a small dam which uses the flow of water within a natural river. Small hydropower 

plants depend on a suitable flow available in the river and an adequate head of water (Balat, 

2006; Dudhani et al., 2006; Aslan et al., 2007).  Mountainous catchments with significant 

hydraulic heads are usually considered for the development of small hydropower plants (Niadas, 

2005).   

Small hydropower plants are one of the most cost-effective and environmentally-benign energy 

technologies that can be considered for the electrification of rural communities in less developed 

countries (Paish, 2002; Kaldellis, 2007). This kind of technology can be extremely robust and can 

work for long periods with minimal maintenance requirement (Paish, 2002; Bakis and Demirba , 

2004).    

The use of the hydropower resources in small catchments in the region combined with the 

minimization of the environmental impacts by SHPs not only fulfills the energy demand of the 

small communities of the regions, but is also viable economically through job creation,  revenue 

generation and by supporting sustainable development (Blanco et al., 2008).  

Small hydropower plants are especially important in poor rural communities which lack the 

resources, because they are the most basic, self-sustaining and least-cost methods of power 

generation (Blanco et al., 2008).   
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2.2 Classification of Hydropower Plants  

There is no standard or clear consensus regarding the classification of scales of hydropower 

plants (Balance et al., 2000; Paish, 2002). According to the European classification, hydropower 

plants can be categorized into large-scale, mini, or micro and small hydropower plants. 

Hydropower plants can be classified into categories, as shown in Table 2.1 (Balat, 2006; 

Ramachandra and Shruthi, 2007). The discussion contained in this document focuses on small 

hydropower plants.   

Table 2.1 Classification of hydro powerplants (after Balat, 2006) 

               Size Class                Range        

                Micro             < 100 kw 

                Mini          100  500 kw 

                Small        500 kw  50 Mw 

                Large              > 50 Mw 

  

Besides the scale of development, there are different philosophies behind large hydropower and 

small hydropower plants. Macro-hydro plants are usually designed to connect into bigger grids 

and they can be employed to generate during peaks in electricity consumption, thereby exploiting 

the economic benefits of scale (Balance et al., 2000). Small hydropower plants are generally 

dependent on instantaneous streamflow, are susceptible to variations in flow and designed to be 

connected into smaller grids (Balance et al., 2000; Blanco et al., 2008).   
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2.3     Factors that need to be considered for the Installation of SHPs  

A small hydropower plant can be developed by the simple design of turbines, generators and civil 

works, as shown in Figure 2.1 (Dudhani et al., 2006). 

Figure 1.1 Planning for small hydropower plants (Dudhani et al., 2006)  

Yüksel (2007) suggests that the principal requirements that should be considered when 

developing small hydropower plants are:    

Head (m) 
Flow rate 

(Liters/sec.) 
Energy need 

Selection of dam, turbine, generator, exciter 
with voltage controller, power control & 

protection equipment  

Seasonal variation of flow and energy 
requirements 

Losses: 
-Head loss 

-Efficiency loss Turbine & Generator 
-Load factor   

 

Existence of distribution lines/ laying of low cost distribution lines 

End user
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Suitable rainfall and runoff in the catchment area 

 
Hydraulic head of water across the turbine 

 
A means of transporting water from the intake to the turbine where the energy can be 

generated  

 

A turbine housing structure containing the power generation equipment and valve gear and 

 

A tailrace to return the water to its natural course.  

In addition, legislative and administrative issues must be considered in order to mobilize and 

accelerate SHPs (Tsoutsos et al., 2007).  

The following requirements also need to be considered when developing small hydropower 

plants (Kaldellis, 2007): 

 

Environmental issues, for example ecological needs 

 

The location of the proposed installation and the legal rights to the water resources 

 

Installation safety and 

 

The integrity of typical documents required e.g. legal needs.  

The installation of Hydropower plants has its drawbacks as well as advantages (Paish, 2002; 

Yüksel 2008). The generation of power using small hydropower plants can be advantageous in 

that it is a more concentrated energy resource compared to wind and solar power, the energy 

available is readily predictable and power is usually continuously available on demand 

(Paish,2002 ; Baki  and Demirba , 2004). Furthermore, it requires no fuel and limited 

maintenance (Tsoutsos et al, 2007), it is durable technology, does not lead to adverse 

environmental impacts (Paish 2002; Kaldellis, 2007), has low operating and maintenance costs 

and, most importantly, it improves living conditions (Balat, 2006; Aslan et al., 2007). The 

installation of SHPs can also have negative impacts because they can  modify the hydrological 

regimes, they require high  investment, they are dependent on the runoff, local land use may be 

modified, they require good management of competing water uses and water quality needs to be 

managed (Yüksek and Kaygusuz, 2006).   
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The previous section has highlighted some of the factors that need to be considered for the 

installation of small hydro plants. The scope of the discussion contained in the next chapter is on 

the methods for estimating the energy potential from SHPs.                           
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3. METHODS FOR ESTIMATING POWER POTENTIAL  

Of the several methods that can be used to estimate the potential power from hydropower plants, 

two primary methods have been widely used. The first method is the non-sequential or Flow 

Duration Curve (FDC) and the second method is Sequential Streamflow Routing (SSR) 

(Karamouz et al., 1991). The FDC is generally selected for high-head, run-of-river projects, 

where the head is generally fixed and in some cases for low-head projects, where the head varies 

with discharge. The SSR method is selected for multipurpose projects and is more appropriate for 

examining the feasibility of power at constructed water conservation and flood control projects 

(Karamouz et al., 1991).  This review focuses on the FDC method.  

3.1 Flow Duration Curve Method  

Flow Duration Curves are very important tools for many water resources development and 

management purposes, including the installation of small hydropower plants (Yu et al., 2002; 

Castellarin et al., 2008).  The Flow Duration Curve is described by Fennessey and Vogel (1990), 

Vogel and Fennessey (1994) and Vogel and Fennessey (1995) as a simple cumulative function of 

daily, weekly and monthly streamflow. FDC shows the relationship between the time excess 

probability and the discharge corresponding to the probability (Kim, 2004). It is generally used 

for the estimation of the available amount of water that can keep up the streamflow or reservoir 

storage and the variability of the amount of the water in the catchment (Kim, 2004). Streamflow 

data can also be used to plot the Flow Duration Curve which determines the design flow for 

hydroelectric power plants (Blanco et al., 2008). FDCs are useful graphical and analytical tools 

for illustrating and evaluating relationships between the magnitude and frequency of streamflow 

(Vogel and Fennessey, 1995).    

The typical flow duration curve is illustrated in the Figure 3.1 and   FDC can be defined using the 

following equation: 
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100

dataofnumberTotal

exceededtimeofNumber

F                                    (1)        

Where X=F and F is time excess probability (%)  

Y=Q and Y is the discharge (m3/s)    

 

Figure 3.1 Typical Flow Duration Curve (Yoon, 1998)  

In most cases, potential sites are ungauged, hence regionalisation is necessary to estimate the 

required hydrological information at the ungauged site. Regionalization can be applied when 

there is a lack of stream gauges and where there is a limited amount of streamflow observation 

data which characterises the geographical areas of interest (Castellarin et al., 2004). The 

regionalization of FDCs can be developed using statistical, parametric and graphical approaches 

(Castellarin et al., 2004; Kim, 2004; Castellarin et al., 2007; Patel, 2007and Mahamoud, 2008). 

The statistical approach requires extensive landscape, climate data and soil information. The 

parametric approach represents low flow or can use the same set of parameters to estimate 

different percentile flows. The graphical approach focuses on the estimation of FDC and 

streamflows for ungauged sites and can be used on identification of landscape and climate 
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description. Overall, the main objective of regionalization is to estimate FDCs at ungauged river 

catchments (Castellarin et al., 2004 and Castellarin et al., 2007).The regional FDC is constructed 

at stream gauges where there is a limited amount of hydrological information (Yu et al., 2002).   

Regionalization techniques can also be applied to selected catchments to compute daily flow time 

series that can be chosen in a span period (Smakhtin and Toulouse, 1998; Kim, 2004). The sites 

can be assumed to be ungauged for the purpose of comparison between observed data and 

simulated time series (Kim, 2004).  

The available regionalization procedure can be classified into two categories (Castellarin et al., 

2004; Kim, 2004). The first category consists of the usage of stochastic models to represent 

FDCs and can be applied as follows:  

 

A suitable frequency distribution can be chosen for a particular region 

 

The distribution parameters can be estimated taking into consideration the gauged river 

catchments situated in the study area using the streamflow observations and 

  

Regional regression models can be identified to predict the distribution parameters at 

ungauged sites taking into account the geo-morphological and climatic characteristics of the 

catchments.  

The second category can be divided into two different groups namely: 

 

the first procedure includes the representation of FDCs by analytical relationships for 

ungauged river catchments estimated through regional models and  

 

the second procedure includes a regional procedure that uses standardized graphical 

representations of FDCs with a regional validity instead of analytical relationships.  

3.2 Flow Duration Curves in Hydropower Applications  

FDCs can be applied to a wide variety of water resource problems such as hydropower planning, 

water quality management and flood frequency analysis (Vogel and Fennessey, 1994). In the 

context of hydropower estimation, FDCs are applied in hydropower feasibility studies for run-of-

the river operations (Vogel and Fennessey, 1995).  The Flow Duration Curve Method is a better 



 

11

 
method for preliminary or screening studies (Karamouz et al., 1991). One of the requirements for 

developing Flow Duration Curves is a sufficient period of record (Vogel and Fennessey, 1995).  

In this method, streamflow is related to their corresponding percentage exceedance values, which 

show the percent of time that different levels of stream flows are exceeded. Flow Duration 

Curves are developed by ranking all daily flow data according to discharge but not in the 

sequence in which they occurred. It means that streamflow data can be organized in a descending 

order of magnitude (Karamouz et al., 1991).   

Flow duration curves can be converted to power duration curves using the power equation. The 

equation for the conversion of a flow duration curve to a power duration curve is described as 

follows by Karamouz et al. (1991):  

1000

... iii
i

HQe
P                                     (2) 

                                                        

where Pi is the power production (in kW) when the turbine discharge is at exceedance percentage 

i; ei is the overall plant efficiency with turbine discharge equal to Qi ( ) and net head equal to Hi , 

Qi is the turbine discharge at percentage exceedance i (e.g. Q10, Q20, ).; turbine discharge is 

assumed to be equal to the river discharge except when the river discharge exceeds the turbine 

capacity or other constraints on the turbine discharge are encountered; Hi is the net head available 

with river flow at exceedance percentage i  and  is the  specific weight of the water.  

The applications of the Equation (2) can be from the plant intake, through the penstock, turbine 

intake, turbine, draft tube and tail water. Generally, the relationship between the turbine 

efficiency, discharge and head are provided by the manufacturer (Vogel and Fennessey, 1995).  

Figure 3.1 shows an example of the layout of a small hydropower plant. Water from the river is 

taken through to the weir which is made across the river. The water then passes through to the 

forebay tank where it can be filtered and then descends to the turbine where the power is 

generated by the rotating turbines (Paish, 2002).       
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Figure 3.2 Layout of small hydropower plant (Paish, 2002)   

Figure 3.3 illustrates a typical approach where a Flow Duration Curve is combined with a power 

duration curve to estimate the power potential (Karamouz et al., 1991).    
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Figure 3.3 Illustration of flow duration and power duration curve (Karamouz et al., 1991)  

In order to plot the flow duration curve for a given river, it is necessary to analyze the stream 

flow data at gauged sites for a sufficient period of recorded data. The data is ranked according to 

the probability of exceedance. The probability of exceedance (Pei) is estimated using the 

following equation (Karamouz et al., 1991):   

100
1N

i
Pei                         (3) 

Where i is the rank of the data (i.e. i=1 for the largest value) and N is the total number of data.   

In order to determine the power potential at a given site, under conditions where monthly data are 

available, the available head at the site, plant efficiency and turbine discharge must be known. 

After plotting the power duration (Karamouz., et al 1991), firm power is estimated using the 

equation below:  

HQeP ...                   (4)  

Where: 

        P is the power in kW lost by the water; 

          is the specific weight of water, (9.8 N/m3);  

        is gross head in m3/s; and  

       Q is discharge through turbine in m3/s  

The power generation in each of the months can be estimated using a monthly power generation 

based on streamflow data (Figure 3.3). From the power duration curve, maximum power can be 

generated and consequently the firm energy for a given level of reliability (e.g. 90%) can be 

determined).   
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4.      CASE STUDIES  

The case studies contained in this chapter illustrate different approaches that have been adopted 

in studies elsewhere to estimate Flow Duration Curves using streamflow or rainfall data.  

4.1 Case Study 1 - Low Flow Estimation in Malawi  

This study describes some techniques that can be applied to estimate low flows at ungauged sites. 

Fry et al. (2004) suggests an approach in which Flow Duration Curves can be developed using 

the relationship between the spatial catchment characteristics and the flow regimes.  

Fry et al. (2004) suggested approaches that can be utilized to overcome the limitations of 

unavailable flow data in ungauged catchments in a study conducted in Malawi. Regional Flow 

Duration Curves were estimated using data from a number of stations represented by a variety of 

flow regimes. These were then linked to standard curves using flow statistics. Typically, flow 

exceeded 70 % and 95 % of the time, Q70 or Q95, respectively.   

The generation of regionalized Flow Duration Curves is described by Fry et al. (2004) as follows: 

 

Selection of suitable gauged catchments 

 

Detailed scrutiny to assess the reliability of the long period records 

 

Extraction of low flow measures from data records for selected catchments 

 

Extraction of catchments characteristics from existing digital maps and 

 

Development of relationships between extracted flow measures and catchment 

characteristics such as mapping of flow measures throughout the country.  

In this study, some of the stations had more than 20 years of data. Fry et al. (2004) recommended 

that the collection and validation of flow records be performed within the management database 

of the country and stations with very short record lengths were excluded.  

The methodology used for the estimation of low flow characteristics in Malawi started from the 

national coverage of mean annual rainfall and soil types. Firstly, a relationship was derived 
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between the baseflow index and the type of soil, and secondly, a relationship was developed 

between the baseflow index and Q70, which can be estimated for any point on the Malawi river 

network (Fry et al., 2004). According to Fry et al. (2004), the analysis of the development of 

relationships between catchment characteristics and flow regimes requires the following steps: 

 

The development of relationships between mean annual runoff and mean annual rainfall 

Development of relationships between the baseflow characteristics of the catchment and the soil 

type 

 

Development of relationships between the flow duration curve and the baseflow 

characteristics of the catchments and 

 

The selection of  the characteristic of flow duration curves  

In the first step, it was found that a simple linear model was the best for this relationship. It was 

found that the two regions were grouped together and the other one separately, using some 

equations. Where the relationship between the mean monthly rainfall and the mean monthly 

runoff was investigated, the relationships in some months were obvious and in others were not 

clear. Therefore, the whole country was treated as one region, the mean monthly runoff was 

expressed as a proportion of the mean annual runoff, and regression equations were derived for 

each month. Figure 4.1.1 shows the relationship between the mean annual runoff and rainfall.  
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Figure 4.1.1 Mean annual runoff against rainfall (Frey et al., 2004)  

The second step entailed a relationship between the baseflow characteristics of the catchments 

and the soil type where the baseflow index was used as a measure of the baseflow characteristics 

of the catchments. The baseflow index provides a systematic way of assessing the proportion of 

baseflow in the total runoff of the catchment. A link between the soil and the geology of the river 

indicates the importance for low flow studies, because it is the baseflow component that is 

sustained in the dry season when there is no rapid runoff in response to storm rainfall. The 

baseflow index indicates a slowly responding catchment, while a lower baseflow index suggests 

that rainfall tends to create quick runoff.  

The third step was related to the relationship between Flow Duration Curve and the baseflow 

characteristics of the catchments where the baseflow index was related to a usable flow statistic. 

A relationship was derived between the baseflow index and Q70, the point on the flow duration 

curve at which flows are exceeded 70% of the time. Q70 was chosen because it is the critical point 

used in the previous work to define the typical flow duration curve for the region done in the first 

phase of the Southern Africa Friend project. The whole country was taken as one region where 
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the result of the relationship between standardised Q70 flow statistic and Base Flow Index. The 

result of the relationship is shown in Figure 4.1.2.  

  

Figure 4.1.2 Illustration of the relationship between standardised Q70 flow statistic and Base 

Flow Index (Frey et al., 2004)  

Finally, appropriate characteristics of the Flow Duration Curves were selected. The Q70 statistic 

was used to select a standardized Flow Duration Curve, which can then be re-scaled using the 

mean flow value to provide an estimate of the actual Flow Duration Curve for the catchment (Fry 

et al., 2004). Furthermore, the relationship between rainfall and runoff was derived so that the 

mean annual and mean monthly flows can be estimated for any location, based on the mean 

annual rainfall (Fry et al., 2004). Figure 4.1.3 shows the curves which provide an estimated FDC 

for any location.  
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Figure 4.1.3 Standardised flow duration types curves for perennial rivers in Southern Africa 

(Frey et al., 2004).  

Fry et al. (2004) found that a Flow Duration Curve can estimate the average, long-term flow 

regime and can be simpler than the flows from specific rainfall events. Flow Duration Curves 

contain appropriate information for decision support, giving an estimation of variability within 

the year, looking for the situation during the wet and dry season. FDC can also be combined with 

estimates of mean monthly and annual flows, showing the long-term availability of the resource 

(Fry et al., 2004).      

Fry et al. (2004) concluded that the study developed a preliminary prototype tool and that it did 

not produce a definitive method for Malawi which could be used in further analyses. Therefore, 

the model had limitations which can be corrected, or at least reduced, by a more intensive and 

detailed data collection and validation exercise, followed by a re-evaluation of the methodology.   
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Case Study 2 - Regionalization of Flow Duration Characteristics   

The morphoclimatic characteristics of a drainage catchment can be used in the regionalization of 

Flow Duration Curves. The western and north-western regions of Greece were selected and 

parameterized in eleven major flow measuring sites using monthly flow duration characteristics 

(Mimikou and Kaemaki, 1985). The geographic variation of each parameter of the best fitted 

flow duration model was explained in terms of the mean annual precipitation, the drainage area, 

the hypsometric fall and the length of the main river course including the site of interest and the 

multiple regression techniques (Mimikou and Kaemaki, 1985). The majority of the potential 

water resources development sites of the study area are remote from existing hydro 

meteorological stations so that the transfer of hydrologic information using regression analysis 

has been proved unsustainable in most of the cases (Mimikou and Kaemaki, 1985).   

Regionalization is one of the methods which seem to be appropriate using the spatial transfer of 

hydrological information from other gauged sites to ungauged ones when the observed 

streamflow data is scarce (Mimikou and Kaemaki, 1985). The main objective of this study was to 

develop a simple technique for estimating water availability at ungauged sites, or generally, at 

sites where data is not sufficient. The multiple regression technique was successfully applied in 

estimating synthetic Flow Duration Curves at ungauged sites of the study area, using as input 

information the morphoclimatic characteristics of the drainage catchment (Mimikou and 

Kaemaki, 1985).   

In this study, eleven representative hydrometric stations were selected among five major rivers. 

Characteristics of the stations (their names, locations and lengths in years of the records, are 

shown in Table 1). The stations and locations of the rivers are shown in Figure1. The 

characteristics of the 11 drainage areas such as the annual precipitation, the drainage area, the 

hypsometric fall and length of the river are given in Table 2.     
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Calibration of the Flow Duration Curves  

To obtain a Flow Duration Curve, the discharge Q was plotted against the percent of time D 

during the period of the record in which the particular discharge is equalled or exceeded. The 

calibration of the flow duration curve was done using various mathematical models or equations 

as follows:  

)exp( bDaQ

 

                                                                     (5) 

baDQ

  

                                                                               (6)  

Where Q is the discharge (per unit area of the basin), D is the corresponding time of exceedance 

and the positive constants are a and b. They found that the exponential model of Equation (5) 

fitted the daily data better compared to the power model of Equation (6). In this study, besides 

the exponential and power models in Equations (5) and (6) another three flow duration models 

can be used. These models are the following:   

Q= a  b ln D                                                                   (7) 

2cDbDaQ                                                                                (8) 
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                                                       (9)  

Where Q is the discharge (per unit area of the basin), D is the corresponding time of exceedance 

and the parameters a, b, c, and d are positive constants. Mimikou and Kaemaki (1985) found that 

the cubic model in Equation (9) is the best for all plotted stations.   

 

The Regional Model  

According to Mimikou and Kaemaki (1985), the hydrologic regionalization is done either by 

plotting contours of equal value of some numerical measure of the hydrologic characteristics 

whose transfer from site to site is of interest, or by explaining analytically the spatial variation of 
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some parameters of the hydrologic characteristic, which is previously parameterized at various 

measuring sites. The regionalization approach can be followed using the spatial variation of the 

four parameters a, b, c and d  of the cubic model in Equation (9) from station to station through 

the regression analysis and by using as input-independent variables one climatic (P) and three 

morphological characteristics of the drainage basins (A, H and L) which have been defined. Four 

regression equations were tested in order to model the variability of each of the four parameters 

(Mimikou and Kaemaki, 1985). The following equations are used:  

V = b0 + b1 P + b2 A + b3 L + b4 H                                           (10) 

V= b0 P
b1 (A/L) b2 H b3                                                                 (11) 

V= b0 P
b1 Ab2 (H/L) b3                                                                   (12) 

V= b0 P
b1 Ab2 Hb3 Lb4                                                                    (13)  

Where V is the dependent variable representing a, b, c, d and b0, b1, b2, b3 are constants. The 

multiple regression analysis can be performed according to standard statistical texts. According to 

Equation (13), the model was chosen to be the best regional model to explain the spatial variation 

of the parameters of the Flow Duration Curve (Mimikou and Kaemaki, 1985).  In this research, 

Mimikou and Kaemaki (1985) concluded that:  

 

The best monthly flow duration model was a cubic model (Equation 9) which was selected 

among other competing ones for all stations in study; 

 

The geographic variation of the flow duration characteristics on site can be explained from 

the mean annual precipitation, the drainage area, the hypsometric fall and the length of the 

main river course; 

 

The regional technique can be easily and successfully used in estimating synthetic flow 

duration curves at ungauged sites within the hydrologically homogeneous regions and 

 

It was verified that the estimation of water availability was useful for hydropower projects at 

ungauged sites (especially for small hydropower plants or run-of-river plants), or other water 

resources development (water supply, water quality projects).  
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4.3 Case Study 3 - Regional Flow Duration Curve Estimation in Small Ungauged  

Catchments in Greece  

In cases where the catchments are ungauged, the following case study presents a methodology 

that can be adopted to develop flow duration curves. Niadas (2005) suggests an approach in 

which regional data can be combined with actual instantaneous flow data to construct a 

representative daily flow duration curve for small catchments.   

Niadas (2005) suggested two approaches that can be adopted to overcome the limitations of 

insufficient data in ungauged sites. These approaches were applied for two small ungauged 

catchments in Western-Northwestern Greece.   

The methodology for this study is described as follows. Firstly, two small catchments were 

selected based on the availability of actual flow data and which were representative of the flow 

regime of small catchments in the region. Notably, these catchments were investigated for the 

development of run-of-river hydropower installations. For this study, an existing database of flow 

measurements collected over a period of two years using a flow meter was used. For analysis, the 

first step was to develop a regional FDC from the observed data records within the study area.  

In the context of the study, Niadas (2005) adopted and applied this approach for the 

determination of the regional FDC method used by Vogel and Fennessey (1994). In this approach 

annual FDCs for the stations of the study region were obtained by analyzing data within 

hydrological years. The median annual FDC was then computed from the ranked annual data to 

obtain a regional FDC using the following equation (14).       

             (14)  

          

1k
n

QpiMpi k
Q
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Where Qpi is the pth flow percentile of the median annual FDC, with i=1

 
365, M denotes the 

median, Qpik is the pth percentile of the annual FDC with rank i in year k, with k=1 , n and n is 

the number of years recorded.  

An in-depth description of the computation of FDC using this approach is described by Niadas 

(2005). Niadas (2005) presents an approach that can be used to estimate mean annual flows using 

instantaneous flow measurements. This approach uses relationships between the catchment 

characteristics and the mean annual flow on-site. The on-site data is gathered through a spot 

gauging sampling strategy. However, the major drawback to this method is that it represents high 

flows poorly. Niadas (2005) cautions that instantaneous flow measurements are subject to errors 

as the flow increases and spot sampling focuses only on low flow estimations. In order to 

overcome these problems, Niadas (2005) adopted a modified version of the distributional 

approach whereby censored data are fitted with a suitable probability distribution. The variable 

properties are then estimated from the fitted distribution rather than the actual values. A 

sensitivity analysis was performed to investigate the number of flow gaugings needed to establish 

an FDC of small catchments in the study region.   

The results obtained were in good agreement with observed data and show significant estimation 

progress over other methods normally used in the study region (Niadas 2005). In conclusion, the 

study by Niadas (2005) presents approaches that could be adopted to estimate flow duration at 

ungauged sites.   

This study proposed a combination approach in which regionally-derived information on flow 

duration characteristics was complemented by using flow data in the catchments to develop the 

estimated FDC.    

The traditional approach was to spatially transfer the flow information from nearby gauged sites 

through the regionalization of flow characteristics. However there are limitations with this 

method and more hydrological studies are needed in order to improve it.  
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In most cases the methodology followed attempts to describe the FDC in terms of a mathematical 

model, where the parameters were related to morphological and climatic characteristics generally 

using multiple regression relationships (Niadas, 2005). At ungauged sites, the FDC was 

developed by obtaining the same characteristics for the catchments in question and the regression 

equations were applied (Niadas, 2005).   

The regional FDCs were obtained and a weighted average of the median annual dimensionless 

FDCs was computed using the year record length as weights, in order to eliminate any influences 

from the short record stations (Niadas, 2005). The whole dataset was used in developing a 

regional median annual FDC. In order to get the FDC at any site of interest, the mean annual flow 

of that site must be known (Niadas, 2005).  

However, the development of flow duration curves could be limited especially in ungauged 

stations, thus, regionalization can be adopted to construct FDCs at such sites. In conclusion, the 

study by Niadas (2005) presents approaches that could be adopted to estimate flow duration at 

ungauged sites.   

Figure 4.3.1 illustrates the values spanning the complete Hydrological Year (HY) plotted 

according to the respective year. Figure 4.3.2 demonstrates the estimated FDC for the Krania site 

which was plotted together with the FDC and computed using the observed period of record FDC 

from the closest gauge. Figures 4.3.3 and 4.3.4 provide plots for the Vourkopotamos Catchment 

showing the comparison with the estimated period of record from the nearest observed flow 

records.  
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Figure 4.3.1 Estimated FDC, observed flow data and approximate uncertainty bounds for the 

Krania Catchment (Niadas, 2005).  
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Figure 4.3.2 Comparison of estimated FDCs for the Krania Catchment (Niadas, 2005Figure 

4.3.3 Estimated FDC observed flow data approximately  uncertainty bounds for the 

VourkopotamosCatchment(Niadas,2005) 

Figure 4.3.4 Comparison of estimated FDC for the Vourkopotamos Catchment (Niadas,2005).
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5.  DISCUSSION AND CONCLUSIONS  

Small hydropower plants are one of the most cost-effective and environmentally-friendly 

technologies that can be considered for the generation of electricity, especially in remote rural 

communities. The production of energy using renewable sources (water) provides an alternative 

to energy production using fossil fuels which have been reported to result in adverse 

environmental impacts.   

Even though small hydropower plants have beneficial effects, certain factors need to be 

considered before their installation. Some of the factors that need to be considered when 

installing SHPs include the environmental, human and ecological needs. These are important 

because they have a significant impact on the social and economic aspects in developing better 

infrastructures for the community or country. A number of methods that can be used to estimate 

the power potential from hydropower plants have been reviewed. This document focuses on the 

FDC approach. Several studies have shown that this method can be used to estimate power 

potential from small hydropower plants. Flow Duration Curves represent one of important 

methods to estimate hydro potential when developing small hydropower plants because they can 

be applied at gauged or ungauged river catchments. At gauged catchments, a Flow Duration 

Curve can be developed using observed stream flow data recorded from the gauged stations at the 

selected study site. In this case, the period of recorded flow data must be long enough. However, 

given that most catchments are ungauged, Flow Duration Curves can also be developed using 

regionalization techniques such as statistical, parametric and graphical approaches.  In such cases, 

the regionalized Flow Duration Curve is developed using data from selected stations nearby or 

those closest within the region.  

In this study, the regionalization of the FDC approach that will be used is a graphical 

representation of hydrologic information because using graphical displays can force the 

researchers to notice features of problems and data which they never expected. Some statisticians 

consider graphical displays as the most effective and as a strong statistical tool to help the 

decisions-makers of any project taking place. Most hydrologists cannot make engineering 

decisions without taking into consideration a graphical display of the frequency and magnitude of 
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streamflow data. Therefore, it is very important to emphasis that FDCs are an effective graphical 

instrument for giving information regarding a wide range of water resource problems.                                      
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6. PROJECT PROPOSAL  

The general aim of this study is to identify potential sites in the Inkomati River Catchment in 

Mozambique for the installation of small hydropower plants and to assess the potential amount of 

energy that could be generated.   

6.1 Study Area  

The Inkomati River Catchment is a transboundary catchment shared by Mozambique, Swaziland 

and South Africa, as shown in Figure 6.1 (Taucale, 2007). This Catchment has an area of 

approximately 467 km2 in total, with 286km2 in South Africa, 25 km2 in Swaziland and 156 km2 

in Mozambique (Taucale, 2007). This Catchment has been reported as having excellent potential 

for hydro-electricity production to supply the Maputo province, the most populated province in 

the country. In Mozambique, the Inkomati Catchment is situated between the Limpopo River in 

the North, the Umbeluzi, Matola and Infulene Rivers in the South and by the coastal dunes in the 

East (Kranendork, 1984). 
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Figure 6.1 Location of catchments along the Inkomati River basin (Kranendork, 1984) 
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6.2 Problem Statement  

The shortages of electric energy production especially in small rural areas hinder the 

development of rural livelihood. The installation of small hydropower plants under sustainable 

development, offers one way to solve this kind of problem because water resources are renewable 

and it gives the possibility of producing clean and cheap energy. Numerous hydrological studies 

that have been conducted in the Inkomati River Catchment have focused on the mitigation of 

floods and droughts and little attention has been given to the small-scale production of electricity 

within the Catchment. This lack of information on the potential electricity production in this 

Catchment imposes limitations in terms of opportunities for investments in electricity production 

using river flow.  

6.3  Justification  

The aim of installing small hydropower plants along the river is to improve the standard of living 

through the provision of power (Balat, 2007). This could have beneficial impacts on educational 

facilities, public health, agricultural sector, electric power for domestic use and other 

infrastructure developments (Dudhani et al., 2006). Identifying and assessing potential sites for 

the installation of hydropower plants in the Inkomati River Catchment is thus necessary to 

provide electricity which will have a positive socio-economic impact on the local population.   

6.4  General Objectives  

In general, the study aims to identify potential sites in the Inkomati River Catchment within 

Mozambique for the installation of small hydropower plants and to assess the potential amount of 

energy that could be generated.  

Specific Objectives  

The main objectives of the study are to: 

 

identify potential sites for installation of small hydropower plants 
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estimate the potential amount of energy that can be produced annually; and 

 
Derive a methodology to determine the potential energy in small catchments where data is 

sparse or not available.  

6.6 Methodology  

This section describes the methods that could be applied to estimate the potential energy in the 

Inkomati River Catchment.    

The first part of this study will be carried out in the Inkomati River Catchment from Ressano 

Garcia in the western region bordering on South Africa, to the Marracuene District in the East 

(Indian Ocean). One of the objectives will be to identify the hydro potential sites for the 

installation of Small Hydropower Plants (SHPs) using the Flow Duration Curve (FDC) method 

through existent recorded streamflow data. The second objective will be to estimate the possible 

amount of energy that can be produced annually from the newly-installed SHPs along the 

Inkomati River Catchments. The third one will be to derive methodology for the determination of 

potential energy at ungauged sites where streamflow record data is sparse using the 

regionalization of the Flow Duration Curve Method.     

6.6.1 Data preparation  

The rainfall and streamflow data will be imported from Text to Excel. Where data is either not 

available or missing, the gaps will be filled or the data will be patched. The monthly total rainfall 

will be summarized from the daily rainfall data. The data will be plotted and the graphics will be 

constructed from one station to another. The previous steps will define the quality of the data, 

namely, either streamflow or rainfall.  

6.6.2 Determination of physical parameters using Geographical Information Systems 

(GIS)  
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Geographic Information Systems (GIS) in hydrology have been used for input/output data 

handling for modelling purposes, for the derivation of flow direction, for flow length and slope 

maps, which can be done by using the Digital Elevation Model (DEM). The determination of 

physical parameters and the selection of the catchments will require the following procedures:   

 

The Geographic Information Systems (GIS) will be the tool needed for selection or to define 

the boundaries of the catchments of the study area, using shape files 

 

The DEM 90*90 m resolution was downloaded from the USGS website 

 

The rivers were generated using the DEM 

 

Using maps from shape files, the rivers were overlaid 

 

The locations of the gauged stations along Inkomati River Catchment were also overlaid 

 

From available digital maps, the Catchment s characteristics can be extracted and 

 

Low-head installations with run-of-river schemes are the most suitable for the regions in the 

Inkomati River Catchment due to their flat topography.   

6.6.3     Derivation of flow duration curve for the gauged sites  

At gauged sites, the flow duration curve method can be used to estimate the potential power 

using the following procedures or requirements: 

 

The selected Catchment must have long  period length of record data; 

 

There will/must be detailed scrutiny to assess the reliability of the records; 

 

FDC will be developed by ranking all daily flow data according to discharge, which 

means that the streamflow data will be organized in a descending order of magnitude; 

 

All ranked flow data will be plotted against the exceedance frequency which is expressed 

as a percentage of the total number of time steps in the record; 

 

FDCs can be developed using different time resolutions of the streamflow data. The daily 

streamflow data will be used in this study;  

 

The most detailed way of examining the duration characteristic of a river catchment is to 

construct an FDC based on ranking the data (normally daily discharge) and the frequency 

of exceedance will be calculated for each value; 

 

The construction and interpretation of FDC can be provided in many sources and the 

calculations can be done using the whole available record period of data, all similar 
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chosen months from the whole record data and all similar seasons (wet and dry) can be 

used from the whole record data; and  

 
 FDC will be calculated using Equation (1).     

6.6.4    Development of the regional flow frequency curves using the Multiple Regressions 

            Technique   

At ungauged sites, the application of the regionalization of FDCs for different geographic regions 

throughout the world could be one of the steps that could be used to solve problems related to the 

scarcity of observed streamflow data. It also appears to be an important operative tool when 

dealing with ungauged river basins or short streamflow records. Short streamflow records could 

be considered the record length equal to 1, 2 and 5 years.  

Assuming that the above-mentioned shortcomings are encountered in the Inkomati River 

Catchment, regionalisation can be applied through the selection of nearby gauging stations with 

long or short periods of records in the study region, and catchment characteristics from existing 

maps could be performed using suitable regionalization approaches.   

The morphoclimatic characteristics of the drainage catchment will be used in the regionalization 

of the flow duration curve. Along the Inkomati River Catchment about seven major flow 

measuring sites will be selected and parameterised, using daily flow duration characteristics. The 

geographic variation of each parameter of the best-fitted flow duration model will be explained in 

terms of the mean annual precipitation P (mm), the drainage area A (Km²), the hypsometric fall H 

(m) and the length of the main river course L (Km), including the site of interest. To address this, 

the multiple regression techniques (MRTs) will be used. The majority of the potential water 

resources development sites of the study area are far from the existing hydro-meteorological 

stations, so that the transfer of hydrological information using the regression analysis has been 

proved unsustainable in most of the cases. Regionalization is therefore one of the methods which 

seems to be appropriate in using the spatial transfer of hydrological information from other 

gauged sites to ungauged sites (Mimikou and Kaemaki, 1985).   
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The main objective of this study will be the development of a simple technique for estimating 

water availability at ungauged sites, or generally, at sites where data is not sufficient. The MRT 

can be successfully applied in estimating synthetic flow duration curves at the ungauged sites of 

the study area using the morpho-climatic characteristics of the drainage Catchment as input 

information.   

In this study, seven representative hydrometric stations will be selected along the Inkomati River 

Catchment. Characteristics of the stations (the name, location and length in years) will be shown 

in Table 1. The stations and their locations will be shown in Figure 1. The characteristics of 

selected hydrometric stations are the following: the annual precipitation P (mm), the drainage 

area A (Km²), the hypsometric fall H (m) and the length of the river L (km), will be shown in 

Table 2.  

To obtain the FDC, the discharge Q will be plotted against the percent of time D during the 

period of the record in which the particular discharge is equalled or exceeded. The calibration of 

the FDC will be done using various mathematical models or equations as follows:  

)exp( bDaQ                                                                       (5) 

baDQ                                                                                  (6) 

Where Q is the discharge (per unit area of the basin), D is the corresponding time of exceedance 

and a and b are positive constants. It can be found that the exponential model of Equation (1) will 

fit using the daily streamflow data better, compared to the power model of Equation (2). In this 

study, besides the exponential and power models in Equations (1) and (2), another three flow 

duration models can be used.These models are the following: 

Q = a  b ln D                                                                              (7) 

2cDbDaQ                                                                    (8) 
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Where Q is the discharge (per unit area of the basin), D is the corresponding time of exceedance 

and the parameters a, b, c, and d are the positive constants. In the previous studies, it was found 

that the cubic model in Equation (9) is the best for all plotted stations.  

The hydrological regionalization will be done either by plotting contours of equal value of some 

numerical measure of the hydrologic characteristics which the data will be transferred from one 

gauged site to ungauged site of interest, or by explaining analytically the spatial variation of some 

parameters of the hydrological characteristic at various measuring sites.   

The regionalization approach can be followed using the spatial variation of the four parameters a, 

b, c and d of the cubic model in Equation (9) from station to station through the regression 

analysis. Four regression equations will be tested in order to model the variability of each of the 

four parameters. The following equations can be used: 

V = b0 + b1 P + b2 A + b3 L + b4 H                                          (10) 

V= b0 P
b1 (A/L) b2 H b3                                                                 (11) 

V= b0 P
b1 Ab2 (H/L) b3                                                                   (12) 

V= b0 P
b1 Ab2 Hb3 Lb4                                                                    (13)  

Where V is the dependent variable representing a, b, c, d and b0, b1, b2, b3 are constants. The 

multiple regression analysis (MRA) can be performed according to standard statistical texts. 

According to Equation (13), the model was chosen to be the best regional model to explain the 

spatial variation of the parameters of the FDC.   

To address the proposed methodology, the multiple regression techniques can be successfully 

applied in estimating synthetic FDCs at ungauged sites of the study area using as input 

information the morphoclimatic characteristics of the drainage Catchment. Besides that, the 

construction of FDCs is one of the program modules in the Hydrological Modelling Application 

Software (HYMAS) package, which is able to represent a flexible environment where it is 

possible to set up and run hydrological models and to analyse observed and simulated 

hydrological variables. The software package was developed at the Institute for Water Research 
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(Smakhtin et al., 1995; Smakhtin & Watkins, in press), including several analyses which are 

generally in demand in different fields related to water resources.  

6.6.5 Determination of hydro-potential for small hydropower plants   

The Flow Duration Curve (FDC) will determine the design flow in order to identify potential 

sites for Small Hydropower Plants in the Inkomati River Catchment: 

 

In general, the flow duration curve (FDC) can be used to estimate the hydrological  potential 

from the power station site; 

 

The flow duration curves can be plotted on the basis of long-term annually registered flows 

(hydrographs); 

 

FDCs can be used to calculate the amount of energy that can be generated annually. This can 

be determined for the years of normal water conditions as well as for the wet and dry years. 

The energy potential can be calculated, as shown by Equation (1) (Karamouz et al., 1991); 

 

In order to plot the FDC for a given river, it is ideally better to analyze the streamflow data at 

gauged sites for a sufficient period of recorded data. The data is ranked according to the 

probability of exceedance. The probability of exceedance is estimated using Equation (2) 

(Karamouz et al., 1991); and 

 

In order to determine the power potential at a given site, under conditions where monthly data 

is available, the available head at the site, plant efficiency and turbine discharge must be 

known. After plotting the power duration (Karamouz et al., 1991), firm power is estimated 

using Equation (3) (Karamouz et al, 1991).          
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6.7 Time Schedule   

Month Year 

 Literature 

Review 

Proposal 

Writing 

up 

Proposal 

Presentation 

Data 

collection 

Data 

analysis 

Project 

Writing 

up Corrections 

Thesis 

submission 

Oct 8 X x    x x  

Nov 8 X x    x x  

Dec 8 X x         x x  

Jan 9 X x    x x  

Feb 9 X x    x x  

Mar 9 X x    x x  

Apr 9 X x    x x  

May 9 X x  x  x x  

Jun 9 X x  x  x x  

Jul 9 X x  x  x x  

Aug 9 X x    x x  

Sep 9 X x    x x  

Oct 9 X x    x x  

Nov 9 X  x  x x x  

Dec 9 X    x x x  

Jan 10 X   x x x x  

Feb 10 X   x x x x  

Mar 10 X   x x x x  

Apr 10 X    x x x  

May 10 X     x x  

Jun 10 X     x x  

Jul 10 X     x x  

Aug 10 X     x x  

Sep 10 X     x x  

Oct 10 X             x 



 

38

 
7. REFERENCES  

Aslan, Y, Arslan, O and Yasar, C. 2008. A sensitivity analysis for the design of a small-scale 

hydropower plant: Kayabogazi case study. Renewable Energy 33:791-801.  

Ballance, A, Stephenson, D, Chapman, RA and Muller, J. 2000. A geographic information 

systems analysis of hydropower potential in South Africa. Journal of Hydroinformatics, 247-

254. 

Balat, M. 2006. Hydropower systems and hydropower potential in the European Union countries. 

Energy Sources 28:965-978. 

Balat, H. 2007. A renewable perspective for sustainable energy development in Turkey: The case 

of small hydropower plants. Renewable and Sustainable Energy Reviews 11:2152-2165.  

Baki , R and Demirba , A. 2004. Sustainable development of small hydropower plants (SHPs). 

Energy Sources 26:1105-1118. 

Bartle, A. 2002. Hydropower potential and development activities. Energy Policy 30:1231-1239.  

Blanco, C, Secretan, Y and Mesquita, A. 2008. Decision support system for micro-hydropower 

plants in the Amazon region under a sustainable development perspective. Energy for 

Sustainable Development Volume xii. 

Castellarin, A, Galeati, G, Brandimarte, L, Montanari, A and Brath, A. 2004. Regional flow 

duration curves: reliability for ungauged basins. Advances in Water Resources 27:953-965. 

Castellarin, A, Camorani, G and Brath, A. 2007. Predicting annual and long-term flow-duration 

curves in ungauged basins. Advances in Water Resources 30:937-953. 

Consultec and BKS, 2001. Joint Inkomati Basin Study (JIBS). Consultec in association with 

BKS, 2001. 

Dudhani, S, Sinha, AK and Inamdar, SS. 2006. Assessment of small hydropower potential using 

remote sensing data for sustainable development in India. Energy Policy 34:3195-3205.  

Fennessey, N and Vogel, RM. 1990. Regional flow-duration curves for ungauged sites in 

Massachussets. Journal of Water Resources 116:530-549.  

Fry, MJ, Houghton-Carr, HA, Folwell, SS and Butao Uka, Z. 2004. Development and 

implementation of GIS water resources software. In:  Meigh, J and Fry, M, Southern Africa 

Friend Phase II 2000-2003, Ch. 4, 39-60. UNESCO, Paris, France.   



 

39

 
Kaldellis, JK 2007. The contribution of small hydropower stations to the electricity generation in 

Greece: Technical and economic considerations. Energy Policy 35:2187-2196. 

Kaygusuz, K. 2002. Sustainable development of hydroelectric power. Energy Sources 24:803-

815. 

Karamouz, M, Szidarovszky, F and Zahraie, B. 1991. Water resources systems analysis. New 

York, USA: Lewis Publishers.  

Kim, J. 2004 Regionalization of daily flow characteristics using GIS and Spatial Interpolation 

Algorithm: the case of Brazos River Basin. Texas A&M University, Department of Civil 

Engineerin,Texas,USA. 

https://ceprofs.tamu.edu/folivera/GISCE/Spring2004/home.htm,accessed on 08 March 2009. 

Mohamoud, YM. 2008. Prediction of daily flow duration curves and streamflow for ungauged 

catchments using regional flow duration curves. Hydrological Sciences 53:706-724. 

Niadas, IA. 2005. Regional flow duration curve estimation in small ungauged catchments using 

instantaneous flow measurements and a censored data approach. Journal of Hydrology 

314:48-66.  

Paish, O. 2002. Small hydro power: technology and current status. Renewable and Sustainable 

Energy Reviews 6:537-556.  

Patel, JA. 2007. Evaluation of low flow estimation techniques for ungauged catchments. Water 

and Environment Journal 21:41-46. 

Ramachandra, T and Shruth, B. 2007. Spatial mapping of renewable potential. Renewable and 

Sustainable Energy Reviews 11:1460-1480. 

Smakhtin, VY. 1997. Regional low-flow studies in South Africa. Regional Hydrology: Concepts 

and Models for Sustainable Water Resource Management 246:125-132.  

Smakhtin, VY and Toulouse, M. 1998. Relationships between low-flow characteristics of South 

Africans streams. Water SA 24:173-186. 

Sweco and Associates 2003. Three Basins Study - National Water Resources Development Plans 

for Maputo, Umbeluzi and Inkomati River Basins and Joint Water Resources Development 

Study of Maputo, Umbeluzi and Inkomati National River Basins. Sweco in association with 

Consultec and Impacto, Maputo. 

Taucale, F. 2007. Environmental Profile of the Inkomati River Basin in Mozambique. Eduardo 

Mondlane University, Department of Geography, Maputo, Mozambique.  

https://ceprofs.tamu.edu/folivera/GISCE/Spring2004/home.htm,accessed


 

40

 
Tsoutsos, T, Maria, E and Mathioudakis, V. 2007. Sustainable sitting procedure hydroelectric 

plants: The Greek experience. Energy Policy 35:2946-2959. 

Vogel, RM and Fennessey, NM. 1994. Flow-Duration Curves. I. New Interpretation Intervals, J. 

Water Resources Planning and Management 120:485-504.  

Vogel, RM and Fennessey, NM. 1995. Flow-Duration Curves. II. A review of Applications in 

water Resources Planning. American Water Resources Association 31:1029-1039. 

Yu, P, Yang, T and Wang, Y. 2002. Uncertainty Analysis of Regional Flow Duration Curves. 

Journal of Water Resources Planning and Management 128:424-430. 

Yüksek, Ö and Kaygusuz, K. 2006. Small hydropower plants as a new and renewable energy 

source. Energy Sources 1:279-290. 

Yüksel, I. 2007. Development of hydropower: A case study in developing countries. Energy 

Sources 2:113-121. 

Yüksel, I. 2008.  Hydropower in Turkey for a clean and sustainable energy future. Renewable 

and Sustainable Energy Review 12:1622-1640.  


