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1 SUMMARY 

The present report illustrates the tools selected and/or customized by ERSE Spa (Milan, Italy), NTNU – 
Norwegian University of Science and Technology (Trondheim, Norway)  and  FSBUZ – University of 
Zagreb (Zagreb, Croatia) to support public organizations and investor in the implementation of  SHP 
plants in their own territory, with particular concerns to the evaluation of the hydropower potential, the 
optimization of the exploitation of available water resources and the identification of the main financial 
characteristics of a particular site. In addition, it is described the investor database to be published in the 
web, to better disseminate opportunities to investors. 

In particular the tools described in the present report are the following: 

·  VAPIDRO ASTE, a GIS integrated numerical tool that allows for the evaluation of the residual 
potential hydropower energy and all possible alternatives concerning the sites for hydroelectric 
plants along the drainage network, taking into account the relationship between the full costs of 
the mini-hydro power and the benefits from selling the generated power in the national market 
(ERSE). 

·  SMART Mini Idro. a tool to evaluate the main hydropower project parameters, considering the 
flow duration curve, the available heads and the types of turbines to be installed, the range of 
discharges to be used, etc. The tool calculates the cash flow of the works and it is able to 
identify the type of turbine to choose (ERSE). 

·  INVESTOR DATABASE OF POTENTIAL SITES AND HYDROPOWER CADASTRE, The 
user is able to zoom from national scale, to regional scale up to a County scale, to identify the 
installed power and quantities of mini hydro installations.  In collaboration with each Province 
Administration, the database could be extended dynamically to represent also the asked 
concession in each zone. The cadastre database is a useful tool that permits the stakeholders to 
evaluate the possibility to a new hydropower investment, and to know if this possibility is 
requested or not by other competitors (ERSE). 

·  SHP Global view. A tool that offers a general overview of the hydropower plant investment cost 
given the flow, the gross head, the rotational speed of the turbine, the length and inner diameter 
of the pipe are not zero and one option of each list box is selected. The results are the cost of the 
components of the hydropower plant and some data of interest such as the power output, head 
losses, the speed number, the type of turbine and the nominal diameter. The nominal diameter 
displayed is a standard value equal or higher than the input value (NTNU). 

·  SHP Individual view: A tool that shows the cost of each component. This version is able to 
calculate the cost of each component independently from the other units of the SSHPP. It has 
the advantage of not requiring all of the technical information for the entire power plant but just 
the ones necessary for the specific cost function requested (NTNU).  

·  SHP Optimisation Program. This program optimises the SHPP by minimizing the capital cost 
and maximizing the energy output. It can automatically select the adequate components for the 
operation range with lower prices, such as the intake, gate or valve, or the pipe material 
considering tolerable head losses.  The turbine chosen for every river is the one with highest 
energy output and lowest cost (NTNU).  
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·  RETScreen® software. The chapter describes the analysis of potential small hydro projects 
using the RETScreen® International Clean Energy Project Analysis Software, including a 
technology background and a detailed description of the algorithms found in the RETScreen® 
Software. RETScreen® can be used to easily evaluate the energy production, life-cycle costs 
and greenhouse gas emissions reduction for central-grid, isolated-grid and off-grid small hydro 
projects. 

The following paragraphs detail the description of each tool and the way of usage. 

2 VAPIDRO-ASTE 

VAPIDRO ASTE is a GIS integrated tool to calculated the hydropower potential and identify the 
identification of promising small scale hydro plants sites, through the evaluation & management 
optimization of water availability, considering geodetic heat in the territory (at regional and basin scale). 

The tool takes into account the water resources present exploitation with its geographical location and 
elevations (irrigation uses, drinkable water, existing hydropower plants, etc.), and the limitation that this 
creates regarding the potential energy patterns. The software is based on the topographic information 
(Digital Elevation Model) and the isohyets maps, with a whole analysis of the catchment, together with 
the regional evaluation of available discharges along the river system.  

Based upon a user friendly graphical interface the tool is able to split the river into a hundreds of cross 
sections, calculate the available discharges and potential hydropower production, considering  constrains 
like minimum flow,  withdrawals and restitutions scheme.  

To realize the optimization VAPIDRO ASTE performs an economical & financial analysis of SHP 
plants (including green certificates and eventual governmental subsides). 

The tool shows to be a quite powerful instrument to support decision makers and stakeholders, for the 
energy plan preparation, the assessment and the implementation of small scale hydropower plants. 

The main chapters are divided as follows: first related to the methodology implemented and the second 
part regarding the user guide of the tool. 

2.1 VAPIDRO-ASTE methodology 
2.1.1 Available, natural and hydropower flow 

In order to analyse the potential small-hydro sites at a river scale, the knowledge of the water availability 
is an essential data. Two inputs are required to develop the calculation: 

·  at least one point with available flow (mean annual discharge) data, otherwise a regionalization 
method can be applied [Alterach et al, 2005, 2006]; 

·  water exploitation annual volumes with its precise location, i.e. withdrawal flows and 
restitutions flows along the analysed river stream. 

It is possible to estimate the potential discharge to be used in a possible hydropower exploitation 
following computation and interpolation steps. The interpolation process uses a double transformation of 
the river flow data, first the “naturalization process”  of the river measured point flows, interpolation of 
the natural values and then a final transformation of available flows for every cross section. 
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·  evaluation of the Point Natural Flow (Qnat)  in a particular section, equals to the “ Point 
Available Flow”  (Qav) , cancelling the effect of the upstream withdrawal/restitution scheme; 

·  estimation of the Natural Flow (Qnat(x)) in every river section “x” , as a result of interpolations 
and proportions based on the Qnat data; 

·  evaluation of the Available Flow (Qav(x)), in every river section “x” , equals to the calculated 
Natural Flow minus the upstream withdrawal/restitution flows; 

·  calculation of the Hydropower Withdrawal Flow (Qhp(x)) in every river cross section “x” , that 
represents the design value (mean annual discharge) for hydropower generation plants. It takes 
into consideration also the downstream withdrawal/restitution flows and the Minimum Instream 
Flow. 

 

The Figure 1 shows the conceptual scheme followed to calculate the Hydropower Withdrawal Flow in a 
given cross section. 

 

Point available 
flows 

Qav

Point natural 
flows 

Qnat

Natural 
flow

in every 
cross section

Qnat(x)

Hydropower 
Withdrawal 

Flow 
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Measured flows 
in almost one 
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Available 
flow

in every 
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Interpolations and 
area weighted 
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Downstream 
withdrawals & 

restitutions
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Instream Flow

Upstream 
withdrawals & 

restitutions

Upstream 
withdrawals & 

restitutions

 

Figure 1 – Computation/interpolation process to calculate the hydropower  withdrawal flow 

The Qnat for each measure point, is obtained summing the upstream withdrawal/restitution flows as in 
the following formula: 

  �
=

+=
N

1j
jq  Qav Qnat    

where: 

  Qav measured flow in the section (Point Anthropic Flow); 
  Qnat natural flow in the measuring section (Point Natural Flow);  
  q j withdrawal (+) or restitution (-) upstream points. 

The Figure 2 shows an schematic representation of the measure section (Available Flow) and the 
withdrawal/restitution upstream scheme: 
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Figure 2 – Flow measure cross section and upstream withdrawal/ 
restitution scheme  

As a second step, Qnat(x) is calculated in every cross section “x” , using the area weighted interpolation 
(between two measured points) or a simple area weighted proportion (in case of having only one 
measured point). For example, in  picture below in branches B and C interpolation is applied, on the 
other hand the area weighted proportion is applied in branches A and D. 

 

 

Figure 3 – Watercourse scheme with 3 flow measure sections  

The third step concerns the evaluation of the available flow Qav(x) in every cross section, calculated as 
follows: 

  �
=

-=
N

1j
xjq  Qnat(x)  Qav(x)  

where:  

  Qav(x) the available flow calculated in each cross section “x” ; 

  Qnat(x) the natural flow calculated in the cross section x  using the interpolation/proportion 
method;  

  q xj withdrawal (+) or restitution (-) flow in the upstream j-sections, upstream of the “x”  
section. 
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The intake cross section of a hypothetical small hydro power plant must be designed for the available 
withdrawal mean annual flow. The method considers two constrains: 

·  the Minimum Instream Flow (MIF) calculated in the hypothetical intake section; 

·  the downstream withdrawals affected by the hypothetical small hydro itself (i.e. between the 
intake and the restitution points). 

The Figure 4 shows the hypothetical power plant, i.e. the intake point and the restitution point (from the 
powerhouse), and the withdrawals P1, P2 and P3 in the sections s1, s2 and s3, between them. 

 

Figure 4 – Withdrawal scheme between the intake and restitution points  

Let us define the Maximum Withdrawal Flow (Qmax) in a given cross section “s”  as the mean annual 
discharge that is possible to withdraw compatibly with the environmental constrains in the section “s” : 

 

Qmax(s) = Qav (s) – MIF (s) 

 

where Qav represents the available flow in a cross section “s”  as defined above and MIF is the Minimum 
Instream Flow considering river environmental quality, which can be assumed equal to the 10% of the 
natural flow in each cross section “s” . 

  MIF (s) = 0,1 · Qnat(s) . 

In order to calculate the Hydropower Withdrawal Flow (Qhp) for each “x”  cross section, one of the 
parameters that determine the potential hydropower production, it is necessary to refer to the critical 
section “s” , with the lowest Qmax value in the “L”  domain. The so called “structural length”  (L) is 
defined as the distance between the intake and the restitution points, measured along the river thalweg 
(see Figure 4). 

The released discharge in the power plant cross section is the following: 

  Qrel (x,L) = Qav (x) - min|[s=0,L] ( Qmax (s) ) . 

and the mean annual discharge that can be withdrawal for hydropower purposes is: 
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  Qhp (x,L) = min|[s=0,L] ( Qmax (s) ) . 

It is possible to demonstrate that this methodology can ever satisfy the two constrains: the “Minimum 
Instream Flow”  in the hypothetical intake section and the water availability at the downstream 
exploitation points. 

2.1.2 Potential hydropower production calculation 

The Digital Elevation Model coupled with GIS tools, permits to obtain the ground elevation pattern and 
consequently the geodetic heads,  related to a particular “structural length”  (L), for any cross section “x”  
along the river stream. The geodetic head corresponds to the “Gross Head” , while the "Net Head" is 
obtained considering the hydraulic losses: 

Hnet (x,L) = Hgross(x,L) – DH(L) 

where: 

Hgross(x,L) Gross Head (m), depending on x and L;  
 Hnet (x,L)  Net Head (m), depending on x and L; 

DH(L)  hydraulic losses in the channel and in the penstock, depending on L. 

The most suitable river branches for the hydropower purposes consider the best couple [Hnet;Qhp]. 
Then the Maximum potential hydropower production is given from: 

 
8760L)(x,Hnet L)(x,9,81�L)E(x, T ××××= Qhp  

where: 
E(x,L) yearly Maximum Available Energy (kWh/year), in function of x and L; 

hT   electric global efficiency; 

The above mentioned energy is the maximum potential available, considering the total exploitation of 
Available Withdrawal Flow during the entire year (8760 hours), taking into consideration withdrawals 
and MIF. 

To calculate the potential installable power, the following relation is used: 

KhlxE /),(L)P(x, =  

where 

P (x,L)  is the installable power in a given section “x”  for a structural length “L”  (kW) 

Kh yearly continuous hours at a maximum equivalent power to produce the potential energy 
(h/year) 
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2.1.3 Economic feasibility 

The choice of the most appropriate sites for the hydropower exploitation depends upon the relationship 
between the construction and maintenance costs of the full system and the income from energy selling 
plus the additional grants, such as the Green Certificates. The economic parameters to be considered are 
the following: 

·  the hydropower plant cost (civil and electrical), for different structural lengths equal to 50, 100, 
200, 500, 1000 and 2000 meters; 

·  the energy income 

·  the income/cost ratio. 

The cost of each plant is evaluated by means of parametric relations as follows: 

·  cost of the powerhouse function of the installed power P(x,L); 

·  cost of the penstock function of the pipe diameter and the structural length; 

·  cost of the weir and intake basin depending on the design flow and the upstream basin area; 

·  maintenance and exercise costs, proportional to the total work cost. 

Therefore the cost can be expressed as follow: 

),,,(L)C(x, QhpDiamPLfn=  

On the other hand, the income is represented by the produced energy selling during the plant lifetime 
and the benefits of the Green Certificates for the first 15 years (Italy): 

The formula that expresses the total updated income is: 

nCV

nCV

n

n

i)(1i
1i)(1

L)E(x,pgc
i)(1i

1i)(1
L)E(x,pL)I(x,

+×
-+

××+
+×

-+
××=  

where 

I(x,L) total updated income (€); 
 p energy selling price (€/kWh); 
 E annual produced energy (kWh/year); 
 i up-to-date interest  (5%); 
 n plant’s lifetime, equals to 30 years; 

pgc Green Certificates price (€/kWh); 
nCV Green Certificates lifetime, 12 years. 

The above mentioned formulas permit to calculate the Income/Cost ratio for every combination of intake 
sections “x”  and structural lengths “L” . 
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The whole optimization process takes into account a chain of hydropower plants with different L and 
“x”  (two freedom degrees optimization). The optimized configuration is obtained maximizing the 
energy production and the Income/Cost relation of the total chain. 

2.1.4 The GIS software tool to evaluate the residual potential hydropower in a watercourse   

The method illustrated in the above paragraphs is applied in a GIS integrated software (VAPIDRO-
ASTE) to evaluate of the residual potential hydropower in a watercourse and aid to the optimization of 
the whole exploitation. The software is developed in Visual Basin language, integrated with ARCGIS 9. 

 

Figure 5 –VAPIDRO-ASTE star t windows 

The following paragraphs relate to some relevant working aspects of the software: 

·  River network, sub-basin and physiographic calculation parameters 
·  Discharge calculations and interpolations 
·  Residual potential Energy and Power profiles 
·  Results view 
·  Hydropower Optimization process 

 

The VAPIDRO-ASTE tool is able to calculate automatically the river network associated to the 
interesting area. The user chose the interesting river branch, where to calculate the potential 
hydropower production, and then a series of chained sub-basins, are generated by the model. 

The following figure shows a VAPIDRO-ASTE window containing the map of a river reach with 
the sub-basin generated automatically: 
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Figure 6 – River  network, sub-basin and main watercourse automatic computation 
 

The main activities performed by the model are the following: 

·  Split of the Digital Elevation Model (DEM) regarding the interesting area. 
·  Automatic creation of the river network, by means of the Arcinfo Spatial Analyst functions 
·  Selection of the interest watercourse; by means upstream and downstream points user aided  

allocation  
·  Automatic creation of the sub-basins used for the interpolation (Figure 6) 
 

Each basin is identified by its own closure point and the software calculates automatically the 
necessary data to perform the flow interpolation: progressive distances x, sub-basin areas, 
minimum elevation. 

At this step, the user inputs the measured flows (Qav) in one or more points over the selected 
watercourse. 

The Software is able to calculate automatically the potential hydro energy and installed power 
for the selected watercourse, in a logarithmic scale. 

As an example, the Figure 7 and Figure 8 show the maximum installable power and the 
maximum energy produced in an analyzed river reach (Italy). 

It is possible to observe that the software produces a set of energy and power curves which are 
parametric with the structural length L from 50 to 5000 m. 
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Figure 7 – Installable hydropower  along the watercourse 

 

Figure 8 – Produced hydropower  energy along the watercourse 

The tool is useful to represent the hydropower potential in a map, with a colour spectrum, as 
shown in Figure 9 
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Figure 9 – Potential Hydropower  production in an analyzed r iver  reach 

The whole exploitation of the river is performed maximizing the total potential energy production and 
global Income/Cost ratio of the hydro plants exploitation chain. The Figure 10 and Figure 11 show eight 
optimized intakes position (squares), with the background of the Net Present Value curves and the 
longitudinal representations of the intakes and powerhouses positions: 
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Figure 10 – The income/cost spectrum and the optimal hydropower  exploitation 

 

 

Figure 11 – Longitudinal representation of the optimized hydropower  exploitation 

Other way to represent the optimized position of the hydro plants is in a mapping way, laying intake 
(squares) and powerhouse locations: 
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Figure 12 – Watercourse optimal hydropower  exploitation 

An automatic optimization module is included, to produce the best hydropower exploitation scheme of 
plants, optimizing the financial parameters and the produced energy. The following figures shows an 
example of the automatic optimization module window: 



  

 

Numerical tools, GIS database and Public 
Cadastre to support SHP implementation 

 

Page 25 of 152 

 

  25 

 

Figure 13 – Automatic optimization window 

2.2 VAPIDRO-ASTE User  Guide 
The first chapter illustrated the methodology to calculate the hydropower potential with VAPIDRO 
ASTE. Instead of that, the present indications guide the user to install, utilize the tool. 

2.2.1 Requirements and software installation  

The VAPIDRO-ASTE tool is written in VisualBasic 6.0 language, the following programs/OS are 
needed to be installed: 

·  Microsoft Windows XP o 2000 (VAPIDRO-ASTE does not function with “Vista”); 

·  Microsoft Excel.exe and  MSAccess.exe (Microsoft Office Package); 

·  ESRI ArcGis 9.2 with the Spatial Analyst extension 

·  international decimal separation must be set to the “dot”  “ .”  

·  PC pentium 4 with almost 1 GB ram 

·  Free Memory Disk almost 2 GB 

Spatial Analyst extension is installable and activated from the “arcmap”  menu: Tools/extensions an then 
select “spatial Analyst” . 
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The installation could take up to 20 minutes, depending on your PC power 

Follow the next instructions for the installation and the language setup: 

1) Decompress the vapidrosmart.zip file into a temporary folder 

2) Run the setup.exe program and follow the installation instructions (**) 

3) Run the “vapidro aste”  software from the and choose “English”  

 

Figure 14 – Language VAPIDRO-ASTE Selection 

Create the vapidro.ini file (only during the first vapidro use), choosing “yes”: 

 

Verify the screen and international properties and setup the “EXCEL” and “ARCGIS directory paths in 
your disk. 

 



  

 

Numerical tools, GIS database and Public 
Cadastre to support SHP implementation 

 

Page 27 of 152 

 

  27 

Figure 15 – VAPIDRO initial setup 

When all is completed, click on « OK ». 

2.2.2 Creating a project 

The “Vapidro-Aste”  main screen is shown as following: 

 

Figure 16 – Main VAPIDRO window 

To create a new project go to the “Project/New” menu, and enter the new project name, for example 
“Frido”  
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 Figure 17 – Creation of a new Project 

Select the “calculation methodology” , depending on the type of the collected data in your area , for 
example “measured flows”: 

Select the “season parameter”   

 

Select the “hydropower plan type” : 

•  With diversion: intake-channel-head tank-penstoke-powerhouse 

•  Concentrated: intake-channel-powerhouse (with a developemente lass than 50 m) 

Then press “ok”  to create the project. 
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Figure 18 – Main project parameters  

Selecting the season parameter 2,3 or 4 means that the needed data depends on this year split, i.e. if you 
select “4 seasons per year”  then discharges and withdrawals should be defined by 4 values per year each 
point. 

Click the “physiographic parameters and flows”  menu in the main VAPIDRO-ASTE screen:  

 

The ArcGis window is launched with the Italian map as default and a GIS floating menu: 
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Figure 19 – ARCGIS Window with the I talian map  

Warning:  in case of problems, verify the ARCGIS installation and the activation of the needed “spatial 
analyst extension”  

2.2.3 DEM Input 

VAPIDRO ASTE is able to work with any Digital Elevation Model. The DEM must be imported to the 
project and it has to be compatible with ARCGIS in a “grid”  format. 

To import the DEM click on “Crop User DEM”, to load the digital elevation model (DEM) of your area: 

 

Figure 20 – Digital elevation model (DEM) selection 
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The name of the DEM file should be different from the name of the project created. 

Then zoom to the DEM area: 

 

Figure 21 – Zoom to the DEM area 

and crop cut a rectangle) on the specific area of your interests, with a click on each angle of the cropping 
polygon. 

 

Figure 22 – Cropping the interesting area 

Click on “exit and run processing” . 
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2.2.4 River network creation and watercourse definition 

Click on “create river network” . Compares a warning, click Yes 

 

Input the value of the “ flow Accumulation threshold” . The highest the “ flow accumulation value” , the 
less detailed is the river network. The DEM cell area multiplied by this number results on the lowest 
sub-basin area captured by a river cell. The Flow accumulation represents the number of cells that 
converges from upstream the current cell 

 

Click on “calculate network” .  

Try different flow accumulation values to identify the river network with the desired density. Warning: 
Too small values produce a non realistic r iver  network. 
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Figure 23 – Created r iver  network 

The news step is to define the upstream and the downstream point of the study watercourse. Click on 
“Select upstream point”  and the click on the upstream branch on the map: 

 

Figure 24 – Upstream point  selection 
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Define the downstream point of the study case river, click on “select downstream point”  and the click on 
the downstream branch on the map. Then the case river will be highlighted  

 

Figure 25 – Downstream point and watercourse selection 

2.2.5 Water basins creation 

VAPIDRO ASTE will automatically create the necessary sub basins to perform the calculations. The 
sub basins are defined from the upper to the down stream points signed in the precedent step. The user 
must define the quantity of basins. 

Click on “create basins”  and define the number of basins. The higher the number of basins, more 
accurate definition of watercourse results (discharge, energy, power, etc.). Suggested number: from 20 
to 30. 
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Figure 26 – Definition of number  of basins 

Then click on “calculate” .  

 

Warning: The bigger the basin and the area, the higher the time necessary to perform the calculations. 

The resulting map is the following: 
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Figure 27 – Automatic calculation of basins 

 

2.2.6 Input flows and withdrawals 

To perform the calculation of the potential hydropower it is necessary to input the flows. 

There are two types of flows: 

·  Flows in almost one point in the case watercourse 

·  Withdrawal flows depending on the actual use of the water 

The flows in the course could be natural or measured depending on the initial selection when creating 
the project the first time (see paragraph 2.2.2). 

Click on “ Input Flows” , to input the mean annual values of flows in the selected river. Almost one point 
is needed. Click on the river where to put the flow point and add the value. 
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Figure 28 – Flow input  

It is possible to add more flow points in the river: VAPIDRO ASTE will interpolate the discharges 
considering the weight with the basin area. 

It is also possible to delete wrong flow points. 

To introduce eventually withdrawal points click on “ Input Withdrawals” , to input the mean annual 
values of diversion or restitution discharge on the interest basin. Click on the river and tributaries where 
to put the withdrawal point and add the value. Positive values means “diversion” , negative values means 
“ restitution”  into the river. It is possible to add more than one withdrawal points. It is possible to delete 
wrong flow points. 
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Figure 29 – Withdrawal input  

It is important to notice that it is necessary almost one point of flow located into the high lighted 
selected watercourse, but could be possible to have no value of withdrawal (natural basins). 

2.2.7 Performing calculations 

VAPIDRO-ASTE will calculate automatically when exit, but could be necessary to add or change the 
calculation parameters. 

Click on “calculations”  on the main window: 

 

 

There are 3 types of calculation parameters: 

·  Energy & Power 

·  Initial Investment Costs 

·  Financial Analysis 

2.2.7.1 Energy Power and head parameters 

Fill the following parameters, see 

-  Minimum environmental flow  

-  Energy 

-  Power  

-  Head loss  parameters 
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Figure 30 – Energy, Power  and head loss parameters  

After fill the values, save the data and perform calculations or change to initial investment costs or to 
financial analysis. 

2.2.7.2 Initial investment costs parameters 

Fill the following initial investment costs parameters: 

·  Cost of dams & inlet works 

·  Cost of the channel and head tank 

·  Cost of the penstock 

·  Cost of the power house & equipment 

·  State contribution 
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Figure 31 – Initial investment cost parameters  

Warning: the default parameters are in € and are related to a particular Italian cost profile. Each user 
must verify the specific cost correlation curves in their own country. 

2.2.7.3 Financial analysis parameters 

Fill the financial parameters, operation & maintenance costs, energy prices. 
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Figure 32 – Financial Analysis parameters  

Warning: the default parameters are related to the specific Italian profile. Each user must verify the 
specific updating rate, the energy price and taxes in their own country. 

After compile the 3 forms, click on “save the data and perform calculations”  

2.2.8 Table and charts visualization 

To visualize tables and charts of the project results, click on the main menu option “Tables/Charts” . 
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It is possible to view discharge, energy and power tables and charts in reference to the selected river. 
The “x”  axis is the progressive distance measured from the closure. 

The tables and charts are represented in function of the “structural length” (distance between the intake 
and the powerhouse). Seven classes of structural length are defined 50, 100, 200, 500, 1000, 2000 and 
5000 m. 

 

Figure 33 – Example of table of the maximum installation power   
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Figure 34 – Example of char t of the maximum installation power   

 

Other graphics (or charts) possible are the following: 
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Figure 35 – Example of char t of anthropic and natural flows  

 

Figure 36 – Example of char t of the basin area in function of the progressive 



  

 

Numerical tools, GIS database and Public 
Cadastre to support SHP implementation 

 

Page 45 of 152 

 

  45 

 

Figure 37 – Example of char t of the turbine flow 

 

Figure 38 – Example of char t of the available heads 



  

 

Numerical tools, GIS database and Public 
Cadastre to support SHP implementation 

 

Page 46 of 152 

 

  46 

 

Figure 39 – Example of char t of the potential energy 

 

Figure 40 – Example of char t of the equivalent hours 

2.2.8.1 Initial investment costs  

The initial investment costs window has the following options: 
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Figure 41 – Selection of investment costs 

The table possible to see are the following: 

·  Total costs 

·  Capital Cost 

·  Cost of dam and inlet works 

·  Cost of channel and head tank 

·  Cost of the penstock 

·  Cost of the power house and equipment 

To see the graphics of each investment parameter, click on “chart” , the “chart type selector”  and 
eventually the structural length. 
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Figure 42 – Char t investment costs, for  each type of item 

Other way is to represent the charts in function of the structural length for each type of component of the 
work 
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: 

Figure 43 – Char t investment costs, for  each structural length 

Other examples: 
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Figure 44 – Example of the char t of the powerhouse and equipment costs 

 

Figure 45 – Example of the char t of the penstock costs for  50 and 200 m of structural length 
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Figure 46 – Example of the char t of the channel and penstock costs for  50 m of structural length 

Could be possible to use also the logarithmic abscissa: 

 

 Figure 47 – Example of the char t of the total cost in a logar ithmic abscissa 
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2.2.8.2 Managing/maintenance costs, income, financial analysis  

Click on “Managing/Maintenance costs”  and a folder to visualize a table:  

 

Figure 48 – Selection of the Managing/maintenance costs, income, financial analysis parameters 

The (SR) Separate Rate and (GR) Global Rate are related to the type of rate applied. 

The following parameters are able to graphic: 

·  Cgm: Cost management and Maintenance 

·  Btot: Total Benefit 

·  B/C: Benefit Cost rate 

·  NPV: Net Present Value  

·  UPI: Updated Performance Index 

·  PBT: PayBack Time 
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The charts and tables are represented in function of the “structural length” (distance between the intake 
and the powerhouse): 50, 100, 200, 500, 1000, 2000 and 5000 m. The following are some example of 
graphic results: 

 

Figure 49 – Example of Benefits char t 
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Figure 50 – Example of managing and maintenance costs char t 

 

Figure 51 – Example of Benefit/Costs char t 



  

 

Numerical tools, GIS database and Public 
Cadastre to support SHP implementation 

 

Page 55 of 152 

 

  55 

 

 

Figure 52 – Example of Net Present Value char t 
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Figure 53 – Example of Pay Back time char t 

 

 

Figure 54 – Example of Updated Per formance Index char t 

 

 

 

 

2.2.9 Results on GIS 

VAPIDRO ASTE is able to export the results to be visualized on GIS, as a map of colour scale. Click on 
“Graphic results on ArcGIS” , then click on “Graphic data”  ,select the “Type of data charts”  and the 
“Structural length” .  
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Figure 55 – Steps to generate a GIS map of results 

Click on “Run”  to generate the map. 

 

 

Figure 56 – Example of benefit/cost map for  100 m of structural length 
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Figure 57 – Example of Net Present Value map for  2000 m of structural length 
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Figure 58 – Example of Payback time map for  500 m of structural length 

 

Figure 59 – Example of Updated Per formance Index map for  5000 m of structural length 
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2.2.10 Exporting to EXCEL 

It is possible to export the results obtained to EXCEL.  

The steps are the following: 

Select “Ezport to excel”  in the tables/chart main screen command: 

 

Then select which parameters do you want to export in the excel file: 

 

Figure 60 – Parameters that can be expor ted to EXCEL 

The click on “EXPORT”, and then an excel file will be opened with the requested data: 
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Figure 61 – Example of expor ted EXCEL file 

Warning: the export to excel could take several minutes, depending on your PC power, the quantity of 
data and the selected parameters 

2.2.11 Optimization of the hydropower exploitation 

There are two ways to optimize the potential hydropower exploitation: 

-  Manual 

-  Automatic 

The manual process provides a tool to guide the user to ensure an optimized hydropower exploitation of 
the river. 

The automatic optimization calculates the best hydropower exploitation, considering the optimization of 
the financial and energy results. 

Click on “manual and automatic procedure”  in the main screen to open optimization windows: 
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Select the “Optimization Parameter”  and the “desired rate”  type. Then, click on “Automatic 
optimization”  and input the “number of hydropower plants”  to be showed: 

 

Figure 62 – Hydropower  exploitation optimization steps 

Then click OK, and a series of optimized plants will be showed. The following is the Automatic 
optimization of the hydropower exploitation considering the optimization of the B/C parameter and 5 
powerplants: 
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Figure 63 – Hydropower  exploitation automatic optimization example 

 

Each power plant is numbered from the most to the less convenient according to the optimization 
parameter selected. 

In the central table, all the optimized plants with their data are shown. 

In the other hand the “Manual Optimization”  enables the user to locate each hydropower, watching the 
financial parameter in function of the progressive chart (left) and function of the structural length (right).   
To input one parameter combination click on “accepts current” . 

The following shows the B/C manual optimization with 5 hydropower plants: 
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Figure 64 – Hydropower  exploitation manual optimization example 

It is possible to save each optimized configuration created . 

Then it is possible to load the saved configuration, create a new one, delete a saved configuration, clear 
the blackboard and export to excel. 

 

Figure 65 – Saving the optimized configuration 
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2.2.12 Optimization on GIS  

To map the optimized configuration follow the same procedure as the “automatic optimization on GIS” , 
selecting the saved configuration. 

It is possible to visualize on the GIS the optimized hydropower configuration. Click on “Tables/Charts”  
in the main menu, “Graphic results on ArcGIS” . Then click on “Graphics optimization”  and select the 
configuration to represent on the map. 

It is also possible to visualize the optimized configuration on GIS clicking on  in the 
optimization main window. 

 

Figure 66 – Steps to visualize the optimized configuration in a GIS map 

2.3 VAPIDRO Concentrated Hydropower plants  
When creating a new project, it is possible to define the Power plant  type “concentrated” , without 
diversion nor penstock. 

The process continues as described before: input of the DEM, river, flows, withdrawals, etc. 
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Figure 67 – Concentrated plants selection 

One particular aspect of  the concentrated hydropower plants is that the chart and table parameter is the 
head and not the structural length: 

There are 12 head classes defined from 0.5 to 6.0 m. 

 

Figure 68 – Maximum installation power  in function of the head classes 
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Figure 69 – Total costs in function of the head classes 

A new value is important to define the minimum distance between two consecutive concentrated 
hydropower plants: the “backwater length”  upstream the dam. 
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Figure 70 – Backwater  lengths in function of the head classes 

The automatic optimization of the concentrated hydropower exploitation is similar than the former case, 
but the chart on the right is presented with the “ fixed head”  in the x axis: 

 

Figure 71 – Optimization windows for  the concentrated type plants 
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3 SMART MINI IDRO 

Smart Mini Idro is a tool to evaluate the main hydropower project parameters, considering the flow 
duration curve, the available heads and the types of turbines to be installed, the range of discharges to be 
used, etc. 

The tool considers the possibility to apply government incentives to the investment as the “green 
certificates”  and finally is able to evaluate the cash-flow of the investment. 

The tool helps the user as a first approach to begin a preliminary project, leading to a first analysis of the 
economical and financial parameters of a new SHP. 

The software is composed by the following 5 modules: 

·  Discharge module, with the calculation of the Minimum Instream Flow, the turbined flows, etc) 

·  Turbine module, with the selection of the appropriate turbine type 

·  Energy module, with the calculation of the energy produced 

·  Costs module, with the evaluation of the construction and maintenance costs 

·  Financial Analysis module, with the calculation of the financial parameters and the cash flow 
analysis 

The following figure shows the main SMART Mini Idro starting window: 
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Figure 72 – Main SMART M ini idro window 

3.1 Discharge Module  
The discharge module permits to define: 

·  The flow duration curve to be used in the project 

·  The MIF, minimum environmental flow to be assigned 

·  The hydropower discharge to be turbined 

3.1.1 Flow duration curve 

To introduce the Flow duration curve values, it is necessary to chose “Direct Input”  (see Figure 73), and 
input the 21 flow values (from 0% o 100% durations). The values must be taken from hydrological 
statistical studies in the current river section. 
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Figure 73 – Flow duration curve input window 

The Lombardia Region curve is valid only for the Northern Italy area and it is not useful for the pilot 
cases of the current project. 

3.1.2 Minimum Environmental Flow definition 

SMART Mini-Idro allows the input of the minimum environmental flow, MIF. It is defined as the 
minimum amount of water that must be ensured for the preservation of water bodies and aquatic biotic 
communities. 
There are 3 ways to determine the MIF: 

·  Method of the Po River Basin Authority. Regarding the Italian Law n.7/2002 

·  Direct Input of the known value of the MIF 

·  Percentage Method: percentage of the average discharge calculated from the FDC (percentage 
of a Q mean) 

 

 

Figure 74 – Minimum environmental flow input window 

The most useful way to input the MIF is by the “percentage method” , taking into account the Flow 
duration Curve values assigned. 
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3.1.3 Calculation of the net discharges 

For each duration, from 0% to 100%, the following discharges are calculated: 

·  Q gross: the total discharge, input in the FD; 

·  MIF: regards the value input in the MIF module; 

·  Q net: the net discharge, difference between the Q gross and the MIF. 

The Figure 75 illustrates the discharges values: 

 

Figure 75 – Net Discharges calculation windows 

3.1.4 Hydropower discharge 

The next step is to calculate the hydropower discharge to be turbined. 

There are two methods to input the turbined discharge: 

·  Departing form the flow duration curve; 

·  Input of a Direct value. 

The following figure shows the hydropower discharge window: 
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Figure 76 – Hydropower  discharge window 

The most useful way to determine the design discharge is to assign a percentage of the Flow Duration 
Curve, for example 15% duration. 

3.1.5 Utilization curves 

SMART Mini Idro shows also two utilization curves of the project: 

·  The runoff utilization curve; 

·  The plant utilization curve. 

The following figure shows the example: 
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Figure 77 – Utilization curves of the project 

3.2 Turbine selection module  

The turbine selection module has two steps to follow: 

·  head, penstock length and hydraulic losses definition; 

·  selection of the turbine type. 

3.2.1 Turbine – Net Head Calculation 

The net head is estimated from the gross head considering the continuous and concentrated head losses: 

·  the continue head losses, are assessed through the characteristics of the penstock and the design 
speed; 

·  the concentrated losses, are defined as a fraction of the kinetic energy of the flow 
(a coefficient). 

The following figure shows the window to introduce the needed values and the output screen: 
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Figure 78 – Net Head calculation window 

3.2.2 Turbine selection 

For each turbine it is proposed a typical turbine efficiency curve. It is also possible to assign manually 
the turbine efficiency curve. 

SMART Mini Idro permits the selection of different types of turbines 

·  Pelton 

·  Turgo 

·  CrossFlow 

·  Francis 

·  Kaplan 

·  Others (user defined efficiency curve) 

The following figure shows the window where to input the efficiency curve or the type of turbine. 
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Figure 79 – Turbine selection and efficiency curve 

The turbine selection is function of the combination of the turbined discharge and the net head: 
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Figure 80 – Turbine selection char t 

3.3 Energy calculation module 
In this module it is possible to evaluate the power plant and estimate the energy annual production. 

3.3.1 Characteristics of the plant 

The Energy Module starts with the section "Characteristics of the plant," a brief summary of the data 
describing the plant: it is given the name, location, river, design discharge, gross head and type of 
turbine. 

 

Figure 81 – Character istics of the plant 

3.3.2 Power 

This module needs some input data regarding the efficiency of each part of the machinery: 
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·  Generator efficiency 
·  Transformer efficiency 
·  Gearbox efficiency 

An additional input needed regards the percentage of stops of the turbines. 

The power module is presented as in the next figure: 

 

Figure 82 – Power  calculation 

The module uses the power calculation formula: 

  
1

P(t) ( ) ( ( )) ( ( ))
1000 DER n DER TUR DERQ t H Q t Q tg h= × × × ×  

Where 

  P(t)  is the power for each duration “ t”   in kW 
  Qder(t) is the turbined discharge for each duration “ t”  
  Hn is the net head function of the Qder 
  hTUR total efficiency of the turbine 
  g specific weight of the water 

Energy Annual Production 

This module determines the power plant energy annual production. 

  
1

P(t) ( ) ( ( )) ( ( ))
1000 DER n DER TUR DERQ t H Q t Q tg h= × × × ×      

  
8760

ANNUA
0

1
E [ ] (1 ) ( )

1000 TOTMWh f P t dth= × × - × ×�  

Where 
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  EANNUA is the annual energy produced 
  hTOT   is the total efficiency used with the energy evaluation 
  P(t) are the maximum power for each duration “ t”  

The following chart illustrates the flow and power duration curves,  

 

 

Figure 83 – Flow and maximum power  duration curves 

3.4 Cost evaluation module – Investment estimate 
The Costs Module has only one section name “ Investment estimate“: it aims to estimate the cost 
required for the construction of the power plant in all its components. Two ways are proposed by the 
tool: 

·  Synthetic estimate 

·  Correlation formulas 



  

 

Numerical tools, GIS database and Public 
Cadastre to support SHP implementation 

 

Page 80 of 152 

 

  80 

 

Figure 84 – Costs estimation parameters window 

Formulas Option- in case the user does not have available the prices of the individual works, or does 
not know the characteristics of the installation, it is recommended to use the option “ formulas”  (with 
equations derived from practical cases). 

3.5 Saving the project 
Considering that the excel file SMART Mini Idro has the 2read only“  mode, it is impossible to resabe 
with the same file name. To save the project it is necessary to use the “save as”  Excel function and 
change the name of the file itself. 

 

4 INVESTOR DATABASE AND PUBLIC CADASTRE 

The main objective was the development of tools for the management, exploration and representation of 
general data and survey of mini-hydro power in some areas of particular interest. 

In relation to the existence of different types of users involved in mini-hydro sites with very different 
needs and equally diverse expertise, were identified three separate technologies to attain the goals: 

·  DataBase 
·  Geographical Information System 
·  Web Geographical Information System 
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4.1 DataBase 
The database is designed to store the information collected in the census sites. It is preliminary to the 
development of the subsequent tools (GIS and WebGIS) and can be used to examine the data collected, 
make the appropriate combinations, and generally to perform calculations on the alpha-numeric data. 

The DataBase “SMART_Cadastre.mdb”  is a Microsoft Access DataBase and consists of tables and 
queries allowing to group data into three administrative levels. 

Table named “Sites”  contains information relating to hydropower and has the following fields: 

·  COD_ADMIN - Code of the administrative units, possibly assigned by the National Statistical 
Bureau (required) 

·  ADMIN_LEV1 - Administrative name of level 1 ( e.g. Municipality like Soncino) (required) 
·  ADMIN_LEV2 - Administrative name of level 2 ( e.g. Province like Cremona) (required) 
·  ADMIN_LEV3 - Administrative name of level 3 ( e.g. Region like Lombardia) (required) 
·  PLACE - Further geographical specification  (not required) 
·  CATCHMENT - Catchment basin where the site is located  (not required) 
·  RIVER - Water body feeding the plant  (not required) 
·  NAME - Power plant name   (required) 
·  POWER - Power in kW   (required) 
·  FLOW - Mean yearly concession flow in mc/s   (not required) 
·  PRODUCTION - Expected mean yearly production in GWh/yr   (required) 
·  EF - Environmental flow in mc/s   (not required) 
·  OWNER - Owner name   (not required) 
·  NOTES - for comments   (not required) 

 

The following Figure 85 shows the tables structure. 
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Figure 85 – Tables in Database “ SMART_Cadastre.mdb” . 

Table named “Admin_unit1”  contains information on the smallest administrative units considered in the 
case study and has the following fields: 

·  COD_ADMIN - Code of the administrative units, possibly assigned by the National Statistical 
Bureau (required) 

·  ADMIN_LEV1 - Administrative name of level 1 ( e.g. Municipality like Soncino) (required) 
·  ADMIN_LEV2 - Administrative name of level 2 ( e.g. Province like Cremona) (required) 
·  ADMIN_LEV3 - Administrative name of level 3 ( e.g. Region like Lombardia) (required) 

 

Tables named “Sum_Level1” , “Sum_Level2”  and “Sum_Level3”  contain data grouped by 
administrative levels as evidenced in the following queries description. 

There are three selection queries (Qry_aggregation_level1, 2, 3) that allow you to extract data from 
“Sites”  table and to group them by COD_ADMIN,  ADMIN_LEV2 or ADMIN_LEV3 fields. 

In the aggregation result table there are the following fields: 

·  COD_ADMIN – grouping COD_ADMIN field data (only in Qry_aggregation_level1) 
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·  ADMIN_LEV1 – first record of field in grouping data (only in Qry_aggregation_level1) 
·  ADMIN_LEV2 - first record of field in grouping data in Qry_aggregation_level1 or grouping 

ADMIN_LEV2 field data in Qry_aggregation_level2 
·  ADMIN_LEV3 - first record of field in grouping data in Qry_aggregation_level1 and 

Qry_aggregation_level2 or grouping ADMIN_LEV3 field data in Qry_aggregation_level3 
·  N_TOT – count of grouping field data in order to every query 
·  P_TOT – sum of  POWER field data in order to grouping field 
·  PROD_TOT - sum of  PRODUCTION field data in order to grouping field 
·  Q_TOT - sum of  FLOW field data in order to grouping field 
·  N_LABEL - N_TOT field label 
·  P_LABEL - P_TOT field label 

The database is then used as the first element for creation of the Geographical Information System 
(GIS). 

4.2 Geographical Information System  
The software environment used for the implementation of GIS is ESRI ArcGIS 9.2 and the file format of 
graphics data storage is the "shapefile". 

ArcGIS shapefiles are loaded in the application relating to the administrative boundaries of the three 
detail levels and are joined to summarize tables (“Sum_Level1” , “Sum_Level2”  and “Sum_Level3” ) by 
geocode field COD_ADMIN,  ADMIN_LEV2 or ADMIN_LEV3. 

 

Figure 86 – GIS representation of Level3 administrative boundary with N_Tot class. 
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Figure 87 – GIS representation of Level2 administrative boundary with N_Tot class. 

 

 

Figure 88 – GIS representation of Level1 administrative boundary with N_Tot class. 

 

Management of data is carried out by means of the tools in a toolbar called “SMART_Cadastre” . 
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When data are modified in the database tables, it is necessary to update the summarize tables using the 
appropriate button in the application, named “SMART Update Tables” . 

It is possible to view the data broken down by classes of total sites number and total power using the 
“Symbology”  button. 

Finally it is possible to export the data for Internet web mapping publication in shapefile format using 
the “Export Features”  button. 

 

Figure 89 – Toolbar  to data processing. 

Tree structure of filesystem: 

·  <drive:>…\ SMART_Cadastre\ (project file SMART_Cadastre.mxd) 
·  <drive:>…\ SMART_Cadastre\DBase\ (Access DataBase SMART_Cadastre.mdb) 
·  <drive:>…\ SMART_Cadastre\Administrative_levels\ (boundary shapefiles) 
·  <drive:>…\ SMART_Cadastre\Administrative_levels_data\ (boundary shapefiles with 

associated data generated by “Export Features”  button) 
 

4.3 Web Geographical Information System 
 
SMART Web-GIS is a geographical information system which is the mini-hydropower plants atlas at 
national level. The application allows the interactive consultation of mini-hydroelectric plants, 
aggregate-based municipal, provincial and regional levels. In particular SMART Web-GIS shows the 
mini-hydroelectric plants, grouped by classes of power and number depending on the administrative 
basis chosen by the user. 

Each participating country in the SMART project may have one or more specific sites with detailed 
information like topographic maps, hydrology network, points of interest and mini-hydro potential sites. 

4.3.1 Application functionality 
 

On opening, application displays the number classes’  representation of the plants on regional basis. 
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Figure 90 – Display opening application 

Depending on the zoom level the application automatically displays the information at the provincial 
and municipal level based like in the following Figure 92. 

 

Figure 91 – Zoom level based information 
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Figure 92 – Zoom level based information 

The interface consists of different areas having a graphic, information and control features: 

·  On top the application name, tool menu for change country or county area and a text link to 
switch on thematic maps 

·  In the centre a map window with the graphic result of user operations 
·  Above the map window a tool to perform query and a tool menu to print or download the map 
·  Below the map window a tool menu to activate layer of interest and the response windows of  

the measure tool 
·  To the left logos with link to the project and partners web sites 
·  To the right indication and choice of data displayed with legend, tools and buttons to perform 

user operations, reference map 
·  At the bottom an information bar with the reference coordinates system and the X-Y coordinate 

values of the cursor position. 
 

4.3.2 User functions 
User has available tools and commands to perform various operations of text and geographic search of 
information. 

4.3.2.1 Buttons and links that perform the requested operation directly after their pressure 
 

 Zoom to full extent 

 Previous view (many levels) 

 Forward view (many levels) 
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 Zoom to selected features 

 Refresh the map 

 Open help window 

 Change the zoom map to fixed scale ratio 

 

 Slider moving changes map scale 

 Search tool. Insert in the text field the 
string corresponding to your query (search string even partial) and click on the button "Search", 
all features matching the query string will be selected and displayed in a new windows 

 

 Open the print map windows or download windows 

 

  Toggles numerosity/power class display 

 

  Selects country/county map to display 
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Country maps that will be available in the future are: 

I taly   

 

Greece   
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Norway   

 

Croatia   

 

Austr ia   
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4.3.2.2 Buttons that perform the requested operation after interaction with the graphics window 

 Every click on the map increases the zoom level and if dragging defines the box zoom 

 Every click on the map decreases the zoom level and if dragging defines the box zoom 

 Move the map in the right direction keeping the current view scale - click and drag 

 Identifies elements of the current view by selecting the desired point of the map and displays the 
results of identify in a new window. User can select and zoom to feature row with zoom 
function using the left button and export data table in “csv”  and “pdf”  format. 

 

Figure 93 – Result table of identify operation 

 Select and identify features from the active layer of the current view by selecting the desired 
point of the map and displays the results of select in a new window. User can zoom to feature 
row or all the rows with zoom function using the left button and export data table in “csv”  and 
“pdf”  format. 

 

Figure 94 – Result table of select operation 
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 Auto identify with tool tip result  

 Activates measuring tool 

4.3.3 County map example 
In the web site is available the Cremona County map, an Italy County, that represents the watermills 
location surveyed in a sub-basin of Serio river. 

 

 

Figure 95 – Cremona County map and Ser io r iver  basin 

In this map there is the representation of Serio river and basin, study area, main and secondary river 
network, raster topographic maps and watermills position. 

When zoom in the map it is possible to view a detailed map and river network and with the tool identify 
button, open the result table where there is a link row to the information sheet. 
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Figure 96 – Zoom in and result table of watermill identify request 

 

 

Figure 97 – Information sheet of identified watermill 
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4.3.4 Application structure  
The general architecture of the application is represented by the following Figure 98: 

 

Figure 98 – Application structure                                                  

The application consists of the following modules: 

·  The "presentation" includes displays that allow a customer to access geographic data. 
·  The “server components”  are used to handle requests from the customer and to administer our 

Web site. 
·  The "data" includes all sources usable data from MapServer and p.mapper. 
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The components necessary for the proper functioning of application are the following: 

Web Server  Apache: manages requests from a client, referring to the application and providing the 
appropriate response to them. 

MapServer: is an Open Source platform for publishing spatial data and interactive mapping 
applications to the web 

MapFile: is the heart of MapServer. It defines the relationships between objects, points MapServer to 
where data are located and defines how things are to be drawn. 

p.mapper : the p.mapper framework offers broad functionality and multiple configurations to a 
MapServer application based on PHP/MapScript. 

All components are installed on the same machine on which is installed the operating system Microsoft 
Windows Server 2003. 

The Web components are installed on a machine connected to the Internet with Web Server and data are 
installed on servers running Windows Server 2003 OS installed inside the DMZ area and interact with 
the outside through the opening of a dedicated communication port. 
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5 SMALL HYDRO POWER PROGRAMS 

Program tools, made for the first approach to possible SHP projects, are developed at NTNU.  The 
programs help the user in a preliminary project to calculate the investment costs of a Small/Mini/Micro 
hydropower plant. This is to provide more efficient mapping of which locations of intake and 
powerhouse that could be the most economically profitable. 

Three programs will be presented in this report: The “SHP Global view” , the “SHP Individual view”  and 
the “SHP Optimisation Program”. “SHP Global view” gives a quick overview of the costs while “SHP 
Optimisation program” makes an economical optimisation of the plant, based on more detailed input 
data. The “SHP Individual view”  may be used if the user only have the necessary input information for a 
few of the SHP plant parts and want to have a closer look at these.  

It is very important that the users of the programs understands what assumptions the calculations are 
based on, as well as understands how to use them correctly.  

5.1 SHP programs, methodology 
All programs are programmed with Microsoft Office Excel 2003, as it is user friendly and used 
worldwide. The whole program algorithm is available with thorough comments in order to ease the work 
if it is needed to improve or update the programs at some day in the future. 

The results of the cost functions are given in NOK (Norwegian Kroner), but as this is an EU-project you 
can choose to get the results in Euro or different currencies of the member states. The exchange rate and 
price increase due to inflation may be updated by the user in the programs.  

The user can see the cost functions and their range of validity in the worksheet. The coefficients of the 
costs equations and the limits can be freely modified in the table. The costs are determined automatically 
by the program, as the validity of the equations depends on the range of operation.  

It is the user’s responsibility to make sure that the input data is coherent with the validity range.  

The program is run by pressing the “Run Small Hydropower plants program’”  button in the “Calculate”  
Worksheet, shown in Figure 99. The methodology of these algorithms is based on transferring data to 
and from the worksheets.  The values introduced by the user in the macros are set into the correspondent 
cell of the worksheet and the results calculated on the worksheet are displayed in the macros.   
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Figure 99 – Command Button to run the programs “ SHP Global view”  and “ SHP Individual view”  

5.1.1 Cost of the SHP components 

The cost of the hydropower plant consists of the individual costs of its components: intake dam, intake 
gate or valve, trash rack, pipes, powerhouse, turbine, generator, crane, transformer, controller, 
switchgear and power cable, which are technically described. These costs are based on statistical 
functions from the Norwegian Water Resources and Energy Directorate (NVE).  

The NVE cost functions have a format such as the following equations:  

 4 3 2 1
4 3 2 1 0K a X a X a X a X a= × + × + × + × +  

 1 0ln( )K a X a= × +   

 0
1

aK a X= ×   

The input data for the cost functions are the flow, head, soil type, turbine type, the voltage connection 
and the length of the pipeline, of the road and of the power line. These functions are valid for SSHPP 
with flow values of less than 10 m3/s. These costs include labour and mounting costs of all the 
equipment.  

Each component of the hydropower plant has its own worksheet in the workbook, with the structure 
shown in Figure 100.  
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Figure 100 – Overview of one of the HHP plant components 

 

Intake dam 

The intake dam cost is dependent on flow. It includes the cost of a coarse synthetic trash rack at the 
chamber entrance and a shutting mechanism. Discrepancies have arisen among SHPP consultant 
companies as the cost is dependent on the morphology of the river, the width and height of the river, the 
shape of the valley and soil foundations.  

Dam gate 

The cost function of the dam gate depends on its cross-sectional area, considering a maximum water 
velocity of 0,5 m/s.  Different types of gates are possible depending on the flow rate. Stoplog gates are 
used for flows less than 1 m3/s, slide gates for Q<2 m3/s and roller gates for Q>2 m3/s.   

Intake gate or  valve 

The cost of the valve at the penstock intake is dependent on the inner diameter of the pipe. It includes 
the cost of the air inlet valve. The type of valve considered in the NVE costs estimates is a butterfly 
valve.  The cost of the intake gate is a function of the area. Types of intake gate are stoplog, slide gate 
and roller gate.  

Trash rack 

The cost function of the trash rack is dependent on its cross-sectional area. The trash rack has a fine grid 
and is located at the intake of the penstock. The material considered in the NVE cost functions is 
synthetic material.  
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Pipes 

The cost of the pipes depends on the inner diameter. Material and location of the pipes also impact the 
cost. Possible pipe materials from the NVE cost functions are GRP, PE, ductile cast iron and stainless 
steel. They can be buried, in the earth or mountain in ditches Figure 4.1, or mounted externally on the 
surface. On external pipes, it is assumed that there is 60 m between the anchor blocks and 9 m between 
support blocks. The cost of the trench depends on the type of terrain, on the width of the trench bottom 
(1 or 2 m) and on the depth of the trench. The depth of the trench is determined by the diameter of the 
pipe. When the diameter is less than 1 m, the depth is 2 m, otherwise it is 3 m.  The cost function 
includes the costs for digging, blasting and backfilling the pipeline.  

 

 

Figure 101 – Pipes bur ied in the ear th, E, or  in the mountain, M. (MGK, 2000) 

 

Powerhouse 

The cost function depends on the design flow. For flows less than 0,1 m3/s, this formula is not valid and 
it must be estimated using other methods. Small-scale SHPPs are built outdoors and not underground.   

The power variable to introduce on each cost function depends on the component. The efficiencies 
considered for the power variable correspond at the maximum flow available, discussed in Table 2.3. 
The efficiency of the transformer is assumed 100%. 

 nP g Q Hr= × × ×   

 n turbineP g Q Hr h= × × × ×   

 n turbine generatorP g Q Hr h h= × × × × ×   

 n turbine generator transformerP g Q Hr h h h= × × × × × ×   
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Turbine 

The turbine cost depends on the type of turbine, the flow and the head. The valid equation is the one 
with H < x, where x is the height limit of the cost functions. The turbine has a synchronous speed or a 
value very close to it. 

For P < 500 kW the cost function of the turbine actually includes the cost of the turbine, turbine 
regulation, inlet valve, generator, switchgear, controller and transformer. For P > 500 kW the cost 
function includes the turbine, turbine regulation and the inlet valve.  

Generator  

The cost of the generator depends on the power output; air-cooled generators are assumed.  

Crane  

The cost of the crane depends on the type of turbine and on the power output. The weight, W, of the 
turbine-generator dictates the crane type. Simple chain hoist cranes are used for weight less than 1000 
kg, electric hoist with electrical traverse carriage and chain are used for W < 3000 kg or electric hoist 
with electrical traverse carriage and wire is required for W < 10000 kg.  

Transformer  

The transformer transforms the voltage up to 22 kV to adapt the SHPP to the voltage level of the 
distribution grid. The cost of the transformer depends on the power output. The cost of a house 
transformer, which supplies the station with electricity at a voltage level of 230/400V must be included. 
The cost of the house transformer is around 40000 NOK. 

Controller  

The cost of the controller depends on the power output. This cost consists of the assemblies control, 
generator protection, control operation, water level regulation, SCADA (remote control) and batteries.  

Switchgear  

The cost of the switchgear depends on the power. 

Power  cable 

The station can transmit the electricity with a high (22 kV) or low voltage (<1100 V) cable. The cost 
depends on the distance to the connection point and on the voltage level of the cable. For connections 
with low voltage cable, the cost depends on the current. To determine the voltage of the cable, two 
criteria can be applied; and the voltage with the lowest current should be selected. On one hand, the 
distance from the power plant to the network or consumers will determine the voltage. If the distance is 
less than 500 m, the voltage is 230 V while if it is larger, the voltage is 1000 V. On the other hand, 
voltage depends on the power output of the generator (Table 1). 
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Table 1: Voltage of the generator  depending on the power  (Gauldal Consult, 2008) 

Power output [kW] Voltage [V] 

P<1500kW 400 

1500<P<2500 690 

P>2500 1000 

 

For connections with a high voltage cable the cost is set at 450 NOK/m (250 NOK/m for the cable and 
200 NOK/m for the ditch).  

Access Road 

The cost of the road is directly proportional to its length. It depends on the topography and on the quality 
of the terrain. The terrain can be classified as easy (flat), moderate or difficult (very steep). Without a 
field survey, it is difficult to categorize the terrain, but this classification is based on the steepness of the 
slope and on the existence of large rocks that are difficult to remove. The NVE road cost function 
considers a standard category of forest Class 3.  

5.1.2 Variables of the programs 

The definitions of the variables common to the programs are explained below. 

 Quantitative var iables (text boxes) 

·  Flow [m3/s]: Maximum flow  
·  Gross Head [m]: Difference in level between the intake and the station  
·  Speed of the turbine [rpm]: Synchronous or asynchronous rotational speed 
·  Pipe length [m]: Length of the pipeline.  
·  Inner diameter of the pipe [m]: Optimum diameter of the pipe which is the theoretical value that 

does not necessarily correspond with the standard dimensions.  
·  Friction factor [-]: A default value is given depending on the material chosen; but it can be 

modified.  
·  Road length [m]: Sum of the distance from an existing road to the intake and to the station.  
·  Bridge length [m]: A width of 3m is assumed.  
·  Distance to the grid [m]: Is the distance from the station to the connection point.  
·  Exchange rate: Is the exchange rate corresponding to 1 monetary unit (MU) to X NOK.  There is 

a worksheet with the mean values of 2008 from European Central Bank (ECB). The exchange 
rates can be directly input in the worksheet. The default value is 1; in this case, MU corresponds 
to NOK. 

 

Qualitative var iables (list boxes)  

·  Pipe material: PE, GRP, ductile cast-iron and stainless steel. 
·  Intake: Valve or a gate  
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·  Pipes disposal: Pipes buried in the ground or mounted on the surface. If they are buried, the cost 
depends on the type of soil, earth or mountain. 

·  Width of the trench: Width of the bottom 1 or 2 m.   
·  Terrain of road: Easy, moderate or difficult.  
·  Connection to the grid with a cable of:  High or low voltage cable.  

 

An explanation of the main tasks of the three different program is given in the following sections. 

5.2 Global view, User  guide 
This version offers a general overview of the hydropower plant cost.  

The technical information of the SHPP is introduced at the “ Input Data”  page (Figure 4.4).  

 

 

Figure 102 – Input data page in the user  form. This appears when the user  press the “ run small hydro 
power  plants program”  button. 
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This macro calculates the SHPP investment cost, given the flow, the gross head, the rotational speed of 
the turbine, the length and inner diameter of the pipe are not zero and one option of each listbox is 
selected. 

The results are the cost of the components of the hydropower plant and some data of interest such as the 
power output, head losses, the speed number, the type of turbine and the nominal diameter. The nominal 
diameter displayed is a standard value equal or higher than the input value, Figure 103. 

 

Figure 103 – Results page in the user  form 

 

  

5.3 SHP Individual view: cost of each component, User  guide 
This version is able to calculate the cost of each component independently from the other units of the 
SHPP. It has the advantage of not requiring all of the technical information for the entire power plant but 
just the ones necessary for the specific cost function requested, Figure 104.  

Each component has its own page in the multipage user form.  
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Figure 104 – Pipe page in the multipage user  form. 

The “SHP Individual view” calculates the income of the SHPP (MGK report, 2000): 

 ( )Income Annual production Self Consumption spot price Self Consumption Energy price for Self Consumptions= - × + ×   
  
The first term of the equation corresponds to the energy sold and the second term is the money that the 
owner of the SHPP has saved by not purchasing electricity from the grid company. Locally, in Sør-
Trøndelag, the average spot price is 400 NOK/MWh (Nord Pool, 2008). The price that the consumers 
pay for the energy consists on the one hand of the spot price and on the other hand of a grid fee, user fee, 
an annual fixed subscription cost and environmental taxes.  The self consumption energy is the energy 
consumed by the owner of the SHPP, for example, for farming. The default scenario considers no self-
consumption energy.  

There is a page where the currency can be selected from a list. If the desired currency is not on the list, 
the exchange rate may be introduced manually. The exchange rate that appears corresponds to the mean 
value from the ECB 2008, but it is possible to update it manually.  

  

5.4 SHP optimisation program, User  guide 
This program optimises the SHPP by minimizing the capital cost and maximizing the energy output. 
Most of the results of the work in the Smart pilot region are obtained using this optimisation program.  
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It can automatically select the adequate components for the operation range with lower prices, such as 
the intake, gate or valve, or the pipe material considering tolerable head losses.  The turbine chosen for 
every river is the one with highest energy output and lowest cost.  

 

Figure 105 – “ Input”  worksheet 

The main characteristics of the SHPP have to be introduced in the “ Input”  worksheet. Initially, the 
optimum intake and station level are unknown and many parameters will change according to these 
locations. These parameters include the catchment area, runoff, gross head and lengths of the pipeline, 
access road and power cable. Finding the best location is a matter of performing several iterations.  

The terrain conditions and the pipes disposal are default values for the optimisation program:  Moderate 
quality is considered for the road terrain conditions and the pipes are assumed to be buried in earth, with 
a width of 1 m in the bottom of the trench. The SHPP is connected with a power cable to the existing 
local 22 kV distribution grid rather than supplying the energy directly to consumers. If it is connected to 
a low voltage grid, the cable can be of low voltage, otherwise, high voltage cable is preferred as they 
experience fewer losses.  

The SHP optimisation program is suitable for ungauged sites; the mean annual flow is scaled using 
runoff data from a metering station. However, it is also suitable for gauged rivers, if the flow is entered 
directly into the corresponding cell. In the current version of the program it is inserted the runoff data 
from a metering station called Eggefoss in the Norwegian smart pilot region. If the available runoff 
recorded is from a metering station other than Eggafoss, it can be replaced into the corresponding cells 
at the worksheet.   
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Figure 106 – Press this button in the worksheet “ Runoff data” , to generate the durability curve from the 
runoff data. 

The runoff data is sorted to obtain the flow duration curve by pressing the “Sort 30 FDC Data” 
command button (Figure 106). The average daily energy and power output is calculated and it will help 
to select the optimum turbine.  

All the costs are calculated with the maximum flow available and with the corresponding efficiencies at 
this flow. The power inserted into the functions depends on each component. 

The cheapest appropriate intake apparatus, either a gate or a valve, is selected automatically.  

The choice of turbine is a balance of high energy output and low cost. If these criteria do not converge 
the message “Consider”  appears. In this case, the turbine with lowest scope [NOK/kWh] can be selected 
manually, discussed in the coming section Components selection. 

 

Figure 107 – Press this button in the worksheet “  Pipes” , to calculate the optimum diameter  of the pipes. 
Button in the page “  Pipes” , that calculates the optimum pipe diameter  for  the plant. 

The macro “Optimum diameter”  optimises the pipe diameter of each material according to the head 
losses and the cost of the material (Figure 107). This macro, sets the manually derived total cost 
equation to zero. To calculate the optimum diameter, a pressure class that corresponds to an average 
pressure class higher than the static head is assumed along the pipeline. In reality, there are different 
pressure classes in the penstock, with higher pressure classes at the power station and lower classes at 
the intake. The pipe material selected is the cheapest, which does not necessarily correspond to the most 
suitable material to the terrain. In order to make a final decision, a field survey is necessary.  

After having gone through the previous mentioned steps the user can go into the “Result”  worksheet, 
shown in Figure108: 
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Figure 108 – “ Result”  worksheet showing the generated results. 

 

The “Results”  worksheet provides the cost of every component and other data of interest such as the 
maximum flow, the net head, the power output, the pipe material and diameter, type of turbine and 
intake. The energy output and cost of a Pelton and a Francis turbine, the cost of different intake 
components and of different pipe materials and head losses are also presented.  
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In the worksheet “Total costs”  the user can see graphically how the SHP costs are distributed, as shown 
in Figure 109. 

 

Figure 109 – Cut out from the “ Total costs”  worksheet. 

The worksheet “Economic” contains an economic analysis of the project. There are different parameters 
available to evaluate the feasibility of a project. In the worksheet “Economy”  the user can have a look at 
the payback period (PB), the scope in NOK/kWh, the benefit/cost ratio, the net present value (NPV) and 
the internal rate of return (IRR). To have a general economic picture of the project it is important not to 
rely upon a single parameter, but to consider them all.  

The analysis is based mainly on the following economic parameters:  

The planning horizon, or observed lifetime, is set to 30 years with annual periods. The budget of 
treasury is a forecast of future payments and incomes during the horizon.  

The initial investment costs consist of the SHPP component cost with an additional 10 % for 
contingencies and another 10 % added for the project management costs (engineering and 
administration) 

The annual costs for the SHPP include operation and maintenance costs, taxes, amortization and interest 
on capital. Operation and maintenance costs are 20 NOK/MWh for installations less than 1 MW, and for 
installations of greater than 1 MW are 40 NOK/MWh. The interest rate, or the time value of capital is, 
5,8 %. The cash flow is converted to present-values with a fixed discount rate. 

The income for a SHPP results from the sale of generated electricity. The average annual energy output 
and the spot price 400 NOK/MWh are considered to be constant through the horizon. It is a conservative 
assumption, but prices are constantly changing and predictions are uncertain, especially with the 
financial crisis at the time this thesis was written. { Appendix Nord Pool}  

Civil works have typically an asset life of about 40-60 years, electro-mechanical equipment about 25-35 
years and transmission equipment 20-35 years (Goldsmith, 1993).  A global average asset life for the 
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SSHPP is assumed to be 30 years. The amortization is the systematic annual depreciation occurred for 
its application to the productive process.   

The taxes applied are 28 %. 

 

Figure 110 – Cut out from the “ Economic”  worksheet. 

 

Like shown in figure110 comments are shown in the worksheets where guidance of the user might be 
necessary. The assumptions that are made through the work with the Norwegian smart pilot region can 
also easily be changed. 

  

6 DESCRIPTION OF RETSCREEN® SOFTWARE 

For technical-economic analysis of the Small Hydro Power Project FSBUZ uses RETScreen® users’  
software. Due to this chapter describes the analysis of potential small hydro projects using the 
RETScreen® International Clean Energy Project Analysis Software, including a technology background 
and a detailed description of the algorithms found in the RETScreen® Software. A collection of project 
case studies, with assignments, worked-out solutions and information about how the projects fared in the 
real world, is available at the RETScreen® International Clean Energy Decision Support Centre Website 
www.retscreen.net . 
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The RETScreen® International Small Hydro Project Model can be used world-wide to easily evaluate 
the energy production, life-cycle costs and greenhouse gas emissions reduction for central-grid, isolated-
grid and off-grid small hydro projects, ranging in size from multiturbine small and mini hydro 
installations to single-turbine micro hydro systems. 

The RETScreen Small Hydro Project Model provides a means to assess the available energy at a 
potential small hydro site that could be provided to a central-grid or, for isolated loads, the portion of 
this available energy that could be harnessed by a local electric utility (or used by the load in an off-grid 
system). The model addresses both run-of-river and reservoir developments, and it incorporates 
sophisticated formulae for calculating efficiencies of a wide variety of hydro turbines. 

The Small Hydro model can be used to evaluate small hydro projects typically classified under the 
following three names: 

·  Small hydro; 
·  Mini hydro; and 
·  Micro hydro. 

 

The Small Hydro Project Model has been developed primarily to determine whether work on the small 
hydro project should proceed further or be dropped in favour of other alternatives. Each hydro site is 
unique, since about 75% of the development cost is determined by the location and site conditions. Only 
about 25% of the cost is relatively fixed, being the cost of manufacturing the electromechanical 
equipment. 

Seven worksheets (Energy Model, Hydrology Analysis and Load Calculation (Hydrology & Load), 
Equipment Data, Cost Analysis, Greenhouse Gas Emission Reduction Analysis (GHG Analysis), 
Financial Summary and Sensitivity and Risk Analysis (Sensitivity)) are provided in the Small Hydro 
Project Workbook file. 

The Energy Model, Hydrology & Load and Equipment Data worksheets are completed first. The Cost 
Analysis worksheet should then be completed, followed by the Financial Summary worksheet. The 
GHG Analysis and Sensitivity worksheets are optional analysis. The GHG Analysis worksheet is 
provided to help the user estimate the greenhouse gas (GHG) mitigation potential of the proposed 
project. The Sensitivity worksheet is provided to help the user estimate the sensitivity of important 
financial indicators in relation to key technical and financial parameters. In general, the user works from 
top-down for each of the worksheets. This process can be repeated several times in order to help 
optimise the design of the small hydro project from an energy use and cost standpoint. 

The RETScreen Small Hydro Project Model provides the user with two different methods for estimating 
project costs: the “Formula”  and the “Detailed”  costing methods. All the hydro cost equations used in 
the “Formula”  costing method are empirical, based on data collected over 20 years for both large and 
small hydro facilities. They have been extended to include more site data for this analysis. If used 
correctly, the “Formula” costing method will provide a baseline, or minimum, cost estimate for a 
proposed project. 

The “Detailed”  costing method allows the user to estimate costs based on estimated quantities and unit 
costs. The use of this costing method requires that the user estimate the size and the layout of the 
required structures. If the user chooses to use this method, the results should be compared with results 
from the “Formula”  costing method. In order to use the RETScreen Small Hydro Project Model, the user 
may require certain information that can be obtained from available topographic maps. Topographic 
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maps can be purchased or ordered from most map stores. In cases where a previous hydrologic 
assessment has been undertaken for the site in question, the pertinent data from this assessment can be 
used in the model. The user should be aware that if the available head, or drop in elevation, at a site is 
unknown, a site visit will be required to measure the head unless detailed mapping is available. The 
measurement of head can be done easily using simple surveying techniques. 

This section describes the various algorithms used to calculate, on an annual basis, the energy 
production of small hydro power plants in RETScreen. A flowchart of the algorithms is shown in Figure 
111. User inputs include the flow-duration curve (Section 6.1) and, for isolated-grid and off-grid 
applications, the load-duration curve (Section 6.2). Turbine efficiency is calculated at regular intervals 
on the flow-duration curve (Sections 6.3.1 and 6.3.2 and Appendix 6A). Plant capacity is then calculated 
(Section 6.3.3) and the power-duration curve is established (Section 6.3.4). Available energy is simply 
calculated by integrating the power-duration curve (Section 6.3.5). In the case of a central-grid, the 
energy delivered is equal to the energy available (Section 6.3.6). In the case of an isolated-grid or off-
grid application, the procedure is slightly more complicated and involves both the power-duration curve 
and the load-duration curve (Section 6.3.7). The Formula Costing Method (Section 6.4) is described in 
detail in Appendix 6B and a validation of the RETScreen Small Hydro Project Model is presented in 
Section 6.5. 

There are some limitations associated with the Small Hydro Project Model. First, the model has been 
designed primarily to evaluate run-of-river small hydro projects. The evaluation of storage projects is 
possible, however, a number of assumptions are required. Variations in gross head due to changes in 
reservoir water level cannot be simulated. The model requires a single value for gross head and, in the 
case of reservoir projects, an appropriate average value must be entered. The determination of the 
average head must be done outside of the model and will require an understanding of the effects of 
variations in head on annual energy production. Second, for isolated-grid and off-grid applications in 
isolated areas, the energy demand has been assumed to follow the same pattern for every day of the year. 
For isolated locations where energy demand and available energy vary significantly over the course of a 
year, adjustments will have to be made to the estimated amount of renewable energy delivered. This is 
done by changing the “Available flow adjustment factor”  in the Energy Model worksheet. These 
limitations aside, the model is fairly easy to understand and use. As will be seen in the next sections, the 
model condenses in an easy-to-use format a wealth of information, and it should be of great assistance to 
engineers involved in the preliminary evaluation of small hydro projects. 
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Figure 111 – Small Hydro Energy Model Flowchar t 

6.1 Hydrology 
In RETScreen, hydrological data are specified as a flow-duration curve, which is assumed to represent 
the flow conditions in the river being studied over the course of an average year. For storage projects, 
data must be entered manually by the user and should represent the regulated flow that results from 
operating a reservoir; at present, the head variation with storage drawdown is not included in the model. 
For run-of-river projects, the required flow-duration curve data can be entered either manually or by 
using the specific run-off method and data contained in the RETScreen Online Weather Database. 

A flow-duration curve is a graph of the historical flow at a site ordered from maximum to minimum 
flow. The flow-duration curve is used to assess the anticipated availability of flow over time, and 
consequently the power and energy, at a site. The model then calculates the firm flow that will be 
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available for electricity production based on the flow-duration curve data, the percent time the firm flow 
should be available and the residual flow. 

6.1.1 Flow-duration curve 

The flow-duration curve is specified by twenty-one values Q0, Q5,….., Q100 representing the flow on the 
flow-duration curve in 5% increments. In other words, Qn represents the flow that is equalled or 
exceeded n% of the time. An example of a flow-duration curve is shown in Figure 112. 

 

Figure 112 – Example of a Flow-Duration Curve 

When the specific run-off method is used, the flow-duration curve is expressed in normalized form, i.e. 
relative to the mean flow. The mean flow Q  is calculated as: 

 DRAQ = , (6.1) 

where R is the specific run-off and AD is the drainage area. Then the actual flow data Qn (n =0,5,…,100) 
is computed from the normalised flow data qn extracted from the weather database through: 

 QqQ nn = . (6.2) 

6.1.2 Available flow 

Often, a certain amount of flow must be left in the river throughout the year for environmental reasons. 
This residual flow Qr is specified by the user and must be subtracted from all values of the flow-duration 
curve for the calculation of plant capacity, firm capacity and renewable energy available, as explained 
further on in this chapter. The available flow Qn’  (n = 0,5, …, 100) is then defined by: 
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 ( )0,QQmax©Q rnn -=  (6.3) 

The available flow-duration curve is shown in Figure 112, with as an example Qr set to 1 m3/s. 

6.1.3  Firm flow 

The firm flow is defined as the flow being available p% of the time, where p is a percentage specified by 
the user and usually equal to 95%. The firm flow is calculated from the available flow-duration curve. If 
necessary, a linear interpolation between 5% intervals is used to find the firm flow. In the example of 
Figure 112 the firm flow is equal to 1.5 m3/s with p set to 90%. 

6.2 Load 
The degree of sophistication used to describe the load depends on the type of grid considered. If the 
small hydro power plant is connected to a central-grid, then it is assumed that the grid absorbs all of the 
energy production and the load does not need to be specified. If on the other hand the system is off-grid 
or connected to an isolated-grid, then the portion of the energy that can be delivered depends on the 
load. The RETScreen Small Hydro Project Model assumes that the daily load demand is the same for all 
days of the year and can be represented by a load-duration curve. An example of such a curve is shown 
in Figure 113. As for the flow-duration curve of Section 6.1.1, the load-duration curve is specified by 
twenty-one values L0, L5,…,L100 defining the load on the load-duration curve in 5% increments: Lk 
represents the load that is equalled or exceeded k% of the time. 

 

 

Figure 113 – Example of a Load-Duration Curve. 

 

6.2.1 Energy demand 

Daily energy demand is calculated by integrating the area under the load-duration curve over one day. A 
simple trapezoidal integration formula is used. The daily demand Dd expressed in kWh is therefore 
calculated as: 
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with the L expressed in kW. The annual energy demand D is obtained by multiplying the daily demand 
by the number of days in a year, 365: 

 dDD 365= . (6.5) 

6.2.2 Average load factor 

The average load factor L  is the ratio of the average daily load (Dd/24) to the peak load (L0): 

 
0

24
L
/D

L d= . (6.6) 

This quantity is not used by the rest of the algorithm but is simply provided to the user to give an 
indication of the variability of the load. 

6.3 Energy Production 
The RETScreen Small Hydro Project Model calculates the estimated renewable energy delivered 
(MWh) based on the adjusted available flow (adjusted flow-duration curve), the design flow, the 
residual flow, the load (load-duration curve), the gross head and the efficiencies/losses. The calculation 
involves comparing the daily renewable energy available to the daily load-duration curve for each of the 
flow-duration curve values. 

6.3.1 Turbine efficiency curve 

Small hydro turbine efficiency data can be entered manually or can be calculated by RETScreen. 
Calculated efficiencies can be adjusted using the Turbine manufacture/design coefficient and Efficiency 
adjustment factor in the Equipment Data worksheet of the model. Standard turbine efficiencies curves 
have been developed for the following turbine types: 

·  Kaplan (reaction turbine); 
·  Francis (reaction turbine); 
·  Propellor (reaction turbine); 
·  Pelton (impulse turbine); 
·  Turgo (impulse turbine); 
·  Cross-flow (generally classified as an impulse turbine). 

 

The type of turbine is selected based on its suitability to the available head and flow conditions. The 
calculated turbine efficiency curves take into account a number of factors including rated head (gross 
head less maximum hydraulic losses), runner diameter (calculated), turbine specific speed (calculated 
for reaction turbines) and the turbine manufacture/design coefficient. The efficiency equations were 
derived from a large number of manufacture efficiency curves for different turbine types and head and 
flow conditions. 
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The turbine efficiency equations are described in Appendix 6A. 

For multiple turbine applications it is assumed that all turbines are identical and that a single turbine will 
be used up to its maximum flow and then flow will be divided equally between two turbines, and so on 
up to the maximum number of turbines selected. The turbine efficiency equations and the number of 
turbines are used to calculate plant turbine efficiency from 0% to 100% of design flow (maximum plant 
flow) at 5% intervals. An example turbine efficiency curve is shown in Figure 114 for 1 and 2 turbines. 

 

Figure 114 – Calculated Efficiency Curves for  Francis Turbine 

(Gross Head = 146 m; Design Flow = 1.90 m3/s) 
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Figure 115 – Energy Model RetScreen Layout 

 

6.3.2 Power available as a function of flow 

Actual power P available from the small hydro plant at any given flow value Q is given by the following 
equation, in which the flow-dependent hydraulic losses and tailrace reduction are taken into account: 

 ( )[ ] ( )( )paratransgttailhydrg lleehhHgQP --+-= 11r , (6.7) 

where r  is the density of water (1,000 kg/m3), g the acceleration of gravity (9.81 m/s2), Hg the gross 
head, hhydr and htail are respectively the hydraulic losses and tailrace effect associated with the flow; and 
et is the turbine efficiency at flow Q, calculated as explained in Section 6.3.1. Finally, eg is the generator 
efficiency, l trans the transformer losses, and lpara the parasitic electricity losses; eg, l trans, and lpara are 
specified by the user in the Energy Model worksheet and are assumed independent from the flow 
considered, Figure 115. 

Hydraulic losses are adjusted over the range of available flows based on the following relationship: 
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where lhydr,max is the maximum hydraulic losses specified by the user, and Qdes the design flow. Similarly 
the maximum tailrace effect is adjusted over the range of available flows with the following 
relationship: 
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where htail,max is the maximum tailwater effect, i.e. the maximum reduction in available gross head that 
will occur during times of high flows in the river. Qmax is the maximum river flow, and equation (6.9) is 
applied only to river flows that are greater than the plant design flow (i.e. when Q>Qdes). 

6.3.3 Plant capacity 

Plant capacity Pdes is calculated by re-writing equation (6.7) at the design flow Qdes. The equation 
simplifies to: 

 ( ) ( )( )paratransgdes,thydrgdesdes lleelHgQP ---= 111r , (6.10) 

where Pdes is the plant capacity and et,des the turbine efficiency at design flow, calculated as explained in 
Section 6.3.1. 

The small hydro plant firm capacity is calculated again with equation (6.7), but this time using the firm 
flow and corresponding turbine efficiency and hydraulic losses at this flow. If the firm flow is greater 
than the design flow, firm plant capacity is set to the plant capacity calculated through equation (6.10). 

6.3.4 Power-duration curve 

Calculation of power available as a function of flow using equation (6.7) for all 21 values of the 
available flow �Q0’ ,Q5’ ,…,Q100’  used to define the flow-duration curve, leads to 21 values of available 
power P0,P5,…,P100 defining a power-duration curve. Since the design flow is defined as the maximum 
flow that can be used by the turbine, the flow values used in equations (6.7) and (6.8) are actually Qn,used 
defined as: 

 ( )desnused,n Q,©QminQ = . (6.11) 

An example power-duration curve is shown in Figure 116, with the design flow equal to 3 m3/s. 
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Figure 116 – Example of a Power-Duration Curve 

 

6.3.5 Renewable energy available 

Renewable energy available is determined by calculating the area under the power curve assuming a 
straight-line between adjacent calculated power output values. Given that the flow-duration curve 
represents an annual cycle, each 5% interval on the curve is equivalent to 5% of 8,760 hours (number of 
hours per year). The annual available energy Eavail (in kWh/yr) is therefore calculated from the values P 
(in kW) by: 
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where ldt is the annual downtime losses as specified by the user. In the case where the design flow falls 
between two 5% increments on the flow-duration curve (as in Figure 116) the interval is split in two and 
a linear interpolation is used on each side of the design flow. Equation (6.12) defines the amount of 
renewable energy available. The amount actually delivered depends on the type of grid, as is described 
in the following sections. 

6.3.6 Renewable energy delivered - central-grid 

For central-grid applications, it is assumed that the grid is able to absorb all the energy produced by the 
small hydro power plant. Therefore, all the renewable energy available will be delivered to the central-
grid and the renewable energy delivered, Edlvd , is simply: 

 availdlvd EE = . (6.13) 
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6.3.7 Renewable energy delivered - isolated-grid and off-grid 

For isolated-grid and off-grid applications the procedure is slightly more complicated because the 
energy delivered is actually limited by the needs of the local grid or the load, as specified by the load-
duration curve (Figure 113). The following procedure is used: for each 5% increment on the flow-
duration curve, the corresponding available plant power output (assumed to be constant over a day) is 
compared to the load-duration curve (assumed to represent the daily load demand). The portion of 
energy that can be delivered by the small hydro plant is determined as the area that is under both the 
load-duration curve and the horizontal line representing the available plant power output. Twenty-one 
values of the daily energy delivered G0,G5,…,G100 corresponding to available power P0,P5,…,P100 are 
calculated. For each value of available power Pn, daily energy delivered Gn is given by: 

 ( ) 24
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©P©P
G , (6.14) 

where Pn,k’   is the lesser of load Lk and available power Pn : 

 ( )knk,n L,Pmin©P =  (6.15) 

In the case where the available power Pn,k’  falls between two 5% increments on the loadduration curve, 
the interval is split in two and a linear interpolation is used on each side of the available power.  

The procedure is illustrated by an example, using the load-duration curve from Figure 113 and values 
from the power-duration curve shown in Figure 116. The purpose of the example is to determine the 
daily renewable energy G75 delivered for a flow that is exceeded 75% of the time. One first refers to 
Figure 116 to determine the corresponding power level: 

 630275 ,P =  kW. (6.16) 

Then one reports that number as a horizontal line on the load-duration curve, as shown in Figure 117. 
The area that is both under the load-duration curve and the horizontal line is the renewable energy 
delivered per day for the plant capacity that corresponds to flow Q75; integration with formula (6.14) 
gives the result: 

 65675 .G =  MWh/d.  (6.17) 

The procedure is repeated for all values P0,P5,…,P100 to obtain twenty one values of the daily renewable 
energy delivered G0,G5,…,G100 as a function of percent time the flow is exceeded as shown in Figure 
118. The annual renewable energy delivered Edlvd is obtained simply by calculating the area under the 
curve of Figure 118, again with a trapezoidal rule: 
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where, as before, ldt is the annual downtime losses as specified by the user. 
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Figure 117 – Example of Calculation of Daily Renewable Energy Delivered 

 

 

Figure 118 – Example of Calculation of Annual Renewable Energy Delivered 
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6.3.8 Small hydro plant capacity factor 

The annual capacity factor K of the small hydro power plant is a measure of the available flow at the site 
and how efficiently it is used. It is defined as the average output of the plant compared to its rated 
capacity: 

 
des

dlvd

P
E

K
8760

= , (6.19) 

where the annual renewable energy delivered Edlvd calculated through (6.13) or (6.18) is expressed in 
kWh, and plant capacity calculated through (6.10) is expressed in kW. 

6.3.9 Excess renewable energy available 

Excess renewable energy available Eexcess is the difference between the renewable energy available Eavail 
and the renewable energy delivered Edlvd: 

 dlvdavailexcess EEE -= . (6.20) 

Eavail is calculated through equation (6.12) and Edlvd through either (6.13) or (6.18). 

6.4 Project Costing 
The Small Hydro Project Model is unique among RETScreen technology models in that it offers two 
methods for project costing: the detailed costing method, or alternatively, the formula costing method. 

The detailed costing method is described in the online user manual. The formula costing method is 
based on empirical formulae that have been developed to relate project costs to key project parameters. 
The costs of numerous projects have been used to develop the formulae. The formulae are described in 
Appendix 6.B. 

6.5 Validation 
Numerous experts have contributed to the development, testing and validation of the RETScreen Small 
Hydro Project Model. They include small hydro modelling experts, cost engineering experts, greenhouse 
gas modelling specialists, financial analysis professionals, and ground station (hydrology) and satellite 
weather database scientists. 

This section presents three examples of the validations completed. In Section 6.5.1, a turbine efficiency 
curve as calculated by RETScreen is compared to manufacturer’s efficiency data for an installed unit 
with the same characteristics. Then, the annual renewable energy delivered and plant capacity calculated 
by RETScreen are compared to values calculated by another software program in Section 6.5.2. And 
finally, project costs, as calculated by the formula costing method, are compared to the as-built costs of 
one small hydro project in Section 6.5.3. 

6.5.1 Turbine efficiency 

Small hydro turbine efficiency as calculated by RETScreen was compared to the manufacturer 
guaranteed turbine efficiency for the Brown Lake Hydro Project in British Columbia, Canada. 



  

 

Numerical tools, GIS database and Public 
Cadastre to support SHP implementation 

 

Page 123 of 152 

 

  123

The following provides a summary of the Brown Lake project and the turbine performance data as 
provided by the manufacturer: 

Project name: 

Brown Lake Hydro Project 

Project location: 

Approximately 40 km south of Prince Rupert, British Columbia on the confl uence of Brown Creek and 
Ecstall River. 

Project features: 

600 m rock tunnel tapping into Brown Lake, 50 m of 1.5 m diameter steel penstock, single horizontal 
Francis turbine, horizontal synchronous generator, 1,500 m of submarine power cable, substation and 
connection to BC Hydro at 69 kV. Automatic operation and remote monitoring. 

Date commissioned: 

December 1996 

Turbine manufacturer: 

GEC Alsthom (runner by Neyrpic) 

Turbine type: 

Francis 

Nameplate rating: 

6,870 kW at 103.6 m net head 

Maximum rated power : 

7,115 kW at 105.6 m net head 

RPM: 

514 

Diameter : 

1,100 mm 

Number  of blades: 

13 

Effi ciency data: 
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(see Figure 119) 

 

 

Figure 119 – Manufacturer ’s Turbine Efficiency Data 

A gross head value of 109.1 m was entered into RETScreen, which corresponds to a net head of 103.6 m 
with maximum hydraulic losses of 5%. Comparison between the manufacturer’s efficiency data and the 
efficiency curve generated by RETScreen is shown in Figure 120. As illustrated in the figure, the 
RETScreen calculated efficiency curve provides a good approximation of the as-designed turbine 
efficiencies. 

 

Figure 120 – Compar ison of RETScreen Calculated Hydro Turbine Efficiency against Manufacturer ’s Data 
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Note that detailed on-site index testing would be required to verify the manufacturers as-designed 
efficiency curve. Accurate index tests are very costly and not normally undertaken for small hydro 
projects unless there is sufficient concern that the turbine is not performing as designed. An index test 
would likely yield some differences in the shape of the manufacturer’s efficiency curve. 

6.5.2 Plant capacity and annual renewable energy delivered 

A comparison between the RETScreen Small Hydro Project Model and another software program called 
HydrA is presented in a report for the International Energy Agency – Implementing Agreement for 
Hydropower Technologies and Programmes entitled “Assessment Methods for Small-hydro Projects” , 
dated April 2000. HydrA is a software package used to estimate the hydropower potential at any 
location in the United Kingdom or Spain. HydrA incorporates a regional flow estimation model derived 
from extensive statistical analysis of national river flow data and catchment information. The following 
is extracted from the report. 

Comparison of the RETScreen5 and HydrA energy analyses was made for a Scottish catchment where 
the HydrA-derived flow-duration curve was entered in RETScreen, Figure 121. The standard generic 
efficiency curves in both programs were left unchanged, although these differ to some extent. Rated 
flow and residual flows [sic] were made the same. The resulting annual energy values were obtained: 

Mean flow: 1.90 m³/s 

Residual flow: 0.27 m³/s 

Rated turbine flow: 1.63 m³/s 

Gross hydraulic head: 65.0 m 

Net hydraulic head: 58.5 m 

 

Figure 121 – Compar ison of RETScreen and HydrA calculations 

It may be concluded from this simple test that there is little difference in the energy calculations. 
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6.5.3 Project costs 

Project costs as calculated by RETScreen using the Formula Costing Method were compared to a 
detailed as-built cost evaluation prepared for the existing 6 MW Rose Blanche hydroelectric 
development in Newfoundland, Canada. 

The key parameters of the Rose Blanche project are summarised below: 

Project name: 

Rose Blanche Hydroelectric Development 

Owner/developer : 

Newfoundland Power 

Project location: 

Rose Blanche Brook, approximately 45 km east of Channel Port Aux Basques. 

Date commissioned: 

December 1998 

Project type: 

Run-of-river (with several days’  storage) 

Installed capacity: 

6 MW 

Design net head: 

114.2 m 

Rated fl ow: 

6.1 m3/s 

Turbine/generator : 

Twin Francis turbines connected to a single generator. 

Other  project features: 

Small dam with minimal storage, 1,300 m penstock, short transmission line (approximately 3 km). 

The data inputs for the RETScreen Formula Costing Method and the results are shown in Figure 122, 
and a comparison of the costs as calculated by RETScreen and the detailed cost evaluation for the real 
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project is presented in Figure 123. The detailed project costs estimated in 1998 have been converted to 
2000 values using an inflation factor of 1.03. 

 

 

Figure 122 – Cost Analysis Worksheet for  Rose Blanche Hydroelectr ic Project 

The RETScreen Formula Costing Method calculated total cost is approximately 14% higher than the 
detailed project cost evaluation for the real project. The RETScreen estimate, however, includes a cost 
for the feasibility study, which is not part of the detailed cost estimate. 

If the feasibility cost is deducted from the RETScreen estimate, the difference in results reduces to 11% 
(RETScreen results being 11% higher than the detailed cost estimate). For the RETScreen Formula 
Costing Method the project classification was selected as “small”  to represent the higher design and 
construction standards that would normally be attributable to projects designed and constructed by a 
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large utility. If the recommended project classification of “mini”  were used, and the feasibility study 
cost removed, the RETScreen estimate would be approximately 9% lower than the detailed cost 
evaluation. 

 

Figure 123 – Compar ison of Costs Calculated Using RETScreen Formula Method  

vs. Detailed Project Costs. 

 

While there are some discrepancies in the details between the two cost estimates, overall the totals 
correspond well. Some of the discrepancies could be explained by a different cost categorisation that 
was used for the detailed evaluation (grouping of certain categories of the detailed estimate were 
required in order to match the RETScreen categories). The accuracy of the cost estimate by the 
RETScreen Small Hydro Project Model Formula Costing Method is nevertheless sufficient at the pre-
feasibility stage of a study. 

6.6 Summary 
In this section the algorithms used by the RETScreen Small Hydro Project Model have been shown in 
detail. Generic formulae enable the calculation of turbine efficiency for a variety of turbines. These 
efficiencies, together with the flow-duration curve and (in the case of isolated-grid and off-grid 
applications) the load-duration curve, enable the calculation of renewable energy delivered by a 
proposed small hydro power plant. Condensed formulae enable the estimation of project costs; 
alternatively, a detailed costing method can be used. The accuracy of the model, with respect to both 
energy production and cost estimation, is excellent for pre-feasibility stage studies for small hydro 
projects. 

6.7 L iterature 
At writing this chapter materials from the official web site www.retscreen.net were used. 
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