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Exercise

Month 10 11 12 1 2 3 4 5 6 7 8 9 Annual

Mean value 0.48 1.37 1.46 0.99 1.40 1.53 1.66 1.03 0.42 0.23 0.15 0.12 0.90

The construction of a small hydropower plant with a net head of 260 m is considered in a specific river location. Daily
flow data are available at the location of the intake for a period of 10 hydrologic years (Excel file), whereas Table 1
contains the corresponding values of the mean monthly flows.

Requested:

1. The estimation of the environmental flow and the timeseries of the daily volume of water exploitable for hydropower
production

2. The initial estimation of the mean annual potential electrical energy, assuming a total efficiency of 0.85

3. The development of the exploitable daily flow duration curve

4. The development of a spreadsheet for the simulation of the hydropower plant’s daily operation and the calculation of the
electricity produced. Assume that the turbine starts operating with a flow higher than 10% of the maximum flow and has a
constant total efficiency of 0.85. Considering that one turbine is going to be installed, estimate its nominal flow, so that the
production of electrical energy is maximised.

5. The development of a spreadsheet for the simulation of the hydropower plant’s daily operation and the calculation of the
electricity produced. Assume that the turbine has a variable efficiency (that can be estimated via the curves supplied),
whereas the efficiency of the electromechanical equipment is 0.96. Considering that one turbine is going to be installed,
estimate its nominal flow, so that the production of electrical energy is maximised. Use the performance curves of the three
turbine types (Francis, Pelton, Kaplan), which are supplied in the Excel file. Assume that the following conditions will need
to apply: a) the volume of water utilised, after the deduction of the environmental flow, needs to be at least 75% of the total,
and b) the exploitation index of the plant needs to be at least 30%

6. Investigate the installation of two turbines. Calculate the electrical energy produced from different turbine combinations
and identify the most efficient ones in terms of electricity production

7. The final selection of two turbines, after taking into account other factors besides the maximisation of electrical energy
production

Table 1 Mean Monthly Flows (m3/s)



1. Environmental flow estimation

Flow duration curve
1. Ranking daily discharges in descending 

order
2. Calculation of empirical probability of 

exceedance

Estimation of environmental flow as the maximum of:
1. 30% of the mean discharge of summer months (June, July, August) or
2. 50% of the mean discharge of September or 
3. 30 lt/sec in any case.

SB1



Slide 3

SB1 "Flow duration curve" instead of "duration curve" or "Flow duration curve for hydropower production"
Sandra Baki, 28-Mar-19



2.Initial estimations

Daily discharge (m3/s)

Time (days)

Assuming: 

ρ    1000 kg/m3

g    9.81 m/s2

H   260 m
n    0.85

Potential values assuming complete exploitation:

Mean annual energy produced: 15 624 MWh

Installed power for continuous operation: 1.8 ΜW

Installed power for operation of 3000 h: 5.2 ΜW
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Mean discharge available for hydropower exploitation: 0.82 m/s (the envrinomental flow has been 

abstracted)

Mean annual water volume available for hydropower exploitation: 25.9 hm3



ρ     1000 kg/m3

g     9.81 m/s2

H    260 m
n     0.85

Mean discharge available for exploitation: 0.82 m/s
Mean annual water volume available for exploitation: 25.9 hm3

Discharge–installed 
power relationship

Q (m3/s) I (MW)
0.5 1.1
1 2.2

1.5 3.3
2 4.3

2.5 5.4
3 6.5
4 8.7
5 10.8
10 21.7

80% of the water volume 
passes in 32% of the time

Volume-time percentage relationship
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Time percentage (%) 

85% of the water volume 
corresponds to daily discharges 

in the range of 0-4 m3/s

Volume percentage-discharge relationship
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Discharge (m3/s)

2. Initial estimations



3. Daily flow duration curve

Total water volume

Daily discharge is greater than 
2 m3/s in 11.8% of the days
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Frequency of exceedance (%)

Daily discharge (m3/s)
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Η=260 m
ρ=1000 kg/m3

g=9.81 m/s2

n=0.85

4. Examples with 1 turbine (n=0.85, Qmin=0.2*Qmax)

Legend

Qmin, Qmax:
Minimum, maximum 
exploitation discharge (m3/s)

Ιmax: Power at maximum 
exploitation discharge (MW)

PT : Percentage of  operational 
time in a typical year (%)

PV: Percentage of water 
volume used (%)

Ε: Total annual electrical 
energy produced (GWh/y)

Data

Theoretical power for 
various discharges 

Qmin-Qmax: 2-10 m3/s
Ιmax= 21.7 MW
PT= 11.9 %  
PV= 44.9 %   
Ε= 7.0 GWh/y

1 turbine 21.7 ΜW
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Frequency of exceedance (%)

Qmin-Qmax: 0.2-1 m3/s 
Ιmax= 2.2 MW
PT= 61.7 %   
PV= 56.2 %    
Ε= 8.8 GWh/y

1 turbine 2.2 ΜW
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Frequency of exceedance (%)

Warning: In exercise Qmin=0.1*Qmax



4. Calculations for 1 turbine

Data-
Constants

Data-
daily 

discharge 
timeseries

Daily volume (m3) Daily power I(kW)=E(kWh)/24h

=$B$6*$B$7*$B$4*C25/3600

Daily electrical energy E(kWh)=g*n*H(m)*V(m3)/3600 

=D25/24

Daily timeseries statistics (a) discharge, (b) water volume, (c) potential 
energy and (d) required power

=B25*86400

Minimum 

Max-Min exploitation discharge (m3/s)

Mean

Total

Total days
Mean annual

Maximum 

For 10 years

Power at max exploitation discharge (MW)
Percentage of operational time per year (%)

Percentage of water volume used (%)

Total electrical energy (GWh)



• If the daily discharge is within the operational range (minimum-maximum 
discharge), then the daily energy is calculated using the formula
E(kWh)=g*n*H(m)*V(m3)/3600=g*n*H(m)*Q(m3/s)*86400/3600=
g*n*H(m)*Q(m3/s)*24

• If the daily discharge is greater than the nominal (maximum) one, then the 
daily energy is calculated with a discharge equal to the nominal one.

• If the daily discharge is lower than the minimum operational, then the 
daily energy is equal to zero

=IF(AND($B25>G$17,$B25<G$16),$B$4*$B$6*$B$7*$B25*24,IF($B25>G$16,$B$4*$B$6*$B$7*G$16*24,0))

Min and max operational discharge are 
defined by the user

Max-Min exploitation discharge (m3/s)

Power at max exploitation discharge (MW)

Percentage of operational time per year (%)

Percentage of water volume used (%)

Total electrical energy (GWh)

4. Calculations for 1 turbine



Calculation of the operational time in the year

The days in which energy was produced are 
counted and the percentage is calculated 
considering the total number of days

Calculation of the water volume percentage exploited

• The energy produced is summed

• The daily water volume is calculated (and summed for the entire time period) 
using the formula: V(m3)=Q (m3/s)*t (hr)*3600=E(kWh)/[g*n*H(m)]=>
V(m3)=E(kWh)/[g*n*H(m)*3600]

• This is divided by the total water volume and the percentage is calculated

=(SUM(G25:G3677)*3600/($B$4*$B$6*$B$7))/($F$10*1000000)*100

=COUNTIF(G25:G3677,">0")/$E$11*100

Max-Min exploitation discharge (m3/s)

Power at max exploitation discharge (MW)
Percentage of operational time per year (%)

Percentage of water volume used (%)

Total electrical energy (GWh)

4. Calculations for 1 turbine

Total number of days

Mean annual            



Nominal discharge range, for which 
the percentage of water volume 

used is greater than 75%

Percentage of  water volume used (%) 

Nominal discharge m3/s

Q=4.49 m3/s
E=13.9 GWh/y

E>13.5 GWh/y
for Q in the range 

of 2.8-6.4 m3/s

Electrical energy (GWh/y)

Nominal discharge m3/s

Nominal discharge range, for which 
the percentage of operational time 

is greater than 30%

Percentage of operational time (%) 

Nominal discharge m3/s

Nominal operational discharge for maximization of the produced energy

(use of solver)

Energy production 
curve for nominal 
discharge in the 
range 1-12 m3/s

4. Examples with 1 turbine (n=0.85, Qmin=0.1*Qmax)



Q/Qmax Francis ns=100 Pelton ns=21 Kaplan ns=650

10 0,3 0,78 0,08

20 0,6 0,86 0,78

30 0,77 0,88 0,87

40 0,82 0,89 0,91

50 0,85 0,89 0,93

60 0,88 0,89 0,94

70 0,91 0,89 0,94

80 0,93 0,89 0,94

90 0,94 0,89 0,94

100 0,93 0,89 0,93

5. Turbine efficiency curves
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• Assuming an efficiency 
for the electromechanical 
equipment of 0.96, 

• the total efficiency of 0.85
corresponds to:

• a turbine efficiency of 
0.85/0.96=0.885



3. According to the 
percentage of the daily 

discharge to the 
nominal one, the 
corresponding 

efficiency is located in 
the efficiency curve

2. The percentage 
of the daily 

discharge to the 
nominal one, is 

calculated

=LOOKUP(F99;$I$5:$J$104)
=IF(AND($B99>F$18;$B99<F$17);$B
$1*$B$3*$B$4*$B99*24;IF($B99>F$1

7;$B$1*$B$3*$B$4*F$17*24;0))

1. The energy is calculated by taking into 
account the efficiency of the electromechanical 

equipment. It will later be corrected with the 
efficiency of the turbines that corresponds to 
the daily discharge by taking into account the 

turbine efficiency curves

4. The daily energy is 
corrected according to the 

turbine efficiency

=G99*E99

WARNING: The calculation of the percentage of the used 
water volume changes. Initially, the efficiency of the turbines 
is calculated as the quotient of the final energy to the initial 
energy that was calculated by taking into account  the 
efficiency of the electromechanical equipment.

=(SUM(H27:H3679)*3600/($B$1*$B$3*$B$4*SUM(H27:
H3679)/SUM(E27:E3679))/($C$12*1000000)*100)

SUM(H27:H3679)/
SUM(E27:E3679)

The new formula incorporates the efficiency of the turbines

Turbine efficiency curve

Max-Min exploitation discharge (m3/s)

Power at max exploitation discharge
Percentage of operational time per year

Percentage of water volume used
Total electrical energy (GWh)

5. Example with 1 turbine (with efficiency curve)

Efficiency of the electromechanical equipment

Efficiency 

=MAX(INT(100*B99/F$17);1)



Constant efficiency n=0.85          Q=4.4 m3/s     E=13.9 GWh/y

Francis Q=3.0 m3/s     E=12.8 GWh/y

Pelton Q=4.2 m3/s     E=13.8 GWh/y

Kaplan Q=3.4 m3/s     E=13.6 GWh/y

5. Example with 1 turbine (with efficiency 
curve)

Nominal discharge range, for which 
the percentage of  water volume 

used is greater than 75%

Percentage of  water volume used (%) 

Nominal discharge m3/s

Nominal discharge range, for which 
the percentage of operational time is 

greater than 30%

Percentage of operational time (%) 

Nominal discharge m3/s

Energy production curve for nominal 
discharge in the range 1-12 m3/s

Electrical energy (GWh/y)

Nominal discharge m3/s



Η=260 m
ρ=1000 kg/m3

g=9.81 m/s2

n=0.85

Legend

Qmin, Qmax:
Minimum, maximum 
exploitation discharge (m3/s)

Ιmax: Power at maximum 
exploitation discharge (MW)

PT : Percentage of operational 
time in a typical year (%)

PV: Percentage of water 
volume used (%)

Ε: Total annual electrical 
energy produced (GWh/y)

Data

6. Examples with 2 turbines (n=0.85, Qmin=0.2*Qmax)

Qmin-Qmax: 0.8-4 m3/s
Ιmax= 8.7 MW
PT= 34.9 %  
PV= 79.2 %   
Ε= 12.4 GWh/y

1 turbine 8.7 ΜW

Frequency of exceedance (%)
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Qmin-Qmax: 0.4-4 m3/s 
Ιmax= 8.7 MW
PT= 48.2 %   
PV= 88.9 %    
Ε= 13.9 GWh/y

2 turbines 4.35 ΜW

Frequency of exceedance (%)
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Theoretical power for 
various discharges 

Warning: In exercise Qmin=0.1*Qmax



Η=260 m
ρ=1000 kg/m3

g=9.81 m/s2

n=0.85

Legend

Qmin, Qmax:
Minimum, maximum 
exploitation discharge (m3/s)

Ιmax: Power at maximum 
exploitation discharge (MW)

PT : Percentage of operational 
time in a typical year (%)

PV: Percentage of water 
volume used  (%)

Ε: Total annual electrical energy 
produced (GWh/y)

Data

6. Examples with 2 turbines (n=0.85, Qmin=0.2*Qmax)

Qmin-Qmax: 0.2-4 m3/s
Ιmax= 8.7 MW
PT= 61.7 %  
PV= 93.6 %   
Ε= 14.6 GWh/y

2 turbines 6.5 and 2.2 MW

Frequency of exceedance (%)
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Qmin-Qmax: 0.3-4 m3/s 
Ιmax= 8.7 MW
PT= 53.7%   
PV= 91.1 %    
Ε= 14.2 GWh/y

2 turbines 5.4 and 3.3 ΜW

Frequency of exceedance (%)
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Theoretical power for 
various discharges 

Warning: In exercise Qmin=0.1*Qmax



=Q1max+Q2max
=Q1min

DATA

Η=260 m
ρ=1000 kg/m3

g=9.81 m/s2

n=0.85

6. Optimization with 2 turbines (n=0.85 for Qmin=0.1*Qmax)

Theoretical power for 
various discharges 

Optimization with 1 
turbine

Optimization with 2 
same turbines

Optimization with 2 
sequential turbines

(16.9 and 2 MW)



6. Optimization with 2 turbines (considering efficiency curves)

=IF(AND($B27>D$18;$B27<D$17);$B27;IF($B27>D$17;D$17;0))

We make the assumption, that initially the first turbine starts operating and in the case that 
the discharge is out of its operational range, then the flow is routed to the second turbine

Allocation of 
discharge to 2 
turbines

=B27-D27

=IF(AND($E27>F$18;$E27<F$17);$E27;IF($E27>F$17;F$17;0))

=$B$1*$B$3*$B$4*$D27*24

=$B$1*$B$3*$B$4*$F27*24



2 Pelton turbines

Qmax (m3/s) 4,2 4,2 4,2 4,2

E (GWh/y) 13,8 14,6 14,9 15,1

Σ1 Σ2 Σ1 Σ2 Σ1 Σ2

Q1,2max (m3/s) 2,1 2,1 3,0 1,2 3,8 0,4

E1,2 (GWh/y) 12,7 1,8 13,6 1,3 13,8 1,3

Qmax (m3/s) 3,0 3,0 3,0 3,0

E (GWh/y) 12,9 14,2 14,0 13,9

Σ1 Σ2 Σ1 Σ2 Σ1 Σ2

Q1,2max (m3/s) 1,5 1,5 2,0 1,0 2,7 0,3

E1,2 (GWh/y) 11,2 3,0 12,3 1,7 12,8 1,0

2 Francis turbines

Qmax (m3/s) 3,0 3,0 3,0 3,0 3,0 3,0
E (GWh/y) 14,3 14,1 14,2 14,1 14,4 14,0

Pelton Francis Francis Pelton Pelton Francis Francis Pelton Pelton Francis Francis Pelton

Q1,2max (m3/s) 1,5 1,5 1,5 1,5 2,0 1,0 2,0 1,0 2,5 0,5 2,5 0,5

E1,2 (GWh/y) 11,4 3,0 11,2 2,9 12,6 1,7 12,3 1,7 13,2 1,1 12,7 1,2

Pelton-Francis Combination

7. Optimization with 2 turbines (considering efficiency curves)

We make the assumption, that initially the first turbine starts operating and in the case 
that the discharge is out of its operational range, then the flow is routed to the second 
turbine


