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ABSTRACT 

 

Efficiency Improvements to the Hydro Power Plants in the Laxapana Complex 

 

The main objective of this research is to present effective efficiency improvements to the 

hydropower plants in the Laxapana Complex. At present, electricity consumption in Sri 

Lanka is being increased at a rate of about seven present. Hence, improving the efficiency in 

an existing hydropower complex will lead to an increase in the electricity generation 

capacity of the National Grid using the same waters of the existing schemes.  

In this research, observed key areas are techno-economically analyzed with the view of 

efficiency improvement. All the areas introduced are important when they are viewed as 

total energy improvement projects. However, In order to implement a project, it should be 

viable. Hence, in this report, certain areas are discussed, and only viable modifications are 

presented as efficiency improvement projects. 

In this study, efficiency improvement to the Old Laxapana power station through a new 

generator design, capacity improvement to the Laxapana pond in order to minimize annual 

water spilling, new generator installation to the Samanala Power Station and leakage analysis 

of the New Laxapana tunnel have been proposed. For the analysis, past data and the findings 

of certain researches have been used. 

 The study of the Old Laxapana Power Station was carried out focusing on the Old Laxapana 

Stage-II generators. From the cost-benefit analysis, a simple payback period of four years 

was observed. Next, from the cost-benefit analysis of the capacity improvement of the 

Laxapana pond, a payback period of 14.3 years found, and it was accepted considering the 

lifetime of the dam proposed. After that, a seven-year simple payback period was observed 

by proposing a 13.6 MW-generator for the Samanala Power Station as capacity 

improvement. Finally, the tunnel leakage analysis for the New Laxapana power station was 

carried out, obtaining 6.5-year simple payback period, and, hence, it was recommended to 

implement the repair during the rehabilitation. 
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1. INTRODUCTION

1.1. Introduction to 

The Laxapana Hydropower 

and five power-generating stations. The Laxapana Complex has a 

plant arrangement in order to get the maximum output from the energy in water. The 

rainwater is mainly stored at two major reservoirs, namely, Castlereigh reservoir and 

Maussakelle reservoir. The water in the Castlereigh and Maussakelle rese

the Wimalasurendra power station (PS) and the Canyon PS respectively, in order to 

generate electricity. The three ponds, namely the Norton pond, Canyon pond, and 

Laxapana pond, are the intakes to the Old Laxapana PS (OLPS), New Laxapana PS 

(NLPS) and Samanala PS respectively.

The cascaded arrangement of the Laxapana Complex with the capacities of the hydro 

generators is shown in Figure 1. 

 

 

 

 

 

 

 

 

 

Figure 1: Cascaded view of the Laxapana Complex

In the existing configuration, the Laxapana Complex can generate a maximum 335 

MW to the national grid. The Complex generates between four to six Gigawatt

daily depending on the reservoir levels and amount of rainfall. 
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Usually, generators in the Laxapana PS and Samanala PS are run as base-load plants. 

They are run 24 hours a day with varying loads. In the Wimalasurendra and Canyon 

PSs, generators are run discontinuously to fill and balance the ponds when it is 

required (i.e. during peak times). 

Describing the history of hydropower generation at Laxapana, the Complex was 

started with the OLPS in 1950. The PS consisted of three units of 8.33 MW hydro 

generators. These three generators are called Old Laxapana Stage I generators. Then, 

two numbers of 12.5 MW generators, added to the OLPS in 1958, is called Old 

Laxapana Stage II generators. Then, Wimalasurendra PS (1965), Samanala PS 

(1969), NLPS (1974) and Canyon PS (1983, 1989) were added to the Complex. 

1.2. The Need for Efficiency Improvement 

The Laxapana Complex is the earliest built hydropower-generating Complex in Sri 

Lanka. Generator installation projects were carried out during the period 1950 to 

1970. During that time, there was no high demand for electricity as the use of 

electrical equipment during that time was minimal. There was an excess generation 

capacity against the demand. Therefore, when the Laxapana Complex was being 

designed, efficiency had not been considered much. Nowadays, the consumption of 

electricity has become high due to the automation of human activities with electrical 

and electronic equipment. Electricity has become a primary requirement for the 

nation. Now, unlike in the past, there is no high excess generation capacity of 

electricity. As a result, the percentage use of thermal generators has also been 

increased. 

Today, unlike in previous times, the efficiency of the electricity generation has 

become an important factor. If there is a way to improve the efficiency of the present 

generating plants or any component thereof, a higher output can be achieved from 

the same raw materials. This will be a major benefit to the electricity supplier as well 

as to the whole country. 

Hence, in this research, an attempt is made to investigate the possibilities of the 

effective efficiency improvements to the hydro power plants in the Laxapana 

Complex.  



3 

 

Especially, it is considered and found out the economically beneficial improvements 

that are possible to be implemented in the near future. Therefore, throughout this 

report, the possibilities of efficiency improvements for observed sections in the 

Complex will be discussed.  

1.3. Observed Points to Investigate the Possibility of Efficiency Improvements 

in the Laxapana Complex 

When the sections of the Complex are considered, several areas can be identified in 

order to improve the efficiency of the power generation by the Complex. The 

observed areas are summarized below. 

i. Low efficiency of the OLPS, especially the Stage II generators 

Old Laxapana Stage II generators were built in 1958, and now they are 55 years 

old. The efficiency of the generators is low compared to modern generators and 

can be improved by a proper method in order to get a maximum output to the 

national grid. Recently (in year 2013), the Old Laxapana Stage I generators were 

replaced by new generators, and the capacity was improved by 3 MW. Further 

improvement to the generators can be considered. 

 

ii. High annual water spilling from the ponds in the Complex 

Annually, from the Laxapana Complex, considerable volume of water is spilled 

without generating electricity, especially from the Laxapana pond and from the 

Norton pond. Therefore, some cost-effective methods need to be found in order 

to minimize the spill water. 

 

iii. New Laxapana tunnel leakage 

After the commissioning of both generators of the New Laxapana, a tunnel 

leakage had been discovered after some time. The leakage flow has been roughly 

calculated. However, repairs to the tunnel have not been carried out. Hence, 

further analysis needs to be made. 
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1.4. Recommendations to solve the Key Issues 

Therefore, for the above-mentioned issues, certain solutions are suggested below. 

i. Old Laxapana power station capacity improvement through a new generator 

arrangement 

For the OLPS, a completely new design of two-generator model is introduced. 

Since the Old Laxapana Stage I generators were rehabilitated recently, first, Old 

Laxapana Stage II generators are considered for the modification. For the 

proposed generator design, most of the major requirements will be designed and 

presented. Especially generator-design and penstock-design will be presented in 

detail. 

 

ii. Minimization of annual water spilling from the ponds is considered using pond 

capacity improvement and by other methods 

The possibility of the capacity improvement of the Laxapana pond is considered. 

In order to minimize the water spilling further, capacity improvement of the 

Samanala PS is considered in a different chapter. 

 

iii. New Laxapana tunnel leakage cost-benefit analysis 

The viability of the repair of the New Laxapana tunnel leakage during the 

rehabilitation project is compared with repair of the leakage during a period 

other than rehabilitation time. 

However, these suggestions are possible depending on the ultimate benefit gained 

against the cost of each modification. Hence, the viability of each modification 

suggested has to be investigated. 

From this point and onwards in this report, the suggested solutions to the efficiency 

improvement to the Laxapana Complex are discussed in detail. Afterwards, the 

viability or the alterations will be discussed. 
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2. OLD LAXAPANA POWER STATION CAPACITY 

IMPROVEMENT THROUGH A NEW GENERATOR DESIGN 

The arrangement of the OLPS consists of Stage I and Stage II, such as the Stage I 

had three 8.33 MW generators and the Stage II has two 12.5 MW generators. 

Altogether, 50 MW is contributed by five units. However, recently, the Old 

Laxapana Stage I generators were replaced by the Old Laxapana Rehabilitation 

Project, and the 8.33 MW generators were upgraded to a rating of 9.3 MW by 

improving efficiency. The 50 MW-arrangement of the OLPS is shown in Figure 2. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: Existing Penstock-generator arrangement of the OLPS 

Reduced penstock length is shown 
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However, the Old Laxapana Stage II generators were not replaced by the Old 

Laxapana Rehabilitation Project. Nevertheless, they too, have a lower efficiency, 

especially in the turbine. The efficiency of the turbine in one of the Stage II-

generators is shown in Figure 3. 

 

Figure 3: Turbine efficiency of Unit No 4 generator of the OLPS 

Source: Report of “The follow up study on the rehabilitation of hydropower stations in the Kelani 

river basin for hydropower optimisation in Sri Lanka” conducted by JICA in 2005 [1] 

From Figure 3, it is clear that the maximum efficiency of the turbine is around 84%, 

and the full load efficiency is around 78%. However, in modern generators, the 

maximum efficiency of the Pelton turbines goes up to 95%. Hence, by modifying 

them, considerable improvement can be made. A higher efficiency can also be 

achieved from generators with higher capacity than small-sized generators. This is 

because in bigger generators the losses are lower than in the smaller ones. 

However, in addition to the above efficiency lag, there are other disadvantages of 

having the existing arrangement of the OLPS. 
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Since the OLPS has five generators, there are several issues that have to be faced as 

described below: 

1. When having a higher number of generators, penstocks and valves to generate 50 

MW, the losses in each component is higher. Hence, the efficiency is lower. 

2. The cost of keeping and storing spare parts for each generator is higher. 

3. Due to the high possibility of forced outages of two or more generators 

simultaneously, the maintenance staff kept on standby is larger. 

4. Due to the higher number of components to be maintained, number of staff 

required is higher. Ultimately, the cost of generation will be higher. 

As a solution for the above issues, a new design to the OLPS is suggested. It is either 

to install one-generator or two-generator design. When considering the one-generator 

design, the efficiency will be higher compared to two-generator design. However, the 

probability of loss of load becomes an issue. Thus, the two-generator design is 

proposed. 

It is proposed that one generator is for the Stage I and the other generator is for the 

Stage II. Since the Stage I generators are currently being replaced, if the proposed 

design is viable, it can be applied later. However, the proposed design can be 

immediately applied to the Stage II generators to get an optimum output. 

In the two-generator design, each generator will have a higher capacity than 25 MW, 

and it should be more than that of the rated capable capacity of Old Laxapana Stage 

1 new generators being installed. In order for the design to be effective, the 

penstocks have to be changed and replacing of other components is considered 

whenever necessary. Then, the new rated generating capacity should be decided and 

the viability of modification is to be calculated in terms of cost components. The 

detailed design is described from section 2.1. 
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2.1. Two-Generator Design for the Old Laxapana Power Station 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Two-generator design for the OLPS 

 

This new design should have only two penstocks. The existing penstock arrangement 

should be altered or the penstocks should be replaced. However, in order to get an 

optimum efficiency, it is worth replacing them. In the new penstock, the average 

diameter will be larger and the loss of the water head in the penstocks will be much 

lower. Hence, new penstocks are proposed. 
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2.2. Two-Penstock Design 

 

 

 

 

 

 

 

 

 

 

Figure 5: Arrangement of new penstocks for the two-generator design 

As shown in Figure 5, the existing penstocks are replaced by two numbers of the new 

penstocks with larger diameter and the same length as before. 

Hence, the geographical positions of existing penstocks are used to place the new 

penstocks. Existing elevations of the penstocks are shown in Figure 6 and in Table 1. 

 

Existing Design 

New Design 

OL Power house 

Valve house 

Reduced penstock length is shown 
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Figure 6: Existing penstock profile in the OLPS 

Table 1: Parameters of the existing penstocks of the OLPS  

Sections Length(m) Height(m) Diameter(m) Velocity(m/s) *Angle(deg) 

SC to A 58.72 0.51 1.78 1.42 0.5 

A to B 71.46 0.25 1.38 2.36 0.2 

B to C 196.57 70.44 1.26 2.85 21.0 

C to D 142.85 39.38 1.26 2.85 16.0 

D to E 212.5 76.15 1.24 2.95 21.0 

E to F 159.68 46.69 1.17 3.30 17.0 

F to G 144.76 22.65 1.17 3.30 9.0 

G to H 138.39 57.39 1.14 3.44 24.5 

H to I 156.97 36.64 1.09 3.78 13.5 

I A to JA 63.73 32.82 1.09 3.78 31.0 

J A to KA 72.01 25.80 1.06 4.04 21.0 

K A to L YA 96.92 45.50 0.98 4.71 28.0 

LYA to MIV 20.59 8.72 0.77 7.51 31.0 

Total/Avg. 1535.14 462.94 1.18 3.22   

 

Source: Laxapana PS data collected from mechanical section 

*All the angles are taken with respect to the horizontal level. 

Through each of the new penstocks, it is expected to flow 250 cusecs (cubic feet per 

second) rated flow at full load of each generator. Based on the rated flow, penstock 

parameters of new penstocks are to be decided. For the calculations and costing, two 

identical penstocks are assumed, and calculations are done for one penstock. For the 

new penstocks, the use of larger diameter will lead to reduced fluid losses. 
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However, the diameter is again a factor that increases cost. Therefore, an economical 

diameter should be selected. 

2.3. Calculation of the New Penstock Parameters 

In this section, diameters and the wall thicknesses of each penstock pipe are 

calculated. 

2.3.1. Penstock diameter (Dp) calculation 

Practically, penstock pipes with different diameters are connected together as the 

penstock-line goes down to the Main Inlet Valve (MIV). At higher elevation levels, 

the penstock diameter is larger and the flow velocity is smaller. As water goes to 

lower levels, the diameter of the penstock chosen to be is lower, and the velocity will 

be higher. This will help when the penstocks are transported. For a detailed design, 

diameter should be calculated for each section along the penstock profile as 

mentioned above.  

• Qp = AV  = π.
��

�

�

. V(A= effective cross sectional area of penstock) 

• Maximum flow in the penstock (Qp)   = 250 cusecs or 7.079 m
3
 s

-1
  

• Dp  = �� ����

πv
� 

• V (water velocity )   = 1.4 - 2.8 m s
-1
 taken (typical value) 

• Dp min  =�� ���.���
πx2.8

� = 1.79 m (lowest penstock diameter)  

• Dp max =�� ���.���
πx1.4

� = 2.54 m (largest penstock diameter)  
 

Typically, the flow velocities in the penstocks used for high head projects, are taken 

from the range of 1.4 m s
-1 
to 2.8 m s

-1 
in order to minimize losses. Therefore, to 

meet the requirement, new penstock diameter should be between 1.8 m to 2.5 m. 

Then, assume that penstock pipes with different diameters are installed in each 

section mentioned in Table 1.  
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For each section, a particular diameter within the optimum range is estimated. 

Diameters of each penstock pipe and flow velocities are shown in Table 2. This 

rough estimation is done mainly for costing purposes. 

Table 2: Parameters of the proposed penstocks for the OLPS  

Sections 

Length 

(m) 

Diameter   

(m) 

Height     

(m) 

Velocity  

(m/s) 

Angle 

(degrees) 

SC to A 58.72 2.50 0.51 1.44 0.50 

A to B 71.46 2.44 0.25 1.51 0.20 

B to C 196.57 2.38 70.44 1.59 21.0 

C to D 142.85 2.33 39.38 1.67 16.0 

D to E 212.50 2.27 76.15 1.75 21.0 

E to F 159.68 2.21 46.69 1.85 17.0 

F to G 144.76 2.15 22.65 1.95 9.0 

G to H 138.39 2.09 57.39 2.06 24.5 

H to I 156.97 2.03 36.64 2.18 13.5 

I A to JA 63.73 1.98 32.82 2.31 31.0 

J A to KA 72.01 1.92 25.8 2.45 21.0 

K A to L YA 96.92 1.86 45.50 2.61 28.0 

LYA to MIV 20.59 1.80 8.72 2.78 31.0 

Total/Avg 1535.14 2.15 462.94 2.01 

 

In Table 2, the diameter is calculated as the diameter varying equally from 1.8 m to 

2.5 m. It will keep the flow velocity in the acceptable range as mentioned above. 

However, it is further required to estimate the thickness of the penstocks in order to 

determine the volume of steel required to make all the penstock pipes. 

2.3.2. Penstock wall thickness calculation 

Wall thickness is calculated considering both the static pressure of the penstock and 

the dynamic pressure applied in a sudden closing of the MIV of the generator. Wall 

thickness is calculated using the equation below based on the recursive method [2].  

a (Wave velocity in penstock)  =
�

��ρ (�
�
��

��
)�
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Where,  

D - Diameter of the penstock pipe 

t – Wall thickness 

E- Young’s modulus of elasticity (2.1 x 10
8 
kPa) 

K – Bulk modulus of water (k = 2.1 x 10
6 
kPa) 

ρ– Density of water (1000 kg /m
3
) 

Since the diameter of penstock pipes will vary from a higher elevation to lower 

elevation, the wave velocity is also changed. 

However, for initial calculation, the diameter of the bottom pipe is taken as it is the 

minimum diameter (the pipe of LYA to MIV). Hence, 1.8 m is taken as the initial 

diameter. The maximum pressure will apply to that penstock pipe in an emergency 

case. 

Substituting the given values for E, K and ρ, the equation can be deduced as follows. 

• Wave velocity in the penstock (a) = ��.�×���  
×�

������
 

Initially, estimate t = 25 mm, then, 

• Wave velocity in the penstock (a)   =   ��.�×���  
×��×����  

���×��×����  ��.�
 

• Wave velocity in the penstock (a)   =    1104.957 m s
-1
 

For the moment, assume this wave velocity applies equally on the entire penstock. 

However, this high wave velocity will exist for a minor period and then diminish.  

This time duration is given by Penstock Critical Time, (Tc) =
�	



 

Where L = length of the pipe (1535.8 m) 

Therefore, Tc = 2.78 s 
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However, for a typical MIV of a generator of 30 MW, it takes around 40 seconds to 

complete the closing the MIV. That is, the closing time is higher than Tc. Then, 

consider a moment that the flow is stopped. Assume the flow is suddenly stopped to 

zero velocity as a worst case. Then, pressure will be applied to the entire penstock 

until it diminishes at the surge chamber. In a situation like close time > Tc, the peak 

pressure developed in the penstock is given by the following equation: 

• Peak/Surge Pressure = 
�×��

�.��
 (m) 

Then, the entire length of that penstock pipe will experience this surge pressure.  

Let ∆V = Vmax  where, Vmax is the maximum velocity that can occur in a particular 

pipe. Assuming the worst case, ∆V is taken as 2.8 m s
-1

 since the maximum rated 

flow in that section of the penstock is 2.8 m s
-1

. 

• Hence, Peak Pressure (hs) = 
����.��� ×�.�

�.��
 = 315.38 m 

Then, again, the thickness can be calculated using equation [2] below.  

• ���� =

ρ������
����

	

  where, 

���    - Ultimate Tensile Strength of steel (410 x 10
6 

Pa) 

S        - Safety factor (2.5 is taken) 

D       - Internal diameter (1.8 m is taken) 

hmax    - Maximum pressure head (static + dynamic) 

Static pressure will be changed according to the static water head. 

• hmax    =  463 m + 315.38 m = 778.38 m 

• tmin       =  
����∗�.��∗���.	�∗�.�

�∗���
���/�.�
 = 41.90 mm 

 

Since tmin ≠ t (estimated), initially assumed t was incorrect. Therefore, from several 

estimations, actual t should be found such as tmin = t (estimated). The summary of the 

calculation is shown in the Table 3. 
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Table 3: Estimation of the penstock thickness 

D(m) t(mm) a(m s
-1
) TC(s) hs(m) hg(m) tmin(mm) 

1.80 45.00 1224.74 2.51 349.57 462.94 43.74 

1.80 40.00 1203.44 2.55 343.49 462.94 43.41 

1.80 30.00 1145.64 2.68 326.99 462.94 42.53 

1.80 25.00 1104.96 2.78 315.38 462.94 41.90 

1.80 43.66 1219.41 2.52 348.05 462.94 43.66 

 

According to Table 3, the correct thickness is estimated as 43.66 mm, and for 

corrosion, keeping 2.5 mm, the actual thickness can be estimated as follows. 

• tactual=  tmin. + tcorrosion 

• tactual = 43.66 mm + 2.5 mm = 46.2 mm 

Similar to the above calculation, the peak pressure in each section of the penstock 

and the thickness can be calculated. The real thickness (tactual) and the steel volume of 

each penstock are calculated and summarized in Table 4. 

Table 4: Estimation of the penstock thickness and the steel volume required 

Section Diameter(m) Length(m) ∆V (m/s) hstatic(m) tactual(mm) Volume(m
3
) 

SC to A 2.50 58.72 1.44 0.51 10.29 4.77 

A to B 2.44 71.46 1.51 0.76 10.73 5.90 

B to C 2.38 196.57 1.59 71.20 18.08 26.77 

C to D 2.33 142.85 1.67 110.58 21.77 22.98 

D to E 2.27 212.50 1.75 186.73 27.94 42.86 

E to F 2.21 159.68 1.85 233.42 31.54 35.47 

F to G 2.15 144.76 1.95 256.07 33.17 32.93 

G to H 2.09 138.39 2.06 313.46 37.11 34.32 

H to I 2.03 156.97 2.18 350.10 39.46 40.27 

I A to JA 1.98 63.73 2.31 382.92 41.64 16.85 

J A to KA 1.92 72.01 2.45 408.72 43.09 19.14 

K A to L YA 1.86 96.92 2.61 454.22 45.70 26.52 

LYA to MIV 1.80 20.59 2.78 462.94 46.02 5.50 

Total/average   1535.14 2.01      314.27 
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According to Table 4, the steel volume required to produce all the penstocks would 

be 314.27 m
3
, and the density of the steel is 7500 kg m

-3
. Hence, the steel weight 

required for production of penstocks is 2357 metric tonnes. 

Usually, manufacturers publish penstock prices according to the steel weight. Hence, 

take 800 USD/tonne as the steel price as per current market rates. 

• Then, cost of one penstock = 800 x 2357= 1.886 million USD 

• Typically, for the accessories such as for anchor blocks, and, for the erection, 

installation and transportation, the cost would be 200% of the penstock cost. 

• Then, the installation and the other cost = 3.771 million USD 

• The total cost for the penstock installation for one generator = 5.658 million USD 

• The total cost for one penstock (in LKR) = 724 million LKR (128 LKR/USD is 

taken) 

• Hence, the  total cost for the two penstocks = 1448 million LKR 

2.3.3. Head-loss calculation  

In the previous section, the cost for the designed penstocks was calculated. However, 

it is a must to calculate the new head-loss in the new penstocks. In a penstock, the 

head-loss is formed not only by the friction between the penstock-wall and the water 

flow, but also by the turbulent flow of water in certain areas such as bends, edges, 

etc. [2] [3] 

• Net Head (Hn) = Gross Head (Hg) - Head-loss (Hl) 

• Head-loss (Hl) = Friction head-loss (hf) + Turbulence Head-loss (ht) 

• Hg = 462.94 m (rest of the head is taken from the tunnel) 

2.3.3.1. Friction head-loss (hf )   

Head-loss is due to surface roughness and is calculated by the following formula: 

• hf = ½. V
2
.L.f / g.D (Darcy’s equation ) [2] 

Where, 

V – Flow velocity (average value: 2.01 m s
-1
) 

 



 

L – Penstock length (1535.8

D - Diameter (average value: 2.15 m)

f - Friction constant (for steel 0.012 is taken)

First, let the average h

• h f = ½ x. 2.0
2 
x 1535.8 x 0.012 / (9.81

• Likewise, detailed

2.3.3.2. Turbulence loss (h

Turbulence loss is defined as the head

it is given by, 

• �� � ∑�
��

��
 

K = turbulence loss coefficient (k

The value of this coefficient will be 

entrance, valve etc. Hence, values are estimated

• Take kvalve = 0.0 (spherical valve) +0.3(butterfly valve in guard valve)

• kentrance = 0.8 is taken 

• kbend: the head-loss

According to Figure 7, k

existing design, r/d coefficient

5, a practical value is taken proportional to the angle difference between the penstock 

pipes.  

 

Penstock length (1535.8 m) 

Diameter (average value: 2.15 m) 

Friction constant (for steel 0.012 is taken) 

First, let the average hf  be found by the average parameters. 

1535.8 x 0.012 / (9.81 x 2.15) = 1.748 m 

Likewise, detailed, section by section,  hf is calculated and presented in Table 5 

Turbulence loss (ht)  

Turbulence loss is defined as the head-loss due to the turbulent flow in penstocks and 

turbulence loss coefficient (kvalve+ kbends+ kcontraction+ kentrance) 

The value of this coefficient will be varied according to the nature of the bend, 

entrance, valve etc. Hence, values are estimated as follows [3]: 

0.0 (spherical valve) +0.3(butterfly valve in guard valve)

taken  

loss in the bending 

Figure 7: Assist to the calculation of kbend 

Figure 7, kbend changes with the ratio r/d and bending angle θ. 

r/d coefficient is a high value. Hence, concerning the figures in r/d = 

5, a practical value is taken proportional to the angle difference between the penstock 

r/d 1 2 3 

θ = 20° 0.36 0.25 0.20 

θ = 45° 0.45 0.38 0.30 

θ = 90° 0.60 0.50 0.40 

17 

is calculated and presented in Table 5  

loss due to the turbulent flow in penstocks and 

 

varied according to the nature of the bend, 

0.0 (spherical valve) +0.3(butterfly valve in guard valve)  

 

 

 

 

bend [3] 

r/d and bending angle θ. In the 

is a high value. Hence, concerning the figures in r/d = 

5, a practical value is taken proportional to the angle difference between the penstock 

 5 

 0.15 

 0.23 

 0.30 
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• kcontraction: head-loss at the points where smaller diameter penstock pipe connected 

to a large diameter pipe.  

 

 

d1/d2 1 1.5 2.0 2.5 5.0 

kcontraction 0 0.25 0.35 0.40 0.50 

      

Figure 8: kcontraction values with different diameters ratios [3] 

• kcontraction ∝ d1/d2 

The total turbulence head-loss (ht) and total friction loss (hf) calculated is shown in 

Table 5. 

Table 5: Head-loss calculation for the new penstock 

Section D(m) L(m) V(m s-1) hf(m) D1/D2 kcontr.. 
Angle  kbend k ht(m) 

SC to A 2.50 58.72 1.44 0.03   0.00 0.50 0.80 0.80 0.08 

A to B 2.44 71.46 1.51 0.04 1.02 0.05 0.20 0.00 0.05 0.01 

B to C 2.38 196.57 1.59 0.13 1.03 0.05 21.0 0.21 0.26 0.03 

C to D 2.33 142.85 1.66 0.10 1.02 0.05 16.0 0.05 0.10 0.01 

D to E 2.27 212.50 1.75 0.18 1.03 0.05 21.0 0.05 0.10 0.02 

E to F 2.21 159.68 1.85 0.15 1.03 0.05 17.0 0.04 0.09 0.02 

F to G 2.15 144.76 1.95 0.16 1.03 0.05 9.0 0.08 0.13 0.03 

G to H 2.09 138.39 2.06 0.17 1.03 0.05 24.5 0.16 0.21 0.04 

H to I 2.03 156.97 2.19 0.23 1.03 0.05 13.5 0.11 0.16 0.04 

I A to JA 1.98 63.73 2.30 0.10 1.03 0.05 31.0 0.18 0.23 0.06 

J A to KA 1.92 72.01 2.45 0.14 1.03 0.05 21.0 0.10 0.15 0.05 

K A to L YA 1.86 96.92 2.61 0.22 1.03 0.05 28.0 0.07 0.12 0.04 

LYA to MIV 1.80 20.59 2.78 0.05 1.03 0.05 31.0 0.03 0.08 0.03 

At nozzle     2.78     0.25     0.25 0.10 

Total   1535.14   1.69           0.56 

 

• In Table 5, k = kcontr.+ kbend 

• Kcontr. has taken as 0.05 because d1/d2 ≈ 1 

• Total head-loss(Hl)  = 1.69 m + 0.56 m = 2.25 m 

Since this calculation is done based on certain estimations, some errors can happen 

and a margin of 0.25 m is kept to minimize errors. 

d1 d2 
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• Then, Hl = 2.5 m 

• Net head, Hn = 462.94 - 2.5 = 460.44 m 

• Net head % = (460.44 /462.94) x 100% = 99.46% 

However, for the total head, the water head in the tunnel should be considered. The 

gross water head in the tunnel is 11 m. From a past study, it was found that a 7 m 

head-loss was present in the tunnel at full load at the generators [4]. Then, the 

effective head in the tunnel is 4 m. 

• Effective minimum total head (460.44 +4) = 464.44 m 

• Total gross water head = 473.44 m (462.94 +11) 

• The combined efficiency of penstocks and tunnel, ( 464.44/473.44) = 98.01% 

In the estimations, the water head is calculated when the Norton pond is operating at 

MOL (Minimum Operating Level). However, usually, the Norton pond level would 

be maintained 3 ft higher than MOL. Hence, the effective head would be increased 

by around 0.91 m. Hence, the typical effective minimum total head can be taken as 

465.35 m. 

2.4. Runner Designing 

In this section, certain details of designing a runner (also known as turbine) for the 

two-generator model are discussed [5] [6]. Particularly, the runner diameter, number 

of buckets in the runner and the dimensions of the buckets are decided. Then, it will 

be an aid to decide the dimensions of the generator and on the other hand, it will 

assist in costing.  

From the calculations in Section 2.3.3.2, the gross head, 473.44 m, and the effective 

minimum total head, 464.44 m, is taken. However, in the usual case, the minimum 

head has been estimated to be 3 ft above the MOL of Norton pond. Hence, as usual 

minimum head, 465.35 m is taken. A Pelton wheel runner is chosen due to the high 

water head of the plant. When the runner is designed, in order to get the maximum 

efficiency at full load, the minimum usual operating level of the pond is considered.  
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• From energy conversion rules, Velocity at the nozzles, V1=��2 ∗ � ∗ ���� 

• ���� = 465.35 m 

• V1=��2�9.81�465.35 = 95.55 m s-1 

Figure 9: Design of the Pelton turbine 

Figure 9 shows the basic design of a Pelton runner and the design of a bucket of the 

runner. The parameters to be decided are listed below [5] [6]: 

ds - Maximum diameter of the water jet 

D  -Mean diameter of the runner 

B  -Bucket width 

L - Bucket length 

To have a maximum efficiency at partial loads, four-nozzle design is chosen. 

• Maximum flow in the penstock, Q = A (area) x V (velocity) 

• Q � z�number of nozzles� � ���
�

�
� V��velocity� 

• ds =� ��

���
s =�  ���.
��

����.�
 = 0.15357 m 

• ds =15.357 & 15.4 cm 

For 4 nozzle type turbines B = 3.3ds is taken (typically B = [3ds, 4ds]) 

• B = 50.7 cm 

L = 2.5ds taken (typically L = [2ds, 3ds])  

• L = 38.4 cm 

(a) (b) 



 

As a thumb rule D = 12d

• D = 1.8 m 

Let the velocity of the turbine u

• u = ����2 ∗ � ∗ �

• u= ��V� = 0.48 x 95.55 = 45.86 m s

 

 

 

 

 

 

 

 

• Runner speed is given by; 

• N = 
��.������

π��.��	
 = 475.29 rpm

• However, for 12-pole

Then, diameter is to be recalculated.

• D = 

���

π�
 = 

��.���

π����

• D’(outer diameter) = D

Number of buckets in the runner is

Z= 15 + D/2.ds= 15+1.752/ (2

However, in modern turbines, the 

Complete runner arrangement is shown in Figure 1

 

 

 

12ds taken (typically D = [11ds, 16ds]) 

Let the velocity of the turbine u 

����      ku = speed ratio; lies between 0.43 to 0.48

95.55 = 45.86 m s
-1
 

Figure 10: Parameters of the Pelton turbine 

Runner speed is given by; N = 

���

π�
 rpm [5] [6] 

= 475.29 rpm 

pole generator the speed is 500 rpm 

Then, diameter is to be recalculated. 

������

���
 = 1.75 m 

D’(outer diameter) = D + L/2 = 1.752+0.384/2 = 1.94 m 

Number of buckets in the runner is given by the following formula.

= 15+1.752/ (2 x 0.154) = 20.6 = 21  

However, in modern turbines, the number of buckets (Z > 17) is

Complete runner arrangement is shown in Figure 11: 

21 

lies between 0.43 to 0.48 

given by the following formula. 

buckets (Z > 17) is chosen as 22 [6]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11: Turbine water

 

2.4.1. Power to the runner (P

Actual mechanical power transferred to the runner is given by

��  � ��������� Where

��-     Efficiency of the turbine

Q-     Maximum rated flow in the Penstock (7.079 m

�-      Density of flowing water (1000 kg

�-      Acceleration of gravity (9.81 m s

����-Maximumn water head (464.44 m + 2.74 m [9

In older Pelton turbines, the efficiency was restricted to 90%. In modern turbines, the 

efficiency has been improved up to 9

value of 92% is chosen.

Then, �� � 0.92  7.

Therefore, rated power output at the turbine is around

runaway speed is around 750 rpm.

 

 

 

: Turbine water-jet arrangement for the new generator

Power to the runner (Pt) 

power transferred to the runner is given by the equation below:

Where, 

Efficiency of the turbine 

rated flow in the Penstock (7.079 m
3 
s

-1
) 

Density of flowing water (1000 kg m
-3
) 

Acceleration of gravity (9.81 m s
-1
) 

Maximumn water head (464.44 m + 2.74 m [9 ft above MOL

In older Pelton turbines, the efficiency was restricted to 90%. In modern turbines, the 

efficiency has been improved up to 94%. However, for this calculation, a mode

value of 92% is chosen. 

.079  467.18  1000  9.81 = 29.85 MW 

rated power output at the turbine is around 30 MW or above, and the 

way speed is around 750 rpm. 
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jet arrangement for the new generator 

the equation below: 

ft above MOL]) = 467.18 m 

In older Pelton turbines, the efficiency was restricted to 90%. In modern turbines, the 

is calculation, a modest 

 

30 MW or above, and the 
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2.5. Generator Designing 

The plant is driven by hydropower, and hence, as usual a synchronous generator is 

used. From the runner design, the speed is decided as 500 rpm Then, the number of 

pole pairs can be found by the equation: N = 
���

�
  where, 

N - Synchronous speed, f - system frequency and p - number of pole pairs. 

• p  =  
���

�
 = 60x50/500 = 6 

In a typical generator, the efficiency is usually 98%, and the power output from the 

generator is given by Pg= ŋ*Pt 

Pg = power on the generator (MW) 

ŋ = generator efficiency 

Pt = power from the turbine (MW) 

• Pg = 0.98 x 29.849 = 29.25 MW 

Keeping the tolerance of overloading, let the power of the generator be 30 MW. 

• Select the rated power factor as 0.85 

• Then, the generator rating would be 30/0.85 = 35.3 MVA 

• The voltage of the generator is kept 11 kV as in existing ones 

2.6. Turbine and Generator Costing 

For the turbine and generator as specified earlier, the typical costing was considered. 

Modern typical values are around 1 million Euros per MVA for generator, turbine, 

control system and other required auxiliary parts. Hence, the total cost of one 

generator is estimated at 35 million Euros. 

• The total cost of a generator = 5950 million LKR (taking 1 Euro =170 LKR) 

• The cost for two generators = 11900 million LKR   

 

2.7. Generator Sizing And Civil Construction Cost 

For the new generator design, new separate basements should be constructed, and 

new walls should be built. The new civil engineering structure with the basement 

proposed is shown in Figure 12: 



24 

 

 

 

 

 

 

 

 

Figure 12: Dimensions of the generator and proposed positions of the installation 

The area of construction per generator is around 2500 square feet. Most of the 

structures are concrete. Considering the constructing area and the structures to be 

built, the civil construction cost for new basement and for the modifications of one 

generator is estimated as 50 million LKR. Keeping 25 million LKR for additional 

costs of other civil modifications, the total cost estimation for one generator is taken 

as 75 million LKR. Then, the cost for the civil construction of two generators is 150 

million LKR 

2.8. Transformer Replacement 

2.8.1. Stage I transformer  

The capacity of the transformers, currently in operation, is (13.33 x 3) 40 MVA. 

These transformers are to be replaced soon due to the high furan count detected. 

Furan Analysis of transformer oil indicates the degree of degradation of the paper 

insulation of the transformer.  

New transformers have been purchased and imported. These new transformers are 

single phase, and the total apparent power is 33 MVA (11 MVA x 3). Hence, these 

transformers can be used for the new generator proposed with a little lower reactive 

power being delivered. However, the generator can be still loaded to full load of 

29.25 MW with reduced reactive power accordingly. 

 

(a) (b) 
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2.8.2. Stage II transformer 

For the Unit 5 generator, older transformer of 32 MVA is currently operational. For 

the Unit 4 generator, new transformers of 33 MVA (11 MVA x 3) were installed 

recently. However, the Unit 4 and Unit 5 generators have to be combined to the new 

transformer that is already connected to the Unit 4 generator. The total power from 

the Stage II generator will be limited to 33 MVA. Hence, as in the case of Stage I, 

Stage II transformers can be kept untouched for the proposed generator design. 

 

2.9. Cost of the Loss of Generation during the Outage period 

When the proposed modification is started, the generators have to be removed and there will 

be an outage time that generation will be lost to the national grid. Hence, in order to 

minimize the cost of loss of generation, a smart outage plan should be implemented, and it is 

noted below. 

2.9.1. Outage plan for Stage I generator 

• Old Laxapana Stage I disassembling (2 months) 

• Civil structure modification (6 months) 

• New generator installation (2 months) 

• During the Stage I disassembling, the Old Laxapana Stage II can run at full load 

• One of the two penstocks installation (8 months)  

• Outage period to connect new penstock to the valve house (2 months) 

• Commissioning of the Old Laxapana Stage I generator (1 month) 

 

2.9.2. Outage plan for Stage II generator 

• Old Laxapana Stage II disassembling (2 months) 

• Civil structure modification (6 months) 

• New generator installation (2 months) 

• During the Stage II disassembling, the Old Laxapana Stage I can run at full load 

• One of the two penstocks installation (8 months)  

• Outage period to connect new penstock to the valve house (2 months) 

• Commissioning of the Old Laxapana Stage II generator (1 month) 

Project timeline of time-reduced outage plan can be shown in Figure 13. 



 

Figure 13: Proposed project timeline for the generator

From Figure 13, critical time is 660 days

• Outage period is as follows

Old Laxapana Stage I    = 330 days (11 months)

Old Laxapana Stage II   = 330 days (11 months)

 

2.10. Cost of the Loss of Generation

In order to obtain a predicted cost for loss of generation during

generation data are considered. Hence, the generation statistics of Old Laxapana 

Stage I and Stage II for ea

The data is summarized and shown in the Table 6 and Table 7.

 

 

 

 

 

 

 

: Proposed project timeline for the generator-replacement

, critical time is 660 days 

Outage period is as follows 

Old Laxapana Stage I    = 330 days (11 months) 

II   = 330 days (11 months) 

Cost of the Loss of Generation 

In order to obtain a predicted cost for loss of generation during the

generation data are considered. Hence, the generation statistics of Old Laxapana 

Stage I and Stage II for each month during the years 2010 and 2011

The data is summarized and shown in the Table 6 and Table 7. 
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replacement 

the outage time, past 

generation data are considered. Hence, the generation statistics of Old Laxapana 

the years 2010 and 2011 is considered. 
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Table 6: Monthly energy generation of the OLPS in 2010 

Monthly generation of OL Stage I & Stage II 

    OL Stage I (GWh) OL Stage II(GWh) 

Year Month U1 U2 U3 U4 U5 

2010 Jan 4.59 4.65 2.60 7.90 7.80 

  Feb 3.38 3.46 3.56 6.20 4.80 

  Mar 4.61 4.48 4.68 4.10 6.20 

  Apr 3.20 3.14 3.20 4.40 1.60 

  May 4.80 4.60 5.10 7.60 7.50 

  Jun 5.60 4.80 5.40 8.40 8.44 

  Jul 5.40 5.60 5.70 8.20 8.70 

  Aug 6.00 6.10 5.90 8.10 9.00 

  Sep 5.70 5.30 5.80 7.60 7.60 

  Oct 5.90 5.90 5.90 8.10 8.90 

  Nov 2.80 4.90 5.30 8.40 8.00 

  Dec 5.90 3.20 6.10 8.90 9.10 

  Average 4.82 4.68 4.94 7.33 7.30 

  Average   St.I= 14.44 St.II= 14.63 

Source: Data log book of Laxapana PS 

Table 7: Monthly energy generation of the OLPS in 2011 

    OL Stage I (GWh) OL Stage II (GWh) 

Year Month U1 U2 U3 U4 U5 

2011 Jan 5.80 5.70 5.20 8.50 8.70 

  Feb 5.90 5.40 5.20 7.90 8.20 

  Mar 5.70 5.30 5.80 7.80 8.00 

  Apr 5.70 5.60 5.60 7.50 8.10 

  May 5.30 5.40 5.00 6.80 7.60 

  Jun 3.90 4.00 3.90 4.60 5.20 

  Jul 1.40 1.30 1.40 2.90 1.80 

  Aug 1.20 1.90 1.70 3.00 3.50 

  Sep 4.20 4.00 4.20 6.00 6.20 

  Oct 3.60 3.40 3.70 5.70 5.10 

  Nov 1.20 1.50 1.70 1.50 3.20 

  Dec 0.95 1.10 0.43 0.10 1.90 

  Average 3.74 3.72 3.65 5.19 5.63 

  Average   St.I= 11.11 St.II= 10.82 

2010&2011 Average   St.I= 12.77 St.II= 12.72 

Source: Data log books of Laxapana PS 
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From the data considered, the average monthly generation of the Old Laxapana Stage 

I and Stage II were 12.77 GWh and 12.72 GWh respectively. Hence, for the 

predicted loss of generation during outage time, these average values are taken. 

During the peak hours of the outage period, the loss of generation has to be replaced 

by high cost of thermal generation. During off-peak hours, thermal and other hydro 

generators can be used to fill the loss of generation of the Old Laxapana generators. 

Hence, considering the thermal and hydro cost, an equivalent additional cost for loss 

of generation is taken as 20 LKR /kWh [7]. Then: 

• The cost of loss of generation of Stage I outage for 11 months = 20 x 12.77 x 11 

= 2809.4 million LKR 

• The Cost of loss of generation of Stage II outage for 11 months = 20 x 12.72 x 11 

=2798.4 million LKR 

• Hence, total cost of loss of generation in the outage time = 5607.8 million LKR 

 

2.11. Total Cost of the New Design 

The total cost for modification of new two-generator design is summarized below. 

(All the figures are shown in million Sri Lankan rupees)  

Components                                                               Cost  (million LKR) 

Generator and other electro mechanical cost 11900 

Penstock cost 1448 

Civil construction cost  150 

Cost of loss of generation in outage time 5608 

Total estimated cost 19106 

 

The total cost of the project is 19106 million Sri Lankan rupees. 

If the modification is done for the OL Stage II and Stage I separately, the costs can 

be summarized as below. (All the figures are shown in million Sri Lankan rupees) 
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OLPS Stage II Modification: 

Components      Cost (million LKR) 

Generator and other electro mechanical cost 5950 

Penstock cost 724 

Civil construction cost  75 

Cost of loss of generation in outage time 2798 

Total estimated cost 9547 

The total cost of the Project is 9547 million Sri Lankan rupees. 

OLPS Stage I Modification: 

Components      Cost (million LKR) 

Generator and other electro mechanical cost 5950 

Penstock cost 724 

Civil construction cost  75 

Cost of loss of generation in outage time 2809 

Total estimated cost 9558 

The total cost of the Project is 9558 million Sri Lankan rupees. 

 

2.12. Benefits from the Project 

After the modification is completed, the OLPS can be loaded up to 58.5 (29.25 x2) 

MW and it is about a 5.5 MW increase relative to the current configuration. If the 

modification for the Old Laxapana Stage II is considered, the increase of power is 

around 4.5 MW (currently OLPS Stage II can be loaded up to 24.5 MW). If the 

modification is considered for the Old Laxapana Stage I (after the rehabilitation), the 

improvement will be around 1.3 MW. Hence, first, consider the benefit of the project 

considering the OL Stage II. 

The increase of 4.5 MW can be used to replace the costly thermal power generation 

during the peak and off-peak times. From the past statistics of 2012, the average 

thermal generation cost can be calculated as 20 LKR/kWh [7].  

Then, the annual extra generation by the modification can be calculated from the past 

data taken from Table 6 and Table 7: 
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• Monthly extra generation by increase of 4.5 MW = (4.5/25)x 12.72 = 2.29 GWh 

• Annual extra generation by increase of 4.5 MW   = 27.48 GWh 

• Annual extra savings by increase of 4.5 MW        = 27.48 x 106 
x 20 = 549.6 

million LKR 

Then, considering the cost and the savings, the simple payback period can be 

calculated as below. 

• Simple Payback Period (SPP) for the OL Stage II modification: 

����� ���� �� �	
 ���
��

������ �����

  = 

����

���.� 

  = 17.37 years 

Since the payback period is considerably high, the project is considered not viable if 

the project is done wholly as an efficiency improvement project. If the modification 

is done during rehabilitation when the generator lifetime has expired, the net profit 

will be higher and the project may become viable. Since the Old Laxapana Stage II 

generators were installed in 1958, a requirement for their rehabilitation is near. 

Therefore, consider the cost-benefit analysis considering the project is done with a 

rehabilitation project. 

After the modification, maximum power capacity that can be generated from the 

Stage II generator is 29.25 MW. As previously, the annual generation after the 

modification can be determined by the aid from the past data taken from Table 6 and 

Table 7. 

From the Table 6 and Table 7, the following can be calculated. 

• Monthly generation by Stage II new generator = (29.25/25)x 12.72 = 14.88 GWh 

• Annual generation by Stage II new generator   = 178.59 GWh 

However, then, the income from the unit generation is the average selling cost at 

consumer end. Considering recent CEB (Ceylon Electricity Board) statistics in 2012 

[7], average selling cost is taken as 16 LKR /kWh. However due to transmission and 

distribution losses of 10.5%, and maintenance costs and non-technical losses of 5%, 

the average net-income from the unit generation is taken as 14 LKR. 
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• Annual income by Stage II new generator =178.59x106 
x 14= 2500 million LKR 

For this costing, 59 million LKR (around 1% of the cost of the generator) is added as 

the annual operations and maintenance cost.  

• Hence, new total cost (9547+59) = 9606 million LKR 

• SPP for OL Stage II modification with a rehabilitation = 
����

���� 
 = 3.84 years 

In this case, the SPP has been limited to four years. Therefore, implementing this 

modification in a rehabilitation project is beneficial. However, for the Stage I, the 

modification can be implemented during the next rehabilitation project, and the 

viability is considered below. 

• Monthly generation by new Stage I generator = (29.25/25) x 12. 77 = 14.94 GWh 

• Annual generation by new Stage I generator                                      = 179.3 GWh 

• Annual income by new Stage I generator = 179.3 x 106 
x 14 = 2510 million LKR 

• New total cost with operations and maintenance cost            = 9535 million LKR 

 

• SPP for OL Stage I modification in a rehabilitation = 
���� 

���� 
 = 3.8 years 

Hence, as in the previous case, if the modification is done during a rehabilitation 

project, the project will be viable in financial terms. 

2.13. Cost Minimization Methods for the New Generator Design of OLPS 

2.13.1. Modification of the existing penstocks 

Previously, in section 2.2, new penstock installation is proposed, and the cost is 

calculated. However, as a cost minimizing method, the viability of modifying 

existing penstocks for the new generator design is considered. Especially, if the 

modification is deemed as suitable, the proposal can be immediately implemented to 

OL Stage II modification, as it may have a rehabilitation project soon. 

The proposed new penstock design is shown in Figure 14. 
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Figure 14: Modified penstock arrangement to the OLPS new generator design 

In the design, the older four penstocks are used to feed two generators such as two of 

the four penstocks are dedicated to one turbine. At the end, two penstocks are joined 

and connected to a new penstock that has smaller length. However, the existing 

penstocks should be refurbished. The refurbishment procedure is described in 

Appendix-I. 

A new component that should be added to the current penstocks is shown in Figure 

15. This structure will combine older two penstocks to one penstock pipe that will be 

newly added. 

Modification 

Valve house 

OLPS 

Surge chamber 

Existing four 

Penstocks 

New Penstocks 

Reduced penstock length is  shown 



 

Figure 15: Design of new concrete structure with steel plated inside

 

In Figure15, the meanings of the letters are as follows

A = area,  

D = diameter 

f  = friction coefficient

k  = turbulence loss coefficient

Recently, the OL Stage I penstocks were refurbished. For the refurbishment of one 

penstock, the cost was around 27 million LKR for 

million LKR for the 

refurbished is 74 (37 

pipe should be purchased for each 

The diameter of an existing penstock of the modifying structure is D1, D2

(see Figure 15) 

• At the connecting point, flow should be maint

• Q (constant) = Area (A) x flow velocity (V)

• The velocity also should not be changed

• A3 = A1+ A2 (A1

• D3 = �1√2 = 0.98 x

: Design of new concrete structure with steel plated inside

, the meanings of the letters are as follows 

friction coefficient 

= turbulence loss coefficient 

OL Stage I penstocks were refurbished. For the refurbishment of one 

penstock, the cost was around 27 million LKR for the inner surface and around 10 

the outer surface. Hence, cost for the Stage II penstocks to be 

 x 2) million LKR. However, a length around

pipe should be purchased for each turbine-generator set. 

The diameter of an existing penstock of the modifying structure is D1, D2

At the connecting point, flow should be maintained constant 

Q (constant) = Area (A) x flow velocity (V) 

elocity also should not be changed in the structure  for a stable flow

A2 (A1 = A2) 

0.98 x√2 = 1.386 m  
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: Design of new concrete structure with steel plated inside 

OL Stage I penstocks were refurbished. For the refurbishment of one 

inner surface and around 10 

Stage II penstocks to be 

around 20 m of penstock 

The diameter of an existing penstock of the modifying structure is D1, D2 = 0.98 m 

for a stable flow 
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Therefore, the diameter of the new penstock is 1.386 m and the estimated wall 

thickness of the new penstock pipe is 45 mm (see Table 4). Length of the new 

penstock pipe is 20 m. 

2.13.2. Cost of new penstock pipes 

Steel volume required for the penstock is given by; V = π(r2� − r1�)l 

Where, 

r1 (inner radius) = 0.693 m 

r2 (outer radius) = 0.693 m + 45 mm 

I (length) of the pipe = 20 m 

• Steel Volume required = π × �0.738� − 0.693�� × 20 = 4.05 m
3
 

• Steel weight required = 7500 x 4.05 = 30.4 tonnes (steel density 7500 kg/ m3 
is 

taken) 

• Estimated cost for penstock = 30.4 x 800 = 24,320 USD (800 USD /tonne steel is 

taken) 

• Installation and other cost (200% of the cost is taken) = 48,640 USD 

• The total cost for one penstock = 72,960 USD = 9.3 million LKR 

 (128 LKR /USD taken) 

• The total estimated cost of the modification is (74+9.3) = 83.3 million LKR 

• The savings compared to erecting a new penstock          = 639.2 (724 - 84.8) 

million LKR 

However, it is wise to estimate the new head-loss through the penstocks after the 

modification is done. The head-loss calculations are done in accordance to the theory 

described in section 2.3.3. 
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2.13.3. Head-loss Calculation 

New friction head-loss and turbulence head-loss are estimated. After the 

refurbishment, friction loss will be reduced. Hence, new friction constant of 

refurbished penstocks for Darcy’s equation is taken as f = 0.016 and the turbulence 

loss coefficients are estimated as below. 

• Kbends = Proportional value to the angle is taken  

• Kcontraction = D1/D2≈ 1-1.5   Hence, k = 0.05 taken  

• kentrance= 0.8 taken 

• f4 = 0.2 (for the structure) 

Table 8: Head-loss calculation for the modified penstock arrangement 

Section L (m) D(m) V(m s-1) hf(m) D1/D2 kcontr.. Angle(D) kbend k ht(m) 

SC to A 58.72 1.78 1.42 0.05 0.00 0.50 0.80 0.80 0.08 

A to B 71.46 1.38 2.37 0.24 1.29 0.10 0.20 0.00 0.10 0.03 

B to C 196.57 1.26 2.84 1.03 1.10 0.60 21.00 0.21 0.81 0.33 

C to D 142.85 1.26 2.84 0.75 1.00 0.00 16.00 0.05 0.05 0.02 

D to E 212.50 1.24 2.93 1.20 1.02 0.05 21.00 0.05 0.10 0.04 

E to F 159.68 1.17 3.29 1.21 1.06 0.05 17.00 0.04 0.09 0.05 

F to G 144.76 1.17 3.29 1.09 1.00 0.00 9.00 0.08 0.08 0.04 

G to H 138.39 1.14 3.47 1.19 1.03 0.05 24.50 0.16 0.21 0.13 

H to I 156.97 1.09 3.79 1.69 1.05 0.05 13.50 0.11 0.16 0.12 

I A to JA 63.73 1.09 3.79 0.69 1.00 0.00 31.00 0.18 0.18 0.13 

J A to KA 72.01 1.06 4.01 0.89 1.03 0.05 21.00 0.10 0.15 0.12 

K A to n1 96.92 0.98 4.69 1.78 1.08 0.05 28.00 0.07 0.12 0.13 

n1 to n2 1.00 1.18 3.22 0.01 0.83 0.50 30.00 0.02 0.52 0.27 

n2to MIV 20.59 1.39 2.35 0.05 0.85 0.50 31.00 0.01 0.51 0.14 

Total 1535.14 11.85 1.65 

head-loss 13.50 m 

 

By Table 8, the total head-loss is calculated as 13.5 m. It is a considerable increase 

compared to the new penstock installation considered previously. 
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• New net head with the tunnel = 462.94 -13.5 + 4 = 453.44 m 

• Penstock-tunnel efficiency = 453.44 /473.94 = 95.67 % 

• Maximum usual head with 9 ft at intake = 453.44 + 2.74 = 456.18 m 

• New power output of the generator is; 

P � = 0.98 × 0.92 × 7.0793 × 456.18 × 1000 × 9.81 = 28.56 MW 

 

2.13.4. New annual income from one generator 

Monthly generation by the new Stage II generator = (28.56/25) x12. 72 = 14.53 GWh 

Annual generation from new Stage II generator     = 174.4 GWh 

Annual income from the new Stage II generator     = 174.4 x 10
6 
x 14 = 2441.6 

million LKR (14 LKR /kWh is taken) 

2.13.5. Cost-benefit analysis 

Hence, cost-benefit analysis would be as below. 

Costs, components and income are in million Sri Lankan Rupees. 

Generator and other electro mechanical cost 5950.0 
 Penstock cost 84.8 
 Civil construction cost  75.0 
 Cost of loss of generation in outage time 2798.0 
 Operations and Maintenance cost 59.0 
 Total estimated cost 8966.8 
 Annual income 

 

2441.6 

SPP (years) 3.7 
  

According to the analysis, still the modification is viable, however with little lower 

efficiency. In terms of numbers, around 0.69 MW capacity will be lost compared to 

the installation of new penstocks, and the durability of the penstock will be lower 

compared to the new penstocks. However, from the suggestion, around 639.2 million 

LKR can be saved per penstock. 
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Overall, in this chapter, it was tried to present a two-generator design for the OLPS. 

However, since the OLPS Stage I rehabilitation was completed in 2013, the 

modification was mainly focused on the Stage II of the OLPS. In the modification, 

first, it was tried to present a new generator model with the change of all the other 

components such as penstock, turbine, auxiliaries, control system etc. However, even 

though there was a considerable increase of power capacity, the project was not 

viable as the SPP was considerably high. Then the modification was considered to be 

done during a rehabilitation project when the lifetime of the existing generators is 

almost over. Then, the project was viable, and the SPP was almost four years. In 

order to minimize the project cost further, the modification of existing penstocks was 

considered, and it was found to be viable with a little lower efficiency. Thus, as a 

whole, the proposed modification is viable, and the implementation of the new 

design is suggested. 

 

 

 

 

 

 

 

 

 

 

 

 



 

3. ANALYSIS OF THE CAPABILITY OF CAPACITY IMPROVEMENT OF 

THE PONDS 

First, the arrangement of the Laxapana Complex is to be known well in order to 

understand the key issues. As it is described in chapter 1, the Laxapana Complex 

consists of two major reservoirs and three ponds as shown in Figure 1

Figure 16: The arrangement of the reservoirs and ponds in 

The capacities of the reservoirs and the ponds are shown below.

• Maussakelle reservoir 

• Castlereigh reservoir

• Canyon pond -                            

• Norton pond -                         

• Laxapana pond -                   

As the capacities of the ponds are considered, there is a considerable difference 

storage capacities between the reservoirs and the ponds. Among all the ponds, the 

smallest pond is the 

issue encountered is

Especially, the water spills heavily from 
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First, the arrangement of the Laxapana Complex is to be known well in order to 

understand the key issues. As it is described in chapter 1, the Laxapana Complex 

two major reservoirs and three ponds as shown in Figure 1

 

: The arrangement of the reservoirs and ponds in the Laxapana Complex

 (Original in colour) 

The capacities of the reservoirs and the ponds are shown below. 

Maussakelle reservoir -                  114.00 MCM (Million cubic meters)

eservoir -                      54.00 MCM 

                                   0.93  MCM       

                                   0.40  MCM 

                                0.20  MCM      

As the capacities of the ponds are considered, there is a considerable difference 

storage capacities between the reservoirs and the ponds. Among all the ponds, the 

the Laxapana pond. With the experience of past years, the major 

is the water spilling from the ponds during rainy seasons. 

the water spills heavily from the Laxapana pond and the 
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pond 

Laxapana 

Pond 
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Castlereigh 

Reservoir 
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ANALYSIS OF THE CAPABILITY OF CAPACITY IMPROVEMENT OF 

First, the arrangement of the Laxapana Complex is to be known well in order to 

understand the key issues. As it is described in chapter 1, the Laxapana Complex 

two major reservoirs and three ponds as shown in Figure 16. 

Laxapana Complex 

114.00 MCM (Million cubic meters) 

As the capacities of the ponds are considered, there is a considerable difference in 

storage capacities between the reservoirs and the ponds. Among all the ponds, the 

Laxapana pond. With the experience of past years, the major 

the water spilling from the ponds during rainy seasons. 

the Norton pond. 

Maussakelle 

Reservoir  
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According to the arrangement of the Laxapana Complex, when water spills from the 

Laxapana pond and the Norton pond, spill water directly goes down to the river 

without generating electricity. When water spills from the Canyon pond, spill water 

is stored in the Laxapana pond. However, when water spills from any pond, the water 

loses its energy without doing any effective work. 

In order to get an idea about the volume of water that spills from each pond per year 

due to the lack of capacities of the ponds, it is essential to analyse the data of the past 

years. Hence, 2009, 2010 and 2011 years are taken for the analysis. The data can be 

seen in Appendix-II. From the table in Appendix-II, it can be clearly seen the extent 

to which water spilling has occurred during the considered years. The data in 

Appendix-II are collected and summarized in Table 9. 

Table 9: Past spill data of each pond in the Laxapana Complex 

 Year Description 

Laxapana 

Pond 

Norton 

Pond 

Canyon 

Pond 

2009 Total spill water volume (million cubic feet) 4502.60 2115.09 447.75 

 
Energy can be generated by the total spill (GWh) 75.0  58.7 6.2 

 

Max. spill water volume encountered during a day 

in the  year 2009 (million cubic feet) 
583.50 442.30 33.60 

2010 Total spill water volume (million cubic feet) 2418.72 308.51 733.99 

 
Energy can be generated by the total spill (GWh) 40.3 8.5 10.5 

 

Max. spill water volume encountered during a day 

in the year 2010 (million cubic feet) 
199.65 57.29 71.42 

2011 Total spill water volume (million cubic feet) 1453.97 30.07 90.68 

 
Energy can be generated by the total spill (GWh) 24.2 0.8 1.2 

 

Max. spill water volume encountered during a day 

in the year 2011 (million cubic feet) 
476.78 15.59 21.74 

Source: Water level Books of the Laxapana PS  

According to the data in Table 9, it is very clear that in any given year, the maximum 

water spilling has been recorded in the Laxapana pond, the smallest of all the ponds. 

Capacity improvement of the Laxapana pond is considered next. 



 

3.1. Laxapana Pond

Laxapana pond is situated besides 

water coming from the generators of OL and NL, and the water coming from the 

river. The maximum water storage capacity of 
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The pond has an effective head of 20 feet that varies above the MCL (Mean Sea 
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However, during usual operation, when all the generators of 

Samanala PS are run at full load, the rate of water coming to the pond is 1300 cusecs 
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flow of water is not balanced and water will be stored 

there is an equal flow rate for inflow

constant. This will help to store rainwater optimally to the pond during rainy days. In 
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Figure 18. 

Figure 17: Satellite view of 

Laxapana Pond 

a pond is situated besides the Laxapana Power station, and it is fed from the 

water coming from the generators of OL and NL, and the water coming from the 

river. The maximum water storage capacity of the Laxapana pond is 0.2 MCM.

Laxapana pond 

The pond has an effective head of 20 feet that varies above the MCL (Mean Sea 

to 1248 feet. When water spills from the Canyon pond during 

rainy days, a considerable amount of water will be stored in the 

usual operation, when all the generators of the Laxapana PS and 

Samanala PS are run at full load, the rate of water coming to the pond is 1300 cusecs 

and going out from the pond is at 1250 cusecs. Hence, during full load operation, the 

not balanced and water will be stored at the rate of 50 cusecs. If 

there is an equal flow rate for inflow-and-outflow, the pond level can be kept 

constant. This will help to store rainwater optimally to the pond during rainy days. In 

addition, the pond capacity has been reduced gradually due to silt

the pond. Cleaning the pond may be helpful to reduce the spilling.

However, in order to minimize a considerable amount of the annual water spilling, 

the possibility of the capacity improvement to the 

suggested. The geographical view of the Laxapana pond is shown in Figure 1

: Satellite view of the Laxapana pond taken by the 
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Laxapana Power station, and it is fed from the 
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Figure 18: Valley area in front of 

Considering the geographical view in front of 

it can be clearly identified that the capacity can be improved by relocating 

Laxapana dam. The relocation is suggested in front of the existing dam. The 

possibility can be considered

valley area is well suited to store more water. The suggested relocating position is 

shown in Figure 19. 

Figure 19

 

: Valley area in front of the Laxapana pond during water spilling

(Original in colour) 

Considering the geographical view in front of the Laxapana pond and from the 

it can be clearly identified that the capacity can be improved by relocating 

Laxapana dam. The relocation is suggested in front of the existing dam. The 

be considered due to the empty valley area in front of the dam. This 

valley area is well suited to store more water. The suggested relocating position is 

9: View of the proposed dam taken by Google Earth
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Laxapana pond during water spilling 

Laxapana pond and from the maps, 

it can be clearly identified that the capacity can be improved by relocating the 

Laxapana dam. The relocation is suggested in front of the existing dam. The 

due to the empty valley area in front of the dam. This 

valley area is well suited to store more water. The suggested relocating position is 

: View of the proposed dam taken by Google Earth 

Existing dam 
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Then, the new pond surface area can be roughly evaluated by the actual measurement 

and by the use of the maps. Hence, the extended amount of new surface area can be 

evaluated, and it is around 49500 m
2
. Hence, considering the existing height of the 

pond and the valley shape, the new extended volume could be estimated to 0.2 

MCM. Then, the new total capacity of the Laxapana pond would be 0.4 MCM. The 

estimated capacity is only a minimum value, and probably the capacity will be higher 

than estimated. However, the estimated additional 0.2 MCM can be used to save the 

water spilled each day. In this case, it is assumed that the saved water 0.2 MCM 

(7.06 million cubic feet) can be used to generate electricity during that particular 

rainy day. Hence, again, additional 0.2 MCM capacity will be available to store 

rainwater for the next day. Then, each day that spilling occurs, an additional 0.2 

MCM can be saved to generate more electricity. 

In order to get a quantitative analysis of the volume of the water that can be saved, 

the data in Appendix-II is used. From the improvement, the maximum volume of 

water can be saved per day is assumed as 0.2 MCM (7.06 million cubic feet). Hence, 

from the past data of 2009, 2010 and 2011 in Appendix-II, the total water saving in 

each year could be calculated as 402.1, 597.7 and 162.2 million cubic feet 

respectively. Hence, in order to predict the future saving per year, the average value 

of the above values, 387.33 million cubic feet, is assumed. 

3.3. Benefit from the modification 

The volume of 387.33 million cubic feet/year can be used to generate extra 

electricity to the national grid. This additional energy can be used instead of thermal 

power during off-rain time. Hence, 15 LKR / kWh is taken as the income from 

replacing thermal power. 

• Usually, Samanala PS consumes 1250 cusecs when it generates full load of 75 

MW. 

• By saving 387.33 million cubic feet, the additional hours that the generators can 

be driven at full load is 387.33 x 10
6
/1250 = 309864 s = 86.07 hours /year 

• Additional energy generated  = 75 x 86.073 = 6.455 GWh 

• Then total annual additional income  = 15 x 6.455 x 10
6 
= 96.83 million LKR   
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3.4. Viability of the modification 

3.4.1. Cost of the new construction 

A new dam should be constructed in the proposed position. Assuming that the new 

dam has the same dimensions as the existing dam, the parameters of existing dam are 

shown below. 

• Type             : Concrete gravity 

• Height          : 29.56 m 

• Crest length  : 137.16 m 

• Total volume : 51401 m
3 
(including the hollow area inside the dam) 

In order to arrive at an estimate for the cost of during the construction of the new 

dam, the cost of construction of the existing dam is considered. When the dam was 

constructed in 1969, the construction cost was 1 million USD. From the inflation rate 

from 1969 to 2012, the present value of 1 USD in 1969 can be taken as 6.36 USD 

[8]. Then, the construction cost of the new dam can be estimated. 

The new dam construction cost (in USD)    = 6.36 (6.36 x 1) million USD 

The new dam construction cost (in USD)    = 814 million LKR (128 LKR / USD is 

taken) 

However, this cost can be reduced to around 650 million LKR as we can take most of 

the parts (radial gates, control system etc.) in existing dam. 

3.4.2. Cost of the outage of the Power Stations 

The new dam can be constructed without any outage of the Samanala PS as it is 

constructed in front of the existing dam. However, for the removal of the existing 

dam, the Laxapana pond should be dewatered. Hence, the OLPS, the NLPS and the 

Samanala PS should be shut down during the period. 

• From Table 7 (in section 2.10), average energy generation of the OLPS is 25.5 

GWh /month 

• From past data of the Laxapana PS, on average during dry seasons, the NLPS 

generates around 45 GWh /month and the Samanala PS generates 28 GWh 

/month 
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Then, for a two-week outage, on average 12.75 GWh, 22.5 GWh and 14 GWh will 

be lost from the OLPS, the NLPS and the Samanala PS respectively. Then around 49 

GWh will be lost to the national grid in the period of outage. This loss of generation 

can be recovered my both hydro and thermal powered generators. 

• Take the cost of alternative generation during the outage as 20 LKR /kWh 

• The total cost for the absence of mentioned PS, (49 x 20) = 980 million LKR 

• The total cost for the outage, (650 + 980) = 1630 million LKR  

3.4.3. Analysis of the modification 

Considering the total cost and the annual income, the SPP of the project can be 

calculated as follows. 

• The SPP = 
����� ���� �� �	
 ���
��

������ �����

= 
���� 

��.�� 

 = 16.83 years 

Hence, the calculated payback period is 16.8 years. If the SPP is considered, this is a 

high value. In economic terms, this project can be said to be not feasible. 

Nevertheless, this value is not high if it is considered with respect to the lifespan of 

the dam. The existing dam is about 40 years old. Generally, a dam can exist more 

than 100 years. 

According to the CEB Long Term Generation Expansion Plan 2013 -2032, it can be 

predicted that costly thermal power may become cheaper as Puththalam coal power 

plant full capacity (900 MW) and Trincomalee coal power plant (500 MW) are 

commissioned on 2015 and 2018 respectively. Then, the variable cost of mentioned 

thermal power can be predicted as 15 LKR /kWh. If the prediction is correct, then, 

the total cost of the Laxapana dam modification will become 1385 million LKR and 

the Simple payback period will be reduced to 14.3 years. Then, it is economical to 

start the modification after 2018. 

The lifetime of the new dam is assumed to be 75 years. Roughly, after 14.3 years, the 

payback period will be completed. Then, annually, a total additional income of 96.83 

million LKR can be received without any cost. Then during the next 60.7 (75 -14.3) 

years after the payback period, the total income of 5877 (96.83 x 60.7) million LKR 

can be received. Therefore, the project can be assumed viable. 
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Finally, it can be concluded that the considered modification is viable. Hence, it is 

suggested to implement the modification to improve the efficiency of the Laxapana 

Complex after 2018. However, from the modification compared to daily water 

spilling, only a little amount of spill water can be saved. Hence, still, a considerable 

amount of rainwater will flow into the river without doing effective work. Thus, 

another method should be found to save the rest of the spill water. Therefore, another 

method to save the spill water from the Laxapana pond will be discussed in chapter 

4.  
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4. GENERATING CAPACITY ENHANCEMENT STUDY OF 

THE SAMANALA POWER STATION 

In chapter 3, the possibility of pond capacity improvement of the Laxapana pond was 

considered. Even if the modification was viable, only a small volume of spill water 

could be retained. Hence, in order to save the spill water further, a requirement of 

another method is raised. Then, considering the requirement and possible 

modifications, one of the viable solutions found is the enhancement of the power 

generating capacity of the Samanala PS. That is, installing another generator to 

increase the total generation capacity of the power station. Hence, in this chapter, an 

attempt is made to find the possibility of enhancing the generating capacity of the 

Samanala PS with the viability of the proposed modification. 

In order to carry out such a modification, the tunnel, which carries water to the 

Samanala PS, should be capable of withstanding a higher water flow. Usually, most 

of the tunnels are designed for a higher flow rate than the rated value but with high 

tunnel head-loss. However, the maximum flow rate that the water can safely flow 

and the head-loss at that particular flow rate are to be estimated. A report of a past 

study, Master plan for the Electricity supply of Sri Lanka in 1989 [9], states that a 

study that has been done to find the capability of generating capacity enhancement of 

several tunnels considering the capability of the tunnels.  

Taking the figure of maximum flow in the Samanala tunnel from the mentioned 

previous study as a base data, this study finds the optimum generating capacity of a 

new generator to be installed at the Samanala PS. 

4.1. Data of the Study Done in 1989 

• Maximum flow through the Samanala tunnel when two generators are run at full 

load = 39 m
3 
s

-1
 or 1377.27 cusecs (1250 cusecs or 35.39 m

3 
s

-1
 practically) 

• Tunnel head-loss when two generators are run at full load =  15.2 m (when the 

pond level is 377 MASL (Meters above sea level))  

• Maximum flow through the tunnel suggested with an extra generator = 55.0 m
3 
s

-1
 

= 1942 cusecs (this is the calculated maximum flow in the tunnel ) 



 

• Tunnel head-loss suggested

(when the pond level is 377 MASL)

Here, 377 MASL equals to 1237 feet above the sea level, and it is 9 ft head above the 

MOL (Minimum Operating Level) of the La

4.2. The Tunnel of 

The Samanala tunnel is 25400 feet long, and it is a U

“Partially lined” refers to the fact that the tunnel has sections where the concre

lining has been applied, and 

However, in the Samanala tunnel, only a smaller portion is lined. Therefore, it is 

interested to analyze the velocity of the tunnel when the maximum flow is gained. 

Then, it will be useful to verify whether t

4.2.1. New Water Velocities in the Tunnel

In order to find average flow velocities in the tunnel, two mentioned sections are 

chosen. One is a lined section and the other is an un

a lined section is shown in Figure 

 

 

 

 

 

 

 

 

 

 

 

Figure 20: Cross

loss suggested with extra generator at 55.0 m
3 
s

(when the pond level is 377 MASL) 

Here, 377 MASL equals to 1237 feet above the sea level, and it is 9 ft head above the 

MOL (Minimum Operating Level) of the Laxapana pond. 

The Tunnel of the Samanala Power Station  

tunnel is 25400 feet long, and it is a U-shaped partially lined tunnel. 

“Partially lined” refers to the fact that the tunnel has sections where the concre

lining has been applied, and also sections where no lining has been 

However, in the Samanala tunnel, only a smaller portion is lined. Therefore, it is 

e the velocity of the tunnel when the maximum flow is gained. 

Then, it will be useful to verify whether the velocities are in an acceptable range.

New Water Velocities in the Tunnel 

In order to find average flow velocities in the tunnel, two mentioned sections are 

chosen. One is a lined section and the other is an un-lined section. A cross

section is shown in Figure 20: 

: Cross-section of a Lined section of the tunnel of the Samanala PS
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s
-1
 flow = 24.67 m 

Here, 377 MASL equals to 1237 feet above the sea level, and it is 9 ft head above the 

shaped partially lined tunnel. 

“Partially lined” refers to the fact that the tunnel has sections where the concrete 

also sections where no lining has been applied. 

However, in the Samanala tunnel, only a smaller portion is lined. Therefore, it is 

e the velocity of the tunnel when the maximum flow is gained. 

he velocities are in an acceptable range. 

In order to find average flow velocities in the tunnel, two mentioned sections are 

lined section. A cross-section of 

section of a Lined section of the tunnel of the Samanala PS 



 

From Figure 20, area of the cross

calculated is 172.81 ft

• Flow velocity in the tunnel when two generators are run at 

• Current rated flow is 1250 cusecs

• V = 
����

���.��
 = 7.2 ft s

• Flow velocity in the tunnel when three generators are run at Full load,

V = 
��	�

���.��
 = 11.23 ft s

• Hence, increasing the flow, the velocity in the tunnel will be increased by                 

1.22 ms
-1
; however, 3.42

A cross-section of an unlined section of the tunnel is show

 

 

 

 

 

 

 

 

 

 

 

Figure 21: Cross-section of an

• Cross sectional area calculated =

• Flow velocity in the tunnel when two generators

• V = 
����

��	.	��
 = 5.83 ft s

, area of the cross-section can be calculated. The effective area 

172.81 ft
2
. Then, the flow velocities can be calculated as below:

Flow velocity in the tunnel when two generators are run at full load, V =  

Current rated flow is 1250 cusecs 

= 7.2 ft s
-1 
or 2.2 m s

-1
 

Flow velocity in the tunnel when three generators are run at Full load,

= 11.23 ft s
-1 
or 3.42 m s

-1
 

Hence, increasing the flow, the velocity in the tunnel will be increased by                 

; however, 3.42 m s
-1
 will lead to higher head-loss. 

section of an unlined section of the tunnel is shown in Figure 2

section of an unlined section of the tunnel of the Samanala PS

Cross sectional area calculated = 214.471 ft
2
 

Flow velocity in the tunnel when two generators are run at Full load, V = 

5.83 ft s
-1 
or 1.765 m s

-1
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section can be calculated. The effective area 

be calculated as below: 

ull load, V =  

��

����
 

Flow velocity in the tunnel when three generators are run at Full load, 

Hence, increasing the flow, the velocity in the tunnel will be increased by                 

n in Figure 21: 

section of the tunnel of the Samanala PS 

are run at Full load, V = 

��

����
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• Flow velocity in the tunnel when three generators are run at Full load;  

V = 
����

���.���
 = 9.05 ft s

-1 
or 2.76 m s

-1
 

• Hence, increasing the flow, the velocity in the tunnel will be increased by 1 m s-1
, 

however, it is a lower increase compared to the lined section. 

In real construction, this tunnel had been constructed as a partially lined tunnel, in 

the sense that most of its length is unlined, and only a small section is lined. Hence, 

at maximum flow, the velocity of the tunnel is kept around 2.76 m s
-1
which is not a 

high value. 

4.3. Analysis of the Optimum Capacity of the New Generator  

From the above data, it was discovered that the maximum flow in the tunnel is 55-

m
3
s

-1
. However, the maximum flow is not the optimum flow. Hence, it should be 

restricted to a value given by the spill data of the Laxapana pond during past years. 

For the analysis, spill data of 2009, 2010 and 2011 are considered (see Appendix-II). 

From the spill data, an average spill rate for each day of spilling occurred is 

calculated. From the data, an average spill rate for each year is calculated and 

presented in Table 10: 

Table 10: Average spill rates of the Laxapana pond during three years 

 

 

 

 

 

• For a more reasonable value, the average value of above three figures is taken. 

• Hence, Average spill rate (for the 3 years) = 1055.128 cusecs 

However, due to the limitations of the capability of the tunnel and its parameters, the 

maximum flow through the tunnel should be restricted to 1942 cusecs. Hence, for the 

new generator, the maximum flow would be 692 cusecs (1942 cusecs -1250 cusecs). 

Hence, comparing the tunnel flow limitation of 692 cusecs and the spill rate 

Year Average spill rate (cusecs) 

(average of spilled days) 

2009 1279.087 

2010 575.630 

2011 1310.666 
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limitation of 1055.13 cusecs, for the new generator, the maximum flow is optimized 

to 692 cusecs (19.595 m
3 
s

-1
). 

When the spill data is considered, the fact that should be considered is the time 

duration that water spilling happens per day. The duration varies according to the 

rainfall, and it is not a constant value. However, for the calculations, a reasonable 

value should be assumed. Hence, an average value of the past three years is taken. 

From the past three years of spill data in Appendix-II, an average spilling duration 

per day is calculated. The average value is calculated only for the days that the water 

spilling has happened, and the average values are 15.9 hours, 13.6 hours and 15.9 

hours during the years of 2009, 2010 and 2011 respectively. From these three years, 

an average value of 15.13 hours per day is taken for calculations. 

For the given flow and for other parameters, the new capacity of a new generator can 

be calculated. Efficiencies of modern equipment are assumed and are shown below: 

• Turbine efficiency: 92 % ( for Francis turbine) 

• Generator efficiency: 98% 

• Total Gross head, 259 m (850 ft) +1 m (9 ft head at the Laxapana pond) = 260 m 

• Total Net head: 260 -24.67 = 235.33 m (head-loss is taken from previous study) 

• Maximum flow: 692 cusecs or 19.595 m
3 
s

-1
 

Then, estimated power of the generator can be calculated by the following equation. 

Power transferred to the generator is given by: �������ℎ����� where, 

��� = efficiency of the turbine and generator (��x��) 

Q    = maximum rated flow in the Penstock  

�     = density of flowing water (1000 kg m
-3
) 

�     = acceleration of gravity (9.81 m s
-1
) 

ℎ��� = maximum net water head (235.33 m) 

Then, ��� = 0.92 × 0.98 × 19.595 × 235.33 × 1000 × 9.81 = 40.8 MW 

Therefore, with the modern efficiencies, the maximum power delivered from the 

generator to be installed is 40.8 MW.  
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4.4. Annual Income from the 40.8 MW-Generator  

Assume that the 40.8 MW generator is installed. Then, the maximum rate that the 

spill water can be saved by the new generator is 692 cusecs. Considering the storage 

capability of the Laxapana pond for rainfalls, the maximum spill water volume saved 

to generate hydropower from the new generator, in a particular day, can be found as 

follows. 

• Water volume can be saved to generate power = spill rate (cusecs) x time in 

seconds (assume the generator is run, on average, 15.13 hours to get the maximum 

output from the spill water) 

= 692 x 60 x 60 x 15.13 = 37.7 million cubic feet/ day 

• The energy can be generated from 37.7 million cubic feet is 40.8 x 15.13 = 617.3 

MWh 

• Hence, energy generation of unit volume of water consumption for the generator 

is 16.374 (617.3 /37.7) MWh / million cubic feet. 

Hence, from the past spill data in Appendix-II, maximum annual savings of spill 

water by installing the new generator can be found, and is summarized in Table 11: 

Table 11: Annual spill water volume saving by installing 40.8 MW-generator 

 

 

 

 

Hence, it is reasonable to take the average value of 1355.9 million cubic feet /year 

from the three figures in Table 11 for the future calculations. Then: 

• Average annual energy generation with new generator = 16.374 x 1355.9 MWh 

                                                                                        = 22.2 GWh 

• Take the recent selling price of an energy unit as 14 LKR /kWh [7] 

• Hence, extra annual income by installing the new generator = 22.2 x 10
6 
x 14  

                                                                                         = 310.8 million LKR 

Year Annual Savings of spilling water by installing 40.8 MW 

generator (million cubic feet) 

2009 1611.5 

2010 1804.6 

2011 651.6 
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4.5. Cost of the Maximum Capacity Loss of the Existing Generators 

According to the mentioned study, when the generator is installed and run at full 

load, the head-loss through the tunnel will be roughly 24.67 m. Therefore, the 

effective water head to the existing generators will be lower. Then, the maximum 

capacity will also be lower, and the new capacity can be found by the usual 

equation, �� �����ℎ�����. When the scenarios of two-generator operation and three-

generator operation are considered, from a particular situation to the other, the 

effective change will be the head-loss difference. 

• Hence, �� � �. ℎ��� 

• Then, applying the equation for one existing generator for the two situations: 

���

���

=

�����

�����

   →
��.�

���

=

(���	
�.�)

(���	��.��)
 ; 

 Pg2 = 36.05 MW (new maximum capacity when new generator is run at full load) 

Hence, 1.45 MW will be lost in each of the existing generator, and a total of 2.9 MW 

will be lost from both generators when all the generators are run at full capacity. This 

will happen only during rainy days. During the considered three years, annual 

average hours of rainfall happened can be calculated as 904 by the data in Appendix-

II. Hence, after the installation of the new generator, the loss of energy due to extra 

head-loss on rainy days can be calculated as follows: 

•  Annual energy loss due to the  high head-loss; 2.9 x 904        = 2621.6 MWh 

• Taking the unit cost 14 LKR /kWh, the cost for the head loss = 36.7 million LKR 

4.6. Cost of the Modification 

For the modification, a new penstock, generator, transformer, powerhouse and civil 

structures are needed. 

4.6.1. The Penstock cost  

In order to obtain an approximate estimation for the penstock to be established, an 

average diameter and average wall thickness are assumed. 

For the average flow velocity in new penstock, average flow velocity in the existing 

penstock is assumed.  
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• Penstock inside diameters of existing generators = 2.29 m - 2.05 m  

• Hence, average penstock diameter, Dp’              = 2.17 m  

• Average flow in each penstock (existing), Q’     = 17.698 m
3
 s

-1
 (625 cusecs) 

• Average flow velocity in existing penstock; v    = 
��

π��′
� = 

�×��.���

π×	.���
 = 4.785 m s

-1
 

• Maximum flow in the  new penstock                  = 19.595 m
3
 s

-1
 

• Average internal diameter of the penstock, Dp    =���

π

 =�� 

����.���

×�.��
� = 2.28 m 

4.6.1.1. The Penstock wall thickness 

Using the steps and the equations used in section 2.3.2, the wall thickness is 

calculated. 

• Wave Velocity in the penstock, a                          =   �	.�×���  
×�

������
, where D is 

penstock internal diameter  and t is penstock wall thickness 

• Take t (wall thickness) = 47.65 mm as the estimated value, then; 

• Wave Velocity in penstock (a)                              =   �	.�×���  
×��.��×����  

���×��.��×����  �	.	�
 

• Wave Velocity in penstock (a)                              =    1091.8 m s
-1
 

Surge/Peak Pressure (hs) developed can be calculated as below. 

• Surge Pressure (hs)                                                =    
�×∆�

�.��
 (m) 

Then, the entire length of that penstock pipe will experience this surge pressure.  

Let ∆V = 4.78 m s
-1
   (∆V is velocity change in the pipe in a surge) 

Hence, Peak Pressure (hs)               =  
����.� ×�.��

�.��
  =    580.71 m 

Then, again, the thickness can be calculated using equation below: 

• ���� =

ρ������
	�	


��
     where, 

���         = Ultimate Tensile Strength for steel (410 x 10
6 
Pa) 

S             = safety factor (2.5 is taken)  

D            = penstock internal diameter (2.28 m is taken) 



54 

 

hmax =  maximum pressure head (static + dynamic) 

However, for an average value of static pressure, the midpoint of the penstock is 

selected. Then, 118 m, half of net head, is taken as average static pressure. 

• hmax    = 118 m + 580.7 m = 698.7 m 

• tmin=  
����∗�.��∗���.�∗�.��

�∗���	���/�.

  = 47.65 mm 

Since tmin= t (estimated), the initially assumed t was correct. Therefore, correct 

average thickness has been estimated, and, for corrosion, keeping 2.5 mm, actual 

thickness can be taken as follows. 

• tactual  =  tmin. +  tcorrosion 

• tactual  = 47.65 mm + 2.5 mm ≈ 50 mm 

Hence, the average thickness of the penstock is assumed to be 50 mm. In addition, 

for the new penstock, the length would be as same as the length of the existing 

penstock, 582 m. Hence, the average steel volume required to construct the penstock 

can be calculated as follows: 

• Steel volume required for  the construction of new  penstock, � =
�

�
(d2� − d1�)l, 

The parameters of the equation are as follows: 

• Average inner diameter; d1 = 2.28 m 

• Average outer diameter; d2 = 2.28 m + 50 x 2 mm (d2 = d1+ 2t) 

• Penstock length;                 l = 582 m 

• Hence, �      =
�

�
�2.38� − 2.28�� x 582 = 213 m

3
 

• Steel weight = 7500 x 213 = 1597 tonnes (density of the penstock steel is 7500 kg 

/m
3
) 

• The estimated cost for the penstock = 1597 x 800 = 1278000 USD (cost of 800 

USD per tonne of penstock steel is taken) 

• Installation and other cost (200%) = 2,556,000 USD 

• The total cost for the  penstock and installation is 3,834,000 USD  

• The total cost for the penstock and installation is 490.75 million LKR. (128 LKR 

/USD is taken) 
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4.6.2. Cost of the new generator 

Generator specification 

• Turbine type               : Vertical Francis 

• Rated Speed               : 500 RPM 

• Capacity                     : 51 MVA 

• Rated Power factor    : 0.8 

• Voltage                       : 12.5 kV 

• Control and protection system is a modern PLC and relay based system. 

• Modern market values are around 1 million Euros per MVA for a generator, 

turbine and other auxiliary parts. 

• Hence, the total cost for one generator is estimated to 51 million Euros. 

• The total cost of one generator = 8670 million LKR (taking 170 LKR / Euro)  

4.6.3. Transformer cost 

• Voltage    : 12.5/132 kV 

• Capacity  : 17 MVA x 3 single phase transformers 

• Mode       : ONAF (oil natural air forced) 

• Cost         : 102 million LKR (2 million LKR / MVA taken as current market rate) 

4.6.4. Civil cost 

As a civil construction cost, constructing a new powerhouse and its elements are 

studied. As a rough cost, 125 million LKR is suggested. 

4.6.5. Plant Outage cost 

Outage of the Samanala PS is needed when the new penstock is connected to the 

surge shaft.  

• The estimated outage time is 1 month.  

• Energy loss: 30 x 850 MWh = 25.5 GWh (from past data, 850 MWh /day is taken 

for the average daily generation of the Samanala PS during dry seasons). 

• The cost of loss of energy in the outage; 25.5 x 20 x106 
= 510 million LKR (take 

the cost of loss of generation as 20 LKR /kWh)  

• Water in the Laxapana pond will be spilled during the outage period. 
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4.7. Cost-benefit Analysis for the 40.8 MW generator installation 

Cost benefit analysis is done in order to find out the viability of the modification. 

Cost benefit analysis would be as follows: 

Components                                                              Cost (million LKR) 

 • Generator and other electro mechanical cost 8670.0 

 • Operations and Maintenances cost (1% of above value) 86.7 

 • Penstock cost 490.8 

 • Civil construction cost  125.0 

 • Transformer cost 102.0 

 • Cost of maximum capacity loss of existing generators 36.7 

 • Cost of loss of generation during  outage time 510.0 

 • The estimated total cost for the completed project 10021.2 

 • Annual income 

 

310.8 

• Simple Payback Period (in years) 32.2 

 From the cost-benefit analysis, a SPP of 32 years is calculated. Nevertheless, this 

value is a higher value than the lifespan of the components. Hence, the project is not 

viable. It happened due to under utilization of the new generator. 

Plant factor of new generator = 
������ ������ ������	
�� (��)

���
��� ������ ������ ��� �� ������	�� (��)
 

                                                = 
�����

��.�×��×��� 

 = 0.062 = 6.2% 

To be precise, the plant factor of the new generator is 6.2%. That is, the generator is 

almost unutilized. Hence, in order to find the possibility to make the project viable, 

installing a generator with a smaller capacity is suggested. 

4.8. Consideration of Installing a Small-Capacity Generator 

In the previous case, a maximum flow of 692 cusecs is utilized for the new generator 

suggested, and an almost unutilized plant factor was found. Then, expecting more 

utilized generation, the flow of one third of the above value, 231 cusecs (6.54 m
3 
s

-1
), 

is randomly selected for the new generator. Then, the maximum spill water saving 

per day would be 12.6 (231 x 60 x 60 x 15.13) million cubic feet.  
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By the new generator, daily, only 12.6 million cubic feet of spill water can be used 

for hydropower generation. In this case, the rest of the spill water will spill into the 

river. 

4.9. The New Equivalent Capacity and the Cost of the Generator 

For 37.7 million cubic feet of water saving, 40.8 MW is suggested. Hence, for 12.6 

million cubic feet daily saving, the capacity can be estimated as follows: 

• Capacity = (40.8/37.7)x 12.6 = 13.6 MW; 17 MVA (considering 0.8 power factor.) 

• The generator cost = 17 million Euro ≈ 2890 million LKR (taking 170 LKR /Euro) 

 

4.10. Annual Income from the 13.6 MW-Generator 

In Appendix-II, the annual saving of spill water by the reduced-capacity generator is 

calculated, and the values are summarized in Table 12: 

Table 12: Annual saving of spill water by installing the 13.6 MW-generator 

 

 

 

 

 

For the future prediction of spill water saving by the new generator, the average 

value of the above figures, 653.73 million cubic feet per year is taken. 

• Hence, new annual generation =(653.73/12.6)x 15.13 x 13.6 MWh= 10.676 GWh 

• Annual Income (assuming 14 LKR/kWh)                              = 149.5 million LKR 

 

4.11. Plant Outage cost 

As in the previous case, for one-month outage of the Samanala PS, the cost of 510 

million LKR is taken. 

 

Year Saving  spill water volume per year by 

installing  the 13.7 MW generator (million 

Cubic feet) 

2009 727.4 

2010 971.8 

2011 262.0 
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4.12. New cost for the maximum capacity loss in the existing generators 

In order to find the new full load capacity loss in the existing generators, the current 

head-loss in the tunnel is to be decided. 

From the previous study and from estimations, 

• When the generators are run at (37.5 x 2) MW, head-loss is 15.2 m 

• When the generators are run at (37.5 x 2 + 40.8) MW, head-loss is 24.67 m 

The head-loss when the capacity of 88.7 (37.5 x 2+ 13.6) MW is being delivered can 

be found by the following known equation: 

• � � ����ℎ����� ;where ℎ��� is net head 

• � � ���� (� − ℎ����)�� where ℎ���� is head-loss and  H, gross head = ℎ��� + ℎ���� 

• � �−(Qρg)�	
�� + η�QHg 

• Y= -mX + C 

Then, for two known situations, such as the existing configuration (hloss= 15.2 m at 

75 MW) and the previous configuration (hloss= 24.67 m at 115.8 MW) is taken with 

unknown head-loss when 88.6 MW is being delivered. The unknown head-loss (H’) 

can be found as follows. 

24.67 − 15.2

115.8 − 75
=

�′ − 15.2

88.6 − 75
 

New head-loss (H’) is 18.36 m 

The new maximum capacity of the existing generators can be found by the usual 

equation, �� � ����ℎ�����. However, during the scenarios of the two-generator 

operation and the three-generator operation, for a particular generator, the effective 

change, from one situation to the other, is the head-loss difference. 

Hence,  ���	ℎ���, applying the equation for the two situations and for one existing 

generator, 

���

���

=

�����

�����

→
��.�

���

=

(���	
�.�)

(���	
�.��)
  ; 

Pg2 = 37.02 MW (new maximum capacity when new generator is run at full load) 
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Hence, 0.48 MW will be lost from each existing generator, and total of 0.96 MW will 

be lost from both generators when all the generators are run at full capacity. This will 

occur only during rainy days. During the considered three years, annual average 

hours of rainfall happened can be calculated as 904 by the data in Appendix-II. 

Hence, the loss of energy from the existing generators due to the extra head-loss 

during rainy days could be calculated as follows: 

• Annual energy loss due to extra head-loss 0.96 x 904 = 867.84 MWh 

• Taking the unit cost as 14 LKR /kWh, the cost for the capacity loss = 12.15 

million LKR 

4.13. New Costs for the New Generator and the Components 

4.13.1. Transformer cost 

• Voltage  : 12.5/132 kV 

• Capacity: 6 MVA x 3 single phase transformers 

• Mode     : ONAF 

• Cost       : 36 million LKR (2 million LKR per MVA is taken) 

4.13.2. Civil cost 

As in the former case, the rough cost of 125 million LKR is suggested. 

4.13.3. Penstock cost 

In order to get a rough estimation for the penstock to be installed, as in the previous 

case, an average diameter and average wall thickness are assumed. For the average 

flow velocity in the new penstock, the average flow velocity in the existing 

penstocks is assumed. 

• Average flow velocity in existing penstock; v = 
��

π��
�  = 

�×��.���

π×	.���
 = 4.785 m s

-1
 

• For the new generator, flow velocity in the new penstock of  4.785 m s
-1
 is taken 

• Maximum flow in the new penstock = 19.595 /3 m
3
 s

-1
 = 6.5 m

3 
s

-1
 

• The Average diameter of new penstock, Dp = 
��

π

= �� 

� � �.�

×�.��
� = 1.32 m 
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4.13.3.1. Wall thickness calculation 

Using the steps and the equations used in section 2.3.2, the wall thickness is 

calculated. 

• Penstock wave Velocity, a =   ��.�×���  
×�

������
 (same calculations as in 4.6.1.1.)  

Take t (wall thickness)                =    27.58 mm as the estimated value, then: 

• Wave Velocity in penstock ,a   =   ��.�×���  
×��.�	×����  

���×��.�	×����  ��.
�
 

• Wave Velocity in penstock , a    =    1091.74 m s
-1
 

Surge/Peak Pressure (hs) developed can be calculated as below. 

• Surge Pressure = 
�×∆�

.	�
 (m) 

Then, the total length of the penstock pipe will experience this surge pressure. 

Let ∆V = 4.78 m s
-1

 

Hence, Peak Pressure, hs  = 
1091.74×4.78

9.81
 = 580.68 m 

Then, again, the thickness can be calculated using equation below.  

• ���� =

ρ������
����

��
   (Refer the section 4.6.1.1.) 

• hmax= maximum pressure head (static + dynamic)  

However, for an average value of static pressure, the midpoint of the penstock is 

selected. Then, 118 m (half of net head) is taken as average static pressure. 

• hmax    = 118 m + 580.68 m = 698.68 m 

• tmin=  
����∗�.��∗���.��∗�.��

�∗���	���/�.

  = 27.58 mm 

Since tmin = t (estimated), initially assumed t was correct. Therefore, for the correct 

average thickness 27.58 mm is taken. For corrosion, keeping 2.5 mm, the actual 

thickness is taken as follows: 

• tactual = 27.58 mm +2.5 mm ≈30 mm 
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Hence, the average thickness of the penstock is assumed to be 30 mm. For the new 

penstock, the length would be as same as the length of existing penstock pipes, 582 

m. Hence, the average steel volume required to construct the penstock can be 

calculated as follows: 

Steel volume required for the penstocks,   � =
�

�
(d2� − d1�)l where, 

Average inner diameter; d1   = 1.32 m  

Average outer diameter; d2   = 1.32 m + 30 x 2 mm (d2 = d1+ 2t) 

Penstock length             l     = 582 m 

� =
�

�
�1.38� − 1.32��582  = 74.05 m3 

• Steel weight of the penstock = 7500 x 74.05 = 555.38 tonnes (density of the steel 

of the penstock is taken as 7500 kg /m
3
) 

• The estimated cost for the new penstock   = 555.4 x 800  = 444,300 USD (800 

USD per tonne of steel in penstock is taken) 

• Installation and other cost (200%)                = 888,600 USD 

• Total cost for the penstock and installation  = 1,332,900 USD  

• Total cost for the penstock and installation  = 170.6 million LKR (128 LKR /USD 

is taken) 

4.14. Cost-Benefit Analysis for 13.6 MW-Generator Installation 

Components, costs and income (in million LKR) are summarised below. 

• Generator and other electro-mechanical cost 2890.0  

• Operations and Maintenances cost (1% of above value) 28.9 

• Penstock cost 170.6 

• Civil construction cost  125.0 

• Transformer cost 36.0 

• Cost of maximum capacity loss of existing generators 12.2 

• Cost of loss of generation in outage time 510.0 

• Total estimated cost 3772.7 

• Annual income 149.5 

• SPP (in years) 25.2 
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According to the results, the payback period has reduced to 25 years. However, the 

modification is still not considerably viable to utilize the generator more in order to 

save the spill water that spills from the Laxapana pond. 

Plant factor of new generator =
������ ������ ������	
��

��
��������� ������ ��� �� ������	��
 

Plant factor = 10676 / (13.6 x 24 x 365) = 0.1206 = 8.9 % 

The Plant factor has now improved relative to the previous case; however, the plant 

has still not been utilized properly.  

As in the former example, the capacitance of the generator can be further reduced to 

get a more utilized generator. Nevertheless, it will reduce the saving of spill water, 

and, ultimately, it will not satisfy the necessity of saving spill water from the 

Laxapana pond. Thus, it is wiser to discover an alternative method to utilize the 

generator instead of reducing the capacity. 

4.15.  Consideration of Utilizing the Generator 

After the rehabilitation project of the NLPS, both generators are expected to run at 

110 MW or more. It is, at least, an increase of 10 MW. Hence, the water discharge 

rate of the NLPS will be 880 cusecs at full load of the generators. From the OLPS, 

water, in the rate of 500 cusecs, flows into the Laxapana pond at full load. Then, 

altogether, to the Laxapana pond, the rate of 1380 cusecs will be stored when all the 

generators are run at full load. However, the existing generators at the Samanala PS 

consume only 1250 cusecs at full load of 75 MW. Then, the difference among the 

rates of inflow and outflow, 130 cusecs, can be utilized for the new generator 

throughout the year. Then, at full load of all the generators mentioned, a stable pond 

level in the Laxapana pond can be maintained. 

Equivalent capacity for the 130 cusecs =  
����� ���� (������)

����� �	
�����	
 ���� �� ��

 �
 
�� ��
����	� (������/��)

 

                                                       =  

���

���/��.�
 = 7.65 MW 
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Hence, 7.65 MW capacity out of 13.6 MW can be utilized by keeping a stable level 

of the pond. If this capacity is used throughout the year when there is no heavy rain, 

the generator will be automatically partially utilized. For this, the cost will be the 

water in the reservoirs and the production cost only. This hydro generation can be 

used to replace costly thermal power during peak and off-peak time. 

• Assume 11 LKR /KWh as a save for unit generation of the new generator. 

• Then, the plant can generate 7.65 x 16 x 305 = 37.33 GWh (16 hours per day and 

305 days per year are assumed taking out 60 days as usual spilling days)  

• Income from running at 7.65 MW is 410.6 million LKR 

• Total annual income from the generator is (149.5 + 410.5) = 560 million LKR. 

 

4.16. Cost-benefit Analysis after the utilization 

New cost benefit analysis can be presented as follows. 

Components, costs and income (in million LKR) are summarised below. 

• Generator and other electro mechanical cost 2890.0 

• Operations and Maintenances cost (1% of above value) 28.9 

• Penstock cost 170.6 

• Civil construction cost  125.0 

• Transformer 36.0 

• Cost for maximum capacity loss of existing generators 12.2 

• Cost of loss of generation in outage time 510.0 

• The estimated total cost of the project when done 3772.7 

• Annual income 560 

• Simple Payback Period/ SPP (years) 6.7 

 

Now the payback period is reduced to 7 years and this is highly acceptable as the 

generator lifetime is more than 30 years. 

Annual minimum total generation of the generator = 10.68 GWh (saving spilling 

water) + 37.33 GWh (as a hydro plant for Peak and off-peak generation) = 48 GWh 
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Plant factor after the utilization =
������ ������ ������	
��

��
��� ������ ������ ��� �� ������	��
 

Plant factor after utilization = 48000/ (13.6 x 24 x 365) = 0.403 = 40.3 % 

Hence, the plant factor has been now increased to almost 40%, and it can be said that 

the plant is now utilized well compared to the previous situations. 

Moreover, in this section, the minimum generation of the new generator is estimated, 

and, still, the plant can generate more power and energy whenever water is available. 

Hence, the practical benefit would be much higher than estimated. Hence, installing 

the new generator of 13.6 MW is viable, and the proposal of adding another 

generator to minimize spill water is successful to a considerable extent. In addition to 

that, here, the calculations are performed exclusively for two capacities of 

generators. The capacities considered are 40.8 MW and 13.7 MW and proposed 

generator of 13.7 MW is recommended be installed. However, 13.7 MW is taken 

randomly, and it is not the optimum capacity even if the project is viable. Hence, the 

benefit can be further optimized by analysing the cost and benefit for different 

generators of different capacities. 
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5. NEW LAXAPANA TUNNEL LEAKAGE ANALYSIS 

The Laxapana generating stations consist of two power stations called the Old 

Laxapana PS and the New Laxapana PS. The New Laxapana generator-installation 

project was completed in 1974 with two generating units. Then, after two years since 

the New Laxapana generators were commissioned, in 1976, a tunnel leakage in the 

tunnel at Kiriwaneliya was observed. After some time, the leakage had gradually 

increased to a considerable amount. After some further time, the leakage had been 

identified and verified as a tunnel leakage by inserting a chemical to the tunnel and 

observing the chemical composition at the leakage points. Even though there was a 

tunnel leakage, initially, there was no rapid requirement of repairing it as there were 

adequate supplies of power at that time. However, recently, the need of power and 

energy has been critical, and, nowadays, maximum efficient usage and efficient 

generation are considered. 

In 2009, the recent leakage flow had been calculated. However, the repair was 

delayed due to both the unavailability of 100 MW at the time of repair and the cost of 

the outage during the repair. However, in 2011, 300 MW was added to the national 

grid with the Norochchole coal power plant. Now, the mentioned plant is in 

operation, hence, the effect of the loss of 100 MW is minimized. 

In 2011, the New Laxapana Rehabilitation project was started. Then again, there was 

a schedule to repair the tunnel leakage. However, the task was delayed due to several 

reasons. At the moment, one of the NL generators has already been refurbished, and 

is running. Generator Unit No 2 is to be rehabilitated in 2014. 

For the tunnel leakage, there should be a proper cost benefit analysis to get an idea in 

terms of currency movement. Hence, by calculating the total cost of outage and other 

expenditures, the cost is to be analysed, and the benefit is to be calculated by 

analysing the income from the extra generation after the repair. 

In this chapter, it is hoped to analyse and emphasize the benefit of repairing the 

tunnel during the Rehabilitation project. 

 

 



 

5.1. Data Analysis 

The recent tunnel leakage measurement was done in 2009,

done by the Civil Engineer of the Laxapana Complex. The measured data are shown 

in the table in Appendix

Figure 22. 

Figure 22: Graph of NL tunnel leakage Vs. Total power o

5.1.1. The Observation

By observing the results, it can be observed that the leakage flow is usually a 

constant value of 0.29 m
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The recent tunnel leakage measurement was done in 2009, and the measurement was 

done by the Civil Engineer of the Laxapana Complex. The measured data are shown 

in the table in Appendix-III. The results are summarized and shown in the graph in 

: Graph of NL tunnel leakage Vs. Total power of NL generators

The Observation 

By observing the results, it can be observed that the leakage flow is usually a 

9 m
3 
s

-1
 during all considered days with load variation.

The Analysis 

The amount of water wastes per day due to leakage = 0.29 x 60 x 60 x 24 

                                                                                    = 25,056 m

24 cusecs 

In New Laxapana generators, water consumption is ≈ 8 cusecs / MW

Hence, the equivalent power loss                               = 10.24 / 8 = 1.

Energy loss per day = 1.28 x 24                                 = 30.72 MWh

n typical energy units (kWh)                 = 30,720 units /day

20 30 40 50 60 70 80

Total power from both generators (MW)

Leakage discharge measured (m3/s)

NL tunnel leakage Vs. Total power of the 

generators
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and the measurement was 

done by the Civil Engineer of the Laxapana Complex. The measured data are shown 

III. The results are summarized and shown in the graph in 

 

f NL generators 

By observing the results, it can be observed that the leakage flow is usually a 

during all considered days with load variation. 

9 x 60 x 60 x 24  

m
3
 

≈ 8 cusecs / MW 

/ 8 = 1.28 MW 

MWh 

units /day 

80 90 100

Total power from both generators (MW)

Leakage discharge measured (m3/s)
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5.2. Total Cost Estimation 

Recently, from observing and predicting the nature of the leakage of the tunnel, the 

tunnel repair cost is roughly estimated to be 50 million rupees. The total outage 

duration is estimated as three months (90 days). This period includes dewatering the 

tunnel carefully, repairing and the re-filling the tunnel. If the repair is going to be 

done during a usual operational period of the NL generators, the New Laxapana Unit 

1 and Unit 2 generators would have to be shut down and the cost of the loss of 

energy would be higher. However, during the rehabilitation project time, one 

generator will be stopped for refurbishment. Hence, if the repair is done during the 

rehabilitation project, only one generator would need to be stopped for tunnel 

leakage repair, which is advantageous.  

5.2.1. Loss of generation during the outage time 

Figure 23 shows the average unit dispatch of NL Unit 2 during May 2012. In that 

particular month, NL Unit 1 was in rehabilitation stage. During the outage time, the 

dispatch of NL Unit 2 is almost the same as in the month of May, but with minor 

differences. 

 

Figure 23: New Laxapana Unit 2 average dispatch during May 2012 
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From the average curve in Figure 23, it can be clearly seen that NL Unit 2 has been 

utilized to full load during most of the daytime, and the generation is at minimum 

load from 22:30 hours to 3:30 hours and at around 7:30 hours. 

When the NLPS Rehabilitation was in operation, the following data was gathered. 

During the mentioned months, the NL generation was made from NL Unit 2 only. 

NL Unit 1 was on Rehabilitating stage. 

• In February 2012, generation of New Laxapana PS is 15061 MWh 

• In March 2012, generation of New Laxapana PS is 31046 MWh 

• In April 2012, generation of New Laxapana PS is 20600 MWh 

Taking the average, the energy generation loss per month due to unavailability of one 

NL generator during tunnel repair time can be predicted to 22235.67 MWh.  

• The total loss of energy generation in the repair period of  three months;  

                                                                                   (22235.67 x 3)  = 66.71 GWh 

When both the New Laxapana generators are stopped, due to the cascade design of 

the Laxapana complex, either the Canyon generators should be kept stopped not to 

waste water or the Canyon PS should be spilling water from the Canyon pond. 

However, the worst case, which is the loss of the generation of the Canyon PS is 

considered. Hence, the amount of energy lost by not running the Canyon PS is to be 

considered. Therefore, it is better to analyse the total dispatch of the Canyon PS 

during a whole day. Figure 24 shows the total dispatch of the Canyon PS during May 

2012. 

 

Figure 24: Canyon PS average dispatch during May 2012 
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From the past data of the Canyon PS, the average daily generation is calculated as 

300 MWh. 

• The total loss of generation due to the 3 month-outage is 90 x 300 MWh 

= 27 GWh 

• Hence, the total loss of generation due to the outage = 66.71+ 27 GWh     

= 93.71 GWh 

5.2.2. Actual cost of the loss of generation 

In the above section, the total cost of the loss of generation during the tunnel leakage 

repair was estimated. However, the unit cost of each energy unit lost in the outage 

time may vary, and the cost will be different according to the time of the day. At 

peak times, the cost is higher and in off-peak time, the cost is lower.  

In Sri Lanka, in a particular day, there are several peak times such as the Morning 

peak, Evening peak and the Night peak. Among the three peak periods, the Night 

peak has the maximum demand of around 2000 MW. In order to get a picture of 

maximum demand, the reader may refer the Average Load curve of Sri Lanka in 

2012 in Appendix-IV. According to the load curve, the maximum peak is reported 

during the night-time, from 6:30 pm to 10:00 pm (3.5 hours). During the Night peak, 

most of the thermal and hydro generators in Sri Lanka will be started up and be run 

at full load. Here, the cost will be higher. Hence, in order to estimate the cost of the 

loss of generation during leakage repair time, the generation-mix should be 

considered. 

5.2.3. Generation mix 

The next rehabilitation outage of the NL generator is scheduled to the first quarter of 

2014, and that period is a dry season in Sri Lanka. Then, during those days, most of 

the thermal plants will be run as base load plants and the hydro plants will be run as 

peak power plants. Considering the energy mix, the equivalent cost of generation of 

the energy loss by the NL generator to be stopped is to be decided. In other words it 

is also called as Opportunity cost in terms of economics. 
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5.2.4.Generation variable costs 

For this analysis, the variable costs of the CEB owned thermal power plants in Sri 

Lanka are considered. The variable costs of the mentioned plants are shown below 

[7]. 

• Sapugaskanda PS -                                                    15 LKR / kWh 

• Kelanithissa Combine Cycle PS -                             25 LKR / kWh 

• Norochchole Coal PS -                                               8 LKR / kWh 

• Kelanithissa gas PS ( emergency plants) -               48 LKR / kWh 

Considering all the data and facts, an additional cost of an alternative generation 

during the tunnel repair is to be decided. This cost will be varied according to the 

time of the day as the generators, which take up the loss of load, are changed time to 

time. 

As in Figure 23 and Figure 24, during Night peak, generators of both the NLPS and 

the Canyon PS are run at the total load of around 80 MW. During the Leakage repair, 

loss of 80 MW can be recovered by costly thermal power plants.  

Then, take the additional cost of alternative generation during Night peak (3.5 hours) 

as 25 LKR / kWh.  

• Then, the total cost of  all the Night peak durations  = 25 x 80 x 10
3 
x 3.5 x 90  

= 630 million LKR 

According to the load curve from 6 am to 6:30 pm (12.5 hrs) there is a considerable 

load demand of 1350 MW in average. However, during that period, NL generator is 

run at both full load and minimum load. From Figure 23, the average load during that 

time can be estimated as 45 MW. Generators of the Canyon PS are having varying 

load during that time, and 15 MW of average load can be estimated. Then, 

altogether, 60 MW of total load will be lost during that time.  

Then, the loss of generation can be recovered by both hydro generators and thermal 

plants, especially, by the coal power plant. Then, for the mentioned period, 5 LKR / 

kWh additional cost is estimated. 

• The total cost for the total period of 6 am to 6:30 pm = 5 x 60 x 10
3 
x 12.5 x 90  

                                                                                       = 337.5 million LKR 
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From 10:00 pm to 6 am, the minimum total electricity demand is reported, and it is 

around 800 MW. During the period, both Canyon and NL generators are at minimum 

load and during the outage period, the loss of generation can be totally recovered by 

the hydro generators available. Hence, there will be no additional cost for the 

alternative generation. 

• Then, the total cost of loss of generation during outage time; ( 630+ 337.5) 

                                                                                                  = 967.5 million LKR. 

• Hence, total cost for the tunnel leakage repair; (967.5+50) = 1017.5 million LKR. 

5.3. Benefit 

After the repair, saved energy can be used to replace thermal generation. Previously, 

the leakage water was a waste and after the repair, that water can be used to generate 

41.3 MWh of energy per day without any additional cost. 

• For the income from the energy, selling unit price, 14 LKR / kWh is assumed. 

• Then, the total annual income from the repair = 30.72 x 103 
x  365 x 14  = 157 

million LKR / year 

• Hence, SPP = 1017.5 / 157 = 6.48 years  

In brief, if the tunnel leakage repair is completed during the rehabilitation project of 

the NL, the cost of repair can be recovered in 6.5 years. Then, additional benefit of 

30.72 MWh per day can be added to the national grid. As such, an annual income of 

157 million LKR can be received. Even though the recovery period is around 6.5 

years, considering the lifetime of the tunnel and the power station, the time duration 

is acceptable. However, if the repair is done after the rehabilitation, the cost of 

keeping all two NL generators stopped will be added to the cost of the tunnel repair. 

A minimum of an additional cost of shutting down the other generator can be 

assumed as 967.5 million LKR (based on the above calculations).  

Then, the new total cost of repair during a normal time; (1017.5 + 967.5)  

                                                                                                        = 1985 million LKR 

Then, new SPP is; 1985 / 157 = 12.64 years 

Hence, the estimated total cost and recovery time will be considerably increased 

(time will be doubled) in the second case. Hence, it is suggested to make the repair 

during the rehabilitation in 2014. 
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Finally, in this chapter, an attempt was made to analyse an issue in the tunnel of the 

NLPS. Especially, in this chapter, the main aim was to analyse the benefit of 

repairing the NL tunnel during the rehabilitation project in order to minimize the cost 

of repair. After the analysis, it was found that the highest cost encountered was the 

outage cost. Hence, from the analysis of the cost of the outage and the cost of repair, 

the total cost of 1017.5 million Sri Lankan rupees was estimated if the project would 

be done during the rehabilitation. However, this cost was increased up to 1985 

million Sri Lankan rupees if the repair would be done during another time than 

during the rehabilitation project. Moreover, it was found that when the repair was 

done during the rehabilitation project, the cost could be recovered in 6.5 years and if 

not, the recovery time extends up to 12.6 years. Hence, it was recommended to carry 

out the refurbishment during the rehabilitation, and the objective of this chapter was 

finally a success. 
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6. CONCLUSIONS AND RECOMMENDATIONS 

This report was supposed to find out the possible efficiency improvements to the 

hydro power plants in the Laxapana complex. In this study, the four major 

improvements to the Laxapana Complex were discussed in four chapters. 

The areas are summarised below: 

1. The possibility of efficiency improvements to the OLPS through a new 

generator design 

2. The possibility of  capacity improvement of the Laxapana pond in order to 

minimize annual water spilling 

3. The possibility of  new generator installation to the Samanala PS to minimize 

further spilling at the Laxapana pond 

4. The study of New Laxapana tunnel leakage to initiate the repair as soon as 

possible 

In the chapter of efficiency improvement to the OLPS through a new generator 

design, first, a two-generator design was introduced instead of the existing five 

generators. This design was introduced due to the lack of efficiency in the generators 

in the OLPS. With the new design, it was expected to maximize the plant efficiency 

to a higher value. However, since the OL Stage I generators were rehabilitated, the 

new design was focused on the Stage II generators. For the proposed design, a new 

generator, turbine, penstock and civil structure were proposed. For the new penstock, 

a two-penstock design was introduced. Hence, for the new Stage II generator of the 

OLPS, a new penstock of a higher diameter was introduced. Then, the diameters, 

wall thicknesses and the head losses were calculated, and the cost of the penstock 

replacement was estimated.  

After that, the total head loss of 2.5 m in the penstock was found, and the efficiency 

of the penstock of 99.46% was estimated. By combining the head-loss in the tunnel, 

the total head of 473.44 m was estimated. Then, a runner to the new generator was 

designed. Afterwards, the capacity of the new machine is estimated as 29.25 MW 

(35.3 MVA). After that, the cost of the new generator and the cost of the loss of 

generation during the outage period of the OLPS were estimated. 
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As the benefit, an additional annual income by the increase of 4.25 MW was 

calculated. From the cost-benefit analysis, the SPP of 17 years was obtained. 

Subsequently, the project was concluded as not viable due to the high recovery 

period. However, the modification was proposed to be implemented during a 

rehabilitation project when the lifespan of the existing generators was over. 

Therefore, from that viewpoint, the cost-benefit analysis was again done, and a SPP 

of 4 years was obtained. Then, the project was concluded as a viable project. Next, in 

order to minimize the cost of the modification, a method of modifying the existing 

penstocks was proposed.  

From the modification, the head loss in the penstock was increased by around 11 m. 

However, from the modification 639.2 million LKR could be saved. Then, the 

capacity of the generator was reduced to 28.56 MW. It was a decrease of 0.61 MW 

compared to the previous case. 

In conclusion, it can be suggested that the chapter of efficiency improvement of the 

OLPS with Two-generator design was viable as a project of capacity improvement to 

the National Grid and as a project of efficiency improvement to the Laxapana 

Complex. This project was also viable in terms of economics. As the modification 

was introduced with two options such as new penstock installation and penstock 

modification, any option can be taken considering the lifetime of the existing 

penstock and the economic values. However, ultimately, it can be highly 

recommended to implement this project without any hesitation. 

In chapter 3, the capability of the capacity improvement of the Laxapana pond was 

considered. The capacity improvement was considered as a solution for the issue of 

high annual water spilling from the Laxapana pond. For the analysis, the spill data of 

the Laxapana pond during past three years of 2009, 2010 and 2011 was considered. 

From the data, the total spill water volume and average water spill rate in the spilling 

days were counted. Then, by using the geographical view and by using maps, the 

capability of the capacity improvement of the Laxapana pond, and, then, the value of 

the capacity that could be expanded was estimated. The expected capacity 

improvement by relocating the dam was 0.2 MCM. 
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For the relocation and reconstruction of the dam, 650 million LKR was estimated. 

The outage cost of the OLPS, NLPS and Samanala PS during the removal of the 

existing dam was estimated as 980 million LKR. As an annual income, 97 million 

LKR was estimated. Then, a simple payback period of 16.3 years was obtained. 

Afterwards, the payback period was further reduced to 14.3 years predicting that the 

cost of thermal power would be lowered after the new coal plants are commissioned.  

Finally, the project was concluded as a viable project considering a 75-year 

minimum lifetime of dams. As a conclusion, it is suggested to implement the project 

whenever the new coal plants are commissioned (after 2018). From the modification, 

only a little amount of spill water could be saved compared to the daily water 

spilling. Hence, still, a considerable amount of rainwater would flow into the river 

without doing effective work. Then, another method should be found to save the rest 

of the spill water. 

In chapter 4, the possibility of installation of a new generator to the Samanala PS was 

considered as the capacity improvement of the Laxapana pond failed to retain a 

considerable amount of spill water. For the modification, the possibility of a higher 

water flow in the Samanala tunnel was discovered from a past study done by Ceylon 

Electricity Board. The highest flow the water can safely flow in the tunnel was taken 

as 1942 cusecs (55.0 m
3 
s

-1
). An average spill rate of 1055 cusecs was estimated by 

considering the spill data of the Laxapana pond in 2009, 2010 and 2011. Afterwards 

the maximum flow to the new generator to be installed was estimated as 692 cusecs 

(19.695 m
3 
s

-1
), and the maximum capacity of the generator was calculated as 40.8 

MW. By the analysis of the costs and income, a total cost of 10021 million LKR, 

total income of 310.8 million LKR and SPP of 32 years were calculated.  

This project was concluded as not viable as the life span of a generator was around 

30 years. It happened due to underutilization of new generator (plant factor was 6.2 

%). Then the modification was reconsidered with a generator of reduced capacity. 

After that, the flow of 231 cusecs (6.54 m
3 
s

-1
), one third of the flow of the previous 

case was selected. By the analysis of costs and income, a total cost of 377 million 

LKR, total income of 150 million LKR, and SPP of 25 years were found. 
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In this case, the plant factor was increased up to 8.9 %, however, still, the generator 

was not utilized well.  

Then, in the next step, the utilization of the generator was considered as a peaking 

plant. Then by the utilization, a total annual income of 560 million LKR, plant factor 

of 40 % and SPP of 6.7 years was obtained. Then, the project was said to be viable.  

In conclusion, in chapter 4, a new generator instalment to the Samanala PS was 

proposed. There, the minimum generation of the new generator was estimated. 

Moreover, it was observed that, the proposed plant would have the ability to generate 

more power and energy as the availability of more water. Hence, the practical benefit 

would be much higher than estimated. Hence, it was observed that installing the new 

generator of 13.6 MW was viable, and the proposal of adding another generator to 

minimize spill water was successful to a considerable extent. In the section, the 

calculations were performed exclusively for two capacities of generators. The 

capacities were 40.8 MW and 13.6 MW, and the proposed generator of 13.6 MW 

was recommended to be installed. Furthermore, it was mentioned the possibility of 

further optimization of the proposed capacity by analysing the cost and benefit for 

different generators of different capacities.  

In chapter 5, the tunnel leakage of New Laxapana was analysed in terms of costs and 

benefits. It was tried to analyse the benefit of implementing the repair during the 

rehabilitation project outage of NL to minimize the cost of the repair. The repair was 

suggested to be implemented considering a measurement done in 2009. After that, 

the leakage flow was estimated as 0.29 m
3 
s

-1
 and the equivalent energy loss per day 

was calculated as 30,720 kWh. For the leakage repair, the cost of 50 million LKR 

was estimated. The outage costs of the Canyon PS and the NLPS during the 

rehabilitation project was estimated through the dispatch curves of the respective 

generators.  
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The total outage cost estimated was 968 million LKR, and the total cost of the repair 

was 1017.5 million LKR. After the repair, an annual income of 157 million LKR was 

estimated and SPP of 6.5 years were obtained. After that, an SPP of 12.6 years were 

obtained if the repair would be done in a period after the rehabilitation. It was further 

observed that the total outage cost would be increased from 1017.5 million LKR to 

1985 million LKR if the outage was done at a time other than in the rehabilitation. 

Hence, it was recommended to carry out the refurbishment during the rehabilitation, 

and the objective of the chapter was finally verified. 

As a whole, in the report the main objective was the finding and presenting of the 

possible effective improvements to the hydro power plants in the Laxapana complex. 

After that, the above issues were not only analysed by means of the requirement, but 

also they are analysed in terms of economics. Afterwards, the final recommendations 

were made for each modification. Ultimately, from the report, it was suggested to 

implement the viable modifications as far as possible. 
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APPENDIX-I: Penstock Refurbishment Procedure 

Penstock refurbishment 

1. Water washing 

Corroded and mud-accumulated penstock is washed with a high-pressure jet of water 

to remove particles. The pressure used is around 100 bars. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (a): Corroded penstock (Original in colour) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (b): After water washing (Original in colour) 
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2. Sand Blasting 

This is the main process of corrosion removal. Pressurized sand particles are struck 

on the penstock surface in order to remove rust and to expose the bare metal. The 

size of the sand particles used is 35 - 45 microns. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure (c): After the Sand blasting (Original in colour) 

 

 

3. Second washing 

If the salt content of the metal surface is high, another washing is done. 

 

4. Primer coating 

Just after the sand blasting, a primer (epoxy paint) coating is applied on the bare 

metal of the penstock as an immediate protector to the metal. Otherwise, the metal 

will corrode and change to a dark colour. Additionally, the primer coating will 

support the top coat of paint to be applied well on the penstock surface. The 

thickness of the coating applied is 80-100 microns. 
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Figure (d): After primer is coated (Original in colour) 

 

5. Intermediate coating 

This coat is applied when the primer coat and top/final coat is not compatible. 

 

 

6. Final coats 

This coating is the main coating used to keep the penstock protected for a long time. 

Usually, the thickness of the coating is the factor of duration that the penstock will be 

protected. Typically, to keep the penstock protected around 20 years, over 500 

microns thickness of the coating is used. Usually this thickness is achieved applying 

about 3-4 coatings. Usually different colours are used for each coating in order not to 

retain an uncoated area by mistake. 
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Figure (e): After final coating is applied (Original in colour) 
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APPENDIX-II :Spill Data of the Ponds and the Calculations 

Year Month Day 
Spilled water volume (million cubic feet) 

  

Laxapana 

Water vol. 

saved by 

0.2MCM 
capacity 

improvem

ent  

Water vol. 

saved. by 

40.8MW 
generator 

(million 

Cubic 
feet) 

water vol. 

saved by 

13.6MWge
nerator 

(million 

Cubic feet) 

hours 

spilled 

per day 

Average 

spill rate 

in a day 
(cusecs) 

Laxapan

a 

Rainfall  
(mm) 

Canyon 

Canyon 

Rainfall  

(mm) 
Nort

on 

Norton 

Rainfall 

(mm) 

2009 May 20 326.7 7.1 37.7 12.6 24.0 3781.3 

799.0 

57.5 

835.0 

19.3 

823.0 

  21 6.4 6.4 6.4 6.4 1.5 1185.2 

  23 15.7 7.1 15.7 15.7 14.0 311.5 

  24 34.3 7.1 34.3 12.6 11.3 846.9 2.7 0.7 

  25 50.2 7.1 50.2 12.6 16.0 871.1 2.8 3.8 

  

2009 Jun. 27 13.9 7.1 13.9 13.9 4.0 965.3 

659.0 592.0 685.0 

  28 8.8 7.1 8.8 8.8 6.0 407.4 

  29 21.9 7.1 21.9 12.6 5.0 1216.7 2.0 23.5 

  30 257.7 7.1 37.7 12.6 22.0 3253.8 41.4 30.5 

  

2009 Jul. 1 230.1 7.1 37.7 12.6 13.3 4823.9 

247.0 

45.3 

388.0 394.0 

  2 268.4 7.1 37.7 12.6 24.0 3106.5 118.6 33.6 

  3 165.4 7.1 37.7 12.6 12.0 3828.7 59.4 17.8 

  4 102.4 7.1 37.7 12.6 22.8 1250.3 28.1 5.2 

  5 26.1 7.1 26.1 12.6 21.8 333.3 0.2 

  6 28.1 7.1 28.1 12.6 24.0 325.2 9.5 

  7 4.7 4.7 4.7 4.7 6.8 193.4 0.4 

  17 9.4 7.1 9.4 9.4 8.0 326.4 

  18 20.9 7.1 20.9 12.6 24.0 241.9 

  19 2.5 2.5 2.5 2.5 2.8 252.5 20.6 

  27 13.9 7.1 13.9 13.9 

  28 

  29 1.9 23.5 

  30 41.4 30.5 

  

2009 Aug. 16 18.2 7.1 18.2 18.2 4.5 1124.7 

480.0 474.0 

5.1 

477.0 

  17 17.8 7.1 17.8 17.8 7.3 682.0 9.7 

  

2009 Sept. 2 72.6 7.1 37.7 12.6 11.3 1792.6 

508.0 

55.3 

402.0 581.0 

  3 62.8 7.1 37.7 12.6 12.3 1424.0 23.8 

  4 97.1 7.1 37.7 12.6 9.5 2840.1 28.3 

  5 50.4 7.1 50.4 12.6 21.5 651.2 17.8 

  6 61.6 7.1 37.7 12.6 22.0 777.8 42.2 

  7 34.8 7.1 34.8 12.6 24.0 402.8 49.8 

  8 63.5 7.1 37.7 12.6 22.3 792.8 48.8 

  9 12.8 7.1 12.8 12.8 5.3 677.2 4.6 

  13 0.9 

  20 7.4 7.1 7.4 7.4 1.5 1370.4 12.4 

  22 4.7 4.7 4.7 4.7 1.5 870.4 
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Year Month Day 
Spilled water volume (million cubic feet) 

  

Laxapana 

Water vol. 

saved by 

0.2MCM 
capacity 

improvem
ent  

Water vol. 

saved. by 

40.8MW 
generator 

(million 
Cubic 

feet) 

water vol. 

saved by 
13.6MWge

nerator 

(million 
Cubic feet) 

hours 

spilled 

Average 

spill rate 
in a day 

(cusecs) 

Laxapan

a 
Rainfall  

(mm) Canyon 

Canyon 

Rainfall  
(mm) 

Norton 

Norton 

Rainfal
l (mm) 

  23 0.9 0.9 0.9 0.9 0.5 500.0 

   
  29 31.2 7.1 31.2 12.6 20.5 422.8 

  

2009 Oct. 1 135.6 7.1 37.7 12.6 24.0 1569.4 

412.0 

239.0 

402.0 401.0 

  2 583.5 7.1 37.7 12.6 24.0 6753.5 442.3 3.4 

  3 246.2 7.1 37.7 12.6 23.5 2909.6 109.7 7.3 

  4 254.2 7.1 37.7 12.6 24.0 2942.1 259.6 6.8 

  5 183.8 7.1 37.7 12.6 24.0 2127.3 53.4 0.4 

  6 294.8 7.1 37.7 12.6 24.0 3411.5 1.4 

  7 121.5 7.1 37.7 12.6 7.3 4655.2 

  8 26.1 7.1 26.1 12.6 23.0 315.2 7.3 

  9 40.5 7.1 40.5 12.6 24.0 468.8 10.9 

  13 53.9 7.1 53.9 12.6 22.5 665.4 13.7 4.0 

  14 14.8 7.1 14.8 14.8 8.0 513.9 22.4 4.0 

  15 17.1 7.1 17.1 17.1 24.0 197.9 23.7 15.8 

  16 79.6 7.1 37.7 12.6 12.5 1768.9 32.1 15.2 

  17 18.9 7.1 18.9 18.9 24.0 218.8 52.9 22.8 

  18 53.5 7.1 53.5 12.6 21.8 683.3 14.8 

  19 23.4 7.1 23.4 12.6 23.8 273.7 10.3 8.1 

  20 38.1 7.1 38.1 12.6 24.0 441.1 19.3 14.0 

  21 20.7 7.1 20.7 12.6 23.5 244.7 10.6 2.0 

  22 19.4 7.1 19.4 19.4 8.3 651.5 7.7 0.8 

  23 14.3 7.1 14.3 14.3 23.8 166.7 17.9 4.3 

  24 13.7 7.1 13.7 13.7 22.0 172.7 13.0 11.1 

  25 49.6 7.1 49.6 12.6 23.0 598.7 33.4 4.0 

  26 20.2 7.1 20.2 12.6 24.0 233.4 2.0 2.2 

  27 22.8 7.1 22.8 12.6 22.0 287.9 16.9 0.9 

  28 1.6 

  29 

  

2009 Nov. 1 11.7 7.1 11.7 11.7 3.0 1083.3 

217.0 264.0 338.0 

  10 0.3 

  11 4.6 

  12 13.7 

  13 19.2 

  14 16.7 

  15 1.7 1.7 1.7 1.7 1.8 261.9 16.6 

  16 1.6 

  17 2.8 

  18 6.2 

  19 0.8 

  21 2.3 
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Year Month Day 
Spilled water volume (million cubic feet) 

  

Laxapana 

Water vol. 

saved by 

0.2MCM 
capacity 

improvem
ent  

Water vol. 

saved. by 

40.8MW 
generator 

(million 
Cubic 

feet) 

water vol. 

saved by 
13.6MWge

nerator 

(million 
Cubic feet) 

hours 

spilled 

Average 

spill rate 
in a day 

(cusecs) 

Laxapan

a 
Rainfall  

(mm) Canyon 

Canyon 

Rainfall  
(mm) 

Norton 

Norton 

Rainfal
l (mm) 

  22 

  

8.8 

 
  23 3.2 

  

2009 Dec. 7 

185.0 172.0 

3.9 

211.0   8 0.3 

  

2009 

Total 

(spilling) 4502.6 402.1 1611.5 727.4 936.3 2115.1 447.7 

  Average 75.0 15.9 1279.1 45.0 9.5 

  Max 583.5 442.3 33.6 

  

Total 

Rainfall 3507 3529 3910 

  

  

2010 May. 2 14.1 7.1 14.1 14.1 4.3 921.6 

667.0 516.0 647.0 

  5 16.5 7.1 16.5 16.5 12.0 381.3 

  7 0.6 0.6 0.6 0.6 0.3 650.0 

  19 33.6 7.1 33.6 12.6 19.3 484.2 

  20 30.8 7.1 30.8 12.6 14.0 611.1 

  21 13.1 7.1 13.1 13.1 0.8 4861.1 

  22 3.2 3.2 3.2 3.2 3.5 250.0 

  24 8.2 7.1 8.2 8.2 10.0 227.1 

  25 14.6 7.1 14.6 14.6 14.5 279.7 

  26 13.8 7.1 13.8 13.8 22.3 171.7 

  27 2.3 2.3 2.3 2.3 1.5 416.7 

  28 6.8 6.8 6.8 6.8 9.5 197.4 

  31 0.5 0.5 0.5 0.5 0.5 291.7 

  

2010 Jun. 6 2.7 2.7 2.7 2.7 3.0 250.0 

609.0 593.0 651.0 

  10 11.5 7.1 11.5 11.5 4.3 750.0     

  11 26.0 7.1 26.0 12.6 12.5 578.3 

  12 20.0 7.1 20.0 12.6 22.5 247.4 

  13 9.3 7.1 9.3 9.3 11.8 219.9 

  14 34.1 7.1 34.1 12.6 13.8 687.9 

  15 14.9 7.1 14.9 14.9 24.0 171.9 

  16 11.0 7.1 11.0 11.0 22.3 137.6 

  17 4.2 4.2 4.2 4.2 10.5 111.1 

  23 2.5 2.5 2.5 2.5 0.8 916.7 

  24 2.7 2.7 2.7 2.7 1.8 428.6 0.4 

  28 0.4 0.4 0.4 0.4 0.3 416.7 

  

2010 Jul. 3 5.0 5.0 5.0 5.0 16.5 83.3 609.0 625.0 719.0 
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Year Month Day 
Spilled water volume (million cubic feet) 

  

Laxapana 

Water vol. 

saved by 

0.2MCM 
capacity 

improvem
ent  

Water vol. 

saved. by 

40.8MW 
generator 

(million 
Cubic 

feet) 

water vol. 

saved by 
13.6MWge

nerator 

(million 
Cubic feet) 

hours 

spilled 

Average 

spill rate 
in a day 

(cusecs) 

Laxapan

a 
Rainfall  

(mm) Canyon 

Canyon 

Rainfall  
(mm) 

Norton 

Norton 

Rainfal
l (mm) 

  14 5.7 5.7 5.7 5.7 2.5 633.3 

   

  16 29.7 7.1 29.7 12.6 11.3 733.3 

  17 24.9 7.1 24.9 12.6 7.5 922.2 

  18 90.9 7.1 37.7 12.6 24.0 1052.4 39.5 

  19 31.2 7.1 31.2 12.6 24.0 361.1 

  20 6.5 6.5 6.5 6.5 17.5 102.9 25.4 

  21 21.7 7.1 21.7 12.6 18.0 335.5 22.9 

  22 10.6 7.1 10.6 10.6 17.8 165.5 8.6 

  23 9.9 7.1 9.9 9.9 11.0 250.0 13.6 

  24 10.1 7.1 10.1 10.1 20.0 139.6 8.5 

  25 17.1 7.1 17.1 17.1 14.5 327.6 18.0 

  26 4.6 4.6 4.6 4.6 5.0 254.2 

  0.0 0.0 

2010 Aug. 14 2.4 2.4 2.4 2.4 0.8 888.9 

676.0 440.0 785.0 

  15 73.5 7.1 37.7 12.6 13.3 1540.9 8.9 5.4 

  16 5.7 5.7 5.7 5.7 1.8 904.8 

  20 6.8 6.8 6.8 6.8 2.0 937.5 

  21 62.0 7.1 37.7 12.6 15.8 1093.9 2.7 

  25 0.0 0.0 3.9 

  29 113.8 7.1 37.7 12.6 6.3 5056.7 12.6 16.3 

  30 52.3 7.1 52.3 12.6 20.5 708.1 20.9 

  31 61.5 7.1 37.7 12.6 23.3 734.8 13.3 31.8 

  

2010 Sept. 1 199.7 7.1 37.7 12.6 24.0 2310.8 
 

26.1 
 

4.3 
 

  2 22.6 7.1 22.6 12.6 14.5 432.5 
 

5.5 
 

3.9 
 

  3 21.6 7.1 21.6 12.6 24.0 250.0 

436.0 235.0 430.0 

  4 21.6 7.1 21.6 12.6 24.0 250.0 

  5 28.1 7.1 28.1 12.6 20.5 380.8 

  6 6.3 6.3 6.3 6.3 19.0 92.1 

  7 5.3 5.3 5.3 5.3 7.5 195.7 

  8 8.4 7.1 8.4 8.4 21.8 107.3 

  9 3.5 3.5 3.5 3.5 13.5 71.0 

  10 11.6 7.1 11.6 11.6 15.0 215.2 

  12 17.0 7.1 17.0 17.0 19.0 247.8 

  13 11.2 7.1 11.2 11.2 12.8 243.5 

  14 17.1 7.1 17.1 17.1 19.0 250.0 

  15 5.2 5.2 5.2 5.2 17.5 82.1 

  16 9.1 7.1 9.1 9.1 18.0 140.0 

  22 6.4 6.4 6.4 6.4 14.3 124.3 

  23 16.6 7.1 16.6 16.6 18.8 245.6 

  24 36.6 7.1 36.6 12.6 23.0 442.0 

  25 20.8 7.1 20.8 12.6 18.5 311.9 

  26 9.0 7.1 9.0 9.0 10.0 250.0 
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Year Month Day 
Spilled water volume (million cubic feet) 

  

Laxapana 

Water vol. 

saved by 

0.2MCM 
capacity 

improvem
ent  

Water vol. 

saved. by 

40.8MW 
generator 

(million 
Cubic 

feet) 

water vol. 

saved by 
13.6MWge

nerator 

(million 
Cubic feet) 

hours 

spilled 

Average 

spill rate 
in a day 

(cusecs) 

Laxapan

a 
Rainfall  

(mm) Canyon 

Canyon 

Rainfall  
(mm) 

Norton 

Norton 

Rainfal
l (mm) 

  27 3.8 3.8 3.8 3.8 4.0 260.4 

   

  28 5.4 5.4 5.4 5.4 6.0 250.0 

  29 6.3 6.3 6.3 6.3 7.0 250.0 

  

2010 Oct. 1 2.5 2.5 2.5 2.5 1.3 550.0 

568.0 433.0 571.0 

  2 24.4 7.1 24.4 12.6 15.0 451.9 

  3 68.4 7.1 37.7 12.6 22.3 853.9 2.2 

  4 34.4 7.1 34.4 12.6 16.5 578.3 

  5 15.5 7.1 15.5 15.5 24.0 179.7 

  6 29.7 7.1 29.7 12.6 24.0 344.1 5.1 

  7 86.9 7.1 37.7 12.6 23.3 1037.6 18.4 32.8 

  8 86.8 7.1 37.7 12.6 24.0 1004.6 11.1 71.4 

  9 50.4 7.1 50.4 12.6 24.0 583.3 12.8 64.0 

  10 79.3 7.1 37.7 12.6 24.0 917.5 11.9 35.2 

  11 75.9 7.1 37.7 12.6 24.0 878.5 19.4 32.7 

  12 47.4 7.1 47.4 12.6 24.0 548.6 19.7 31.5 

  13 52.1 7.1 52.1 12.6 24.0 602.9 20.0 15.9 

  14 68.0 7.1 37.7 12.6 24.0 786.5 

  15 29.7 7.1 29.7 12.6 24.0 343.8 

  16 17.1 7.1 17.1 17.1 20.0 238.1 

  17 9.4 7.1 9.4 9.4 3.0 867.6 

  18 13.7 7.1 13.7 13.7 15.0 252.8 

  

2010 Nov. 7 7.5 7.1 7.5 7.5 2.0 1041.7 

534.0 454.0 

2.3 

618.0 

  8 20.3 7.1 20.3 12.6 9.0 625.0 1.8 

  26 12.1 

  27 61.6 

  28 2.4 2.4 2.4 2.4 1.3 533.3 42.7 

  29 35.7 

  30 51.1 

  

2010 Dec. 1 0.9 0.9 0.9 0.9 0.5 500.0 

289.0 348.0 311.0 

  2 3.2 3.2 3.2 3.2 1.8 500.0 

  3 8.5 

  4 1.4 9.4 

  5 34.7 7.1 34.7 12.6 24.0 401.6 5.3 

  6 24.0 7.1 24.0 12.6 10.8 620.2 

  7 3.2 3.2 3.2 3.2 9.3 94.9 

  8 30.6 7.1 30.6 12.6 9.8 871.8 

  9 25.4 7.1 25.4 12.6 15.0 470.4 7.7 

  10 38.4 7.1 38.4 12.6 24.0 444.4 57.3 

  11 10.3 12.1 

  24 20.8 
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Year Month Day 
Spilled water volume (million cubic feet) 

  

Laxapana 

Water vol. 

saved by 

0.2MCM 
capacity 

improvem
ent  

Water vol. 

saved. by 

40.8MW 
generator 

(million 
Cubic 

feet) 

water vol. 

saved by 
13.6MWge

nerator 

(million 
Cubic feet) 

hours 

spilled 

Average 

spill rate 
in a day 

(cusecs) 

Laxapan

a 
Rainfall  

(mm) Canyon 

Canyon 

Rainfall  
(mm) 

Norton 

Norton 

Rainfal
l (mm) 

  25 

  

6.0 

   26 1.3 1.3 1.3 1.3 1.0 

2010 

Total 

(spilling) 2418.7 597.7 1804.6 971.8 

1348.

5 308.5 734.0 

  Average 24.4 13.6 575.6 15.4 21.6 

  Max 199.7 57.3 71.4 

  

Total 

Rainfall 4388 3644 4732 

  

2011 Jan. 9 98.7 7.1 37.7 12.6 7.5 3656.5 

168.0 280.0 

6.7 

236.0 

  10 100.8 7.1 37.7 12.6 20.0 1400.0 0.7 

  11 134.7 7.1 37.7 12.6 24.0 1559.3 15.6 21.7 

  12 8.5 7.1 8.5 8.5 24.0 98.4 3.9 14.8 

  13 40.7 7.1 40.7 12.6 24.0 471.4 2.0 6.7 

  14 111.2 7.1 37.7 12.6 24.0 1286.5 1.3 11.4 

  15 58.2 7.1 58.2 12.6 24.0 673.6 2.3 3.2 

  16 476.8 7.1 37.7 12.6 24.0 5518.2 

  17 43.2 7.1 43.2 12.6 24.0 500.0 

  18 48.6 7.1 48.6 12.6 24.0 562.5 

  19 55.7 7.1 55.7 12.6 24.0 645.0 

  20 2.8 2.8 2.8 2.8 20.8 37.1 

  21 1.5 1.5 1.5 1.5 13.0 32.1 

  22 4.0 4.0 4.0 4.0 20.0 55.2 

  23 

  24 

  

2011 Feb. 5 

143.0 139.0 

0.9 

161.0 

  6 5.7 

  7 3.8 

  8 4.5 

  9 2.9 

  10 2.1 

  11 0.2 

  12 0.7 

  13 0.5 

  14 

  15 

  16 1.0 

  

2011 Mar. nil 145.0 216.0 208.0 

2011 Apr. 28 6.1 6.1 6.1 6.1 3.5 482.1 356.0 339.0 279.0 

2011 May. 2 19.4 7.1 19.4 19.4 15.0 359.7 

857.0 467.0 712.0   23 5.0 
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Year Month Day 
Spilled water volume (million cubic feet) 

  

Laxapana 

Water vol. 

saved by 

0.2MCM 
capacity 

improvem
ent  

Water vol. 

saved. by 

40.8MW 
generator 

(million 
Cubic 

feet) 

water vol. 

saved by 
13.6MWge

nerator 

(million 
Cubic feet) 

hours 

spilled 

Average 

spill rate 
in a day 

(cusecs) 

Laxapan

a 
Rainfall  

(mm) Canyon 

Canyon 

Rainfall  
(mm) 

Norton 

Norton 

Rainfal
l (mm) 

  May 28 6.4 6.4 19.4 19.4 15.0 118.1 

   
  31 46.4 7.1 15.0 858.3 

  6.4 6.4 

2011 Jun, 1 12.9 7.1 46.4 12.6 24.0 149.3 

307.0 287.0 331.0 

  2 8.5 7.1 2.0 1180.6 

  19 5.2 5.2 12.9 12.9 13.3 108.5 

  8.5 8.5 

2011 Jul, 25 1.4 1.4 5.2 5.2 2.5 157.8 

360.0 437.0 465.0 

  26 0.1 

  1.4 1.4 

2011 Aug, nil 343.0 280.0 353.0 

2011 Sept, 10 7.1 7.1 4.5 439.8 

675.0 462.0 681.0 

  12 13.7 7.1 5.5 693.2 

  13 106.4 7.1 7.1 7.1 24.0 1231.8 3.2 

  14 34.4 7.1 13.7 13.7 21.3 449.0 

  15 0.8 0.8 37.7 12.6 3.3 64.1 

  34.4 12.6 

2011 Oct, nil 0.8 0.8 323.0 175.0 194.0 

2011 Nov, nil 

2011 Dec, nil 95.0 47.0 49.0 

2011

Total 

(spilling) 1454.0 162.2 651.6 262.0 428.0 30.1 90.7 

  Average 53.9 15.9 1310.7 5.0 4.8 

  Max 476.8 15.6 21.7 

  

Total 

Rainfall 3772 3129 3669 
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APPENDIX-III: NL Tunnel Leakage Measurement 

Table (a): Measurement results of New Laxapana tunnel leakage  

Day Time 

Operating power of the 

Generators Total 

operating 

power(MW) 

Leakage 

discharge 

measured 

(m
3
/s) 

Generator 

Unit No 1 

power(MW) 

Generator 

Unit No 2 

power(MW) 

1 8:00 11 26 37 0.29 

1 8:30 20 24 44 0.28 

1 9:00 12 21 33 0.31 

1 9:30 20 16 36 0.3 

1 10:00 14 22 36 0.27 

1 10:30 20 20 40 0.3 

1 11:00 20 11 31 0.28 

1 11:30 20 27 47 0.28 

1 12:00 30 28 58 0.3 

1 12:30 15 23 38 0.28 

1 13:00 12 12 24 0.28 

1 13:30 21 15 36 0.28 

1 14:00 18 29 47 0.28 

1 14:30 15 15 30 0.28 

1 15:00 23 20 43 0.28 

1 15:30 11 20 31 0.28 

1 16:00 11 23 34 0.28 

1 16:30 11 15 26 0.31 

1 17:00 17 29 46 0.3 

2 8:00 28 39 67 0.27 

2 8:30 0 50 50 0.3 

2 9:00 0 50 50 0.28 

2 9:30 0 50 50 0.28 

2 10:00 0 50 50 0.3 

2 10:30 0 50 50 0.3 

2 11:00 0 50 50 0.27 

2 11:30 0 50 50 0.3 

2 12:00 0 50 50 0.28 

2 12:30 0 50 50 0.28 

2 13:00 0 50 50 0.28 

2 13:30 0 30 30 0.28 

2 14:00 0 50 50 0.28 

2 14:30 0 50 50 0.28 

2 15:00 0 50 50 0.28 

2 15:30 0 50 50 0.28 

2 16:00 0 50 50 0.28 

2 16:30 0 50 50 0.31 
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Day Time 

Operating power of the 

Generators Total 

operating 

power(MW) 

Leakage 

discharge 

measured 

(m
3
/s) Generator 1 

power(MW) 

Generator 2 

power(MW) 

2 17:00 0 50 50 0.3 

3 8:00 11 26 37 0.27 

3 8:30 16 20 36 0.3 

3 9:00 29 16 45 0.28 

3 9:30 31 26 57 0.28 

3 10:00 50 20 70 0.3 

3 10:30 39 37 76 0.3 

3 11:00 30 30 60 0.27 

3 11:30 36 35 71 0.3 

3 12:00 50 28 78 0.28 

3 12:30 50 40 90 0.3 

3 13:00 17 16 33 0.3 

3 13:30 23 27 50 0.27 

3 14:00 29 27 56 0.3 

3 14:30 29 27 56 0.28 

3 15:00 18 21 39 0.28 

3 15:30 23 19 42 0.28 

3 16:00 10 10 20 0.28 

3 16:30 10 0 10 0.28 

3 17:00 10 0 10 0.28 
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APPENDIX-IV: The Load Curve  

Average Load Curve of Sri Lanka in the month of January in 2012 is shown below. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 




