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ABSTRACT 

Conventional procedures of reservoir planning were evolved considering 
limitations of data, computational facility and methods of analysis. With availability 
of computer technology and analytical tools, it is now possible to simulate long-
term behaviour of reservoir under variety of conditions and make the reservoir 
planning more realistic as well as reliable. Even the preliminary reservoir design in 
prefeasibility stage can be made more realistic and informative. In this study, 
certain improvement for reservoir planning have been formulated and illustrated 
through a case study. 

Preliminary Design 

In the present study, Gould Gamma method and simulation procedure 
have been used for developing storage size-withdrawal-probability of failure 
relationship during preliminary design phase. 

Analysis of Sediment Distribution 

Standard type classification of a reservoir in the Area Reduction Method is 
not constant over entire project life. Due to change in standard type classification, 
seditnent distribution pattern will also change and vice versa. Even if standard 
type classification does not change during a period, elevation—area--capacity 
curve will still undergo revision due to new zero elevation and due to the updated 
elevation—area—capacity curve at the beginning of the period. Therefore, 
progressive change in elevation—area—capacity relationship and consequent 
change in available live storage capacity have been considered in long-term 
simulation study of Batutegi reservoir. 

Improvements in Hydropower Simulation Algorithm 

Linear regression equations have been developed between a). Initial and 
average elevation, and b). Initial area and average area for different power targets 
to find net head for power generation and net gain/loss of water due to rainfall and 
evaporation over reservoir area. Further, net gain/loss have been considered to 
vary over entire simulation period due to random rainfall. Similarly, variation in 
power plant efficiency with turbine discharge has been accounted for in the 
simulation study. 

Relationships between storage size, power generation (and annual energy 
generation) and dependability have been developed. Such studies provide useful 
information to work out trade off between storage capacity, power generation and 
reliability. 
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Abstract 

Improvements in Irrigation Simulation Algorithm 

(i.) Alternate irrigation demand pattern related with different scenarios of target 
irrigation area and different cropping intensities have been considered. 
Irrigation release requirements at Batutegi reservoir vary from year to year 
also due to randomness of flow contribution from interim catchment 
between Batutegi reservoir and Argoguruh weir. 

(ii.) The concept of Golongan (Group) system of irrigation has been introduced 
and applied to reduce peak irrigation demand. In case of Batutegi project, 
peak demand has been reduces from 5003 m3/month/ha to 3686 
m3/month/ha by staggering crop calendar over six groups of service area. 

(iii.) Storage capacity requirement have been worked out for different 
dependability levels of irrigation water utilization. Dependability has been 
analyzed on crop seasonal basis also, so as to give due to importance for 
planning irrigation in a particular season. 

(iv.) Trade off between irrigation water supply and power generation at different 
reliability levels provide flexibility to a planner to choose a combination of 
irrigation supply and power generation at desired reliability levels. 

Simulation algorithms : 

(i.) An algorithm for a multipurpose reservoir (hydropower and irrigation) 
incorporating various improvements has been prepared (Figure 5.2). 

(ii.) An algorithm for estimation of turbine flow and power generation with 
variable head loss and efficiency has been developed (Figure 4.4). 

(iii.) An algorithm depicting application of reservoir operation .rules for estimation 
of water release through power intake and through irrigation intake with 
irrigation priority has been developed (Figure 5.3). 

Conclusions from case study of Batutegi reservoir are : 

(i.) Installed Capacity greater than 16 MW is not necessary if only hydropower 
generatibn is considered. 

(ii.) With same gross storage size (580 MCM), Installed Capacity (24 MW) and 
target irrigation area (condition VIII) as in project report, annual irrigation 
reliability by present study is 88%, which is higher than reliability of 75 )̀/0 
considered in project report. A storage of 460 MCM is adequate to meet 
75% irrigation reliability criteria. 

(iii.) A cultivable area of 94,123 ha with 160% crop intensity (100% in wet 
season and 60% in dry season) can be served with 88% reliability in wet 
season, 96% reliability in dry season and 88% annual reliability. In addition, 
96.5 GWh average annual energy (11 MW average power) will also be 
available. 
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NOTATIONS 

S 	= Slope of the line obtained by plotting reservoir depth as ordinate and 

reservoir capacity as abscissa on log-log scale 

= Reciprocal of the type of reservoir (1 / S) 

m 	= Standardized inflow 

D 	= Draft expressed as a ratio of mean annual flow 

1 	= Mean annual flow 

s 	= Standard Deviation of annual flow 

Pf 	= Probability of failure 

of 	= Time the reservoir is unable to meet the full demand 

n 	= Total time period 

Rf 	= Reliability 

Rv; 	= Volumetric reliability 

Vs 	= Volume of water supplied 

Vd 	= Volume of water demand 

qn,p 	= n year flow with a probability of occurrence of p% that is, for p% of 

time n year flows qn,p 

Zp 	= Standardized normal variant at p% 

C,,p  = Depletion of an initially full storage at end of an n year period during 

which time the n year flow (qn,p) has a probability of occurrence of 

P% 

Dn 	= Constant draft from the reservoir over n year 

CP 	= Length of critical draw down period in years 

Cv 	= Annual coefficient of variation 

C 	= Maximum required storage in volume unit 

= Maximum required storage expressed as a ratio of mean annual flow 

Cy = Storage volume in gamma unit 

Zy 	= Required storage divided by mean annual flow in gamma unit 

RB 	= Mean annual runoff before reservoir simulation 

PB 	= Mean annual rainfall 

xii 



Notations 

ETB  = Mean annual evapotranspiration 

RA 	= Mean annual runoff after reservoir is filled 

PA 	= Mean annual rainfall 
EOA  = Mean annual evaporation from the water surface 
AE 	= Mean annual net evaporation loss 

LSE = Amount that computed storage needs to be increased to account for 
the net reservoir evaporation loss 

AF 	= Surface area of the reservoir at full supply level 
c 	= Constant 
T 	= Total number of years of simulation 
n 	= A particular month 
t 	= A particular year 

Cf(n) = Monthly Capacity Factor 
Cf 	= Annual Capacity Factor 
Qb 	= Discharge at Batutegi Dam 
Qk 	= Discharge at Kunyit 
qi 	= DiScharge through irrigation waterway 
qp 	= Discharge through power tunnel 
P 	= Power Generation 
WL = Water level 

= Efficiency of turbine 

H 	= Net head 
WA = Gross Water Available 
DWD = Irrigation Demand at Dam 
G/L = Net Gain/Loss water from reservoir 
IWS = Irrigation Water Supply 
DSp = Dead Storage (below MDDL) 



CHAPTER 1 

INTRODUCTION 
1.1. GENERAL 

Design of storage capacity Of a reservoir to meet a pattern of demand 

(within year and over the year) is often difficult task not only because of soda 

economic and physical constraints, but also due to stochastic variability of the 

inflow and multipurpose demand. Over estimation of the storage capacity may 

result in considerably high cost of the project, sometimes rendering the project to 

be uneconomical. 

Irrigation and hydroelectric generation are the two major purposes for 

which a multipurpose reservoir project is generally taken up. Some of the 

concepts, basis and approach followed in planning for irrigation water supply and 

hydr8electric generation are given below. It is proposed to critically examine these 

and analyze some of the possible improvements, through a case study. 

Hydro electric generation 
	

Irrigation supply 

Electricity can not be stored 
	

1. Irrigation water can be stored 

2. Production has to match with 
demand instant by instant 

3. No normal way of constraining 
quantity of supply 

4. Seasonal demand for power is 
widely divergent from pattern of 
river inflows 

5. 90% dependability of power 
generation is the criteria 

6. Storage helps in increasing head 
and dependable discharge 

2. A few days mismatch between 
demand and supply is tolerable 
depending upon crop type 

3. Rotational delivery or go!ongan 

delivery is possible in case of 
inadequate water supply 

4. Irrigation demand is also widely 
divergent from pattern of river 
inflows 

5. 75% dependability of water 
supply is the criteria 

6. Storage helps in increasing 
dependable discharge 

1 



Introduction 

7. MDDL is based on silting and 

safe limit of operating head 
8. Alternate sources for electricity 

supply possible through grid 

9. Water is a throughput for 
conversion of potential energy 
into electrical energy. No loss of 
water 

10. Benefit of hydropower are in 
terms of cost of alternate project 
for 	similar 	dependable 
energy/capacity and ;energy 
supplied to power grid 

• 

7. MDDL is based on silting 

8. No alternate source for irrigation 
water supply in project 
command if conjunctive use not 

planned 

Water is resource input for 
consumptive use, considerable 
loss of water 

10.. Benefit of irrigation are in terms 
of increased crop production, 

social welfare, self reliance in 

food crop production, etc. 

In case of multipurpose development where major benefit is irrigation, the 

releases are made primarily in the interest of irrigation and power generation 

follows the pattern of irrigation. Normally, 75% dependability criteria on annual 

basis are being followed in the case of irrigation projects.' Power benefits in such a 

year would be higher than in 90% year. It would be desirable to assess the power 

benefits corresponding to irrigation releases made in a 90% year also. Hence, in 

the case .of multipurpose storage projects, studies should be carried out for 

different levels of dependability for irrigation and hydropower. Wherever possible, 

multipurpose storage projects should provide for specific. releases in the interest of 

power or irrigation during periods, which are considered critical from the point of 

view of power generation or irrigation water supplies (IWRS, 1999). 

In a river basin interlinkages occur in different projects serving single or 

multipurposes. In addition, hydropower projects are part of ,a larger energy 

generation system comprising of thermal, nuclear and other power plants. Figure 

1.1 shows the various interlinkages. 

2 
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Fig. 1.1: Interlinkages in River Valley Projects 

1.2. BACKGROUND 

(i.) •Hydrologic design of a multipurpose reservoir in terms of : 

• storage capacity for conservative use 

• provision of storage for silt deposition 

• dependable power 

• dependable irrigation water supply 

• irrigation canal capacity, and 

• dependable area of irrigdtion 

should be based on long term simulatiOn study of reservoir performance. 

(ii.) In prefeasibility stage of a project, preliminary design of a reservoir is based 

on a critical sequence of dry years with several simplifying assumptions. 

However, even in the prefeasibility stage, some idea of storage-yield-

reliability relationship is required, which is not possible if Rippl's mass curve 

method or sequent peak algorithm is used. 

(iii.) During project life, storage capacity actually keeps on decreasing due to 

deposition of sediment. Deposition of sediment occurs not only in dead 

storage zone but also in live storage zone. Realistic estimation of sediment 

deposition pattern is of utmost importance for planning of water allocation to 

various purposes. 
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(iv.) Prevalent dependable criteria for irrigation and power planning are empirical 

in nature. It is necessary to carry out, planning studies for different levels of 

water utilization and for different levels of reliability both for irrigation and 

power generation. 

(v.) Irrigation demand in conventional planning procedure is assumed to be 

constant over the period of simulation though its variation within a year is 

considered. It is well known that irrigation demand changes from year to year 

depending on change in cropping pattern, effective rainfall, reliability of water 

supply, physical performance of delivery system and other infrastructure 

development. 

1.3. STUDY AREA 

1.3.1 Batutegi Dam and Power Plant 

The Batutegi dam site is located on the Sekampung River about 65 km 

upstream from Argoguruh weir where water is diverted for irrigation for the Way'  

Sekampung service area in Central Lampung District of Lampung Province in 

Indonesia. The site is about 2 km downstream from where the Sangharus river 

joins the Sekampung river. The service area is shown in Figure 1.2 and schematic 

configuration of the project is presented on Figure 1.3. 

The primary function of Batutegi dam and appurtenances,  is to store and 

regulate the flow of the Way Sekampung (CA. 424 km2) during the wet season for 

use in the irrigation service area of about 75,500 ha during the dry season. 

Secondary function is for power generation (2 x 12 MW). Batutegi Dam would be 

basically a rockfill darn with height of 113 m above river bed, capacity of 500 Mm3. 

Power plant will provide firm supply only during irrigation season after bay location 

and therefore peaking power will not produced. 

1.3.2 Argoguruh Weir and Irrigation System 

Way Sekampung irrigation area lies in Central Lampung District of 

Lampung Province, Sumatera. The gross area is around 124,780 ha and the 

4 
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irrigation water is taken at Argoguruh weir, some 65 km downstream from Batutegi 

dam, and conveyed to fields through Feeder-I and li canals, primary canals, ' 

secondary canals and tertiary canals. 

Fig. 1.2 : Location Map of Batutegi Dam and Way Sekampung,Irrigation Scheme 
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Figure 1.3 : Schematic Layout of Way Sekampung Irrigation Area 
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Introduction 

In Batanghari and Raman Utara Irrigation schemes, irrigation water will be 

diverted from Feeder-I canal to natural streams • and taken at weirs located 

downstream. Some areas, (6,900 ha at present) receive return flow from other 

irrigation scheme areas. The irrigation diagram is schematically presented in 

Figure 1.3. 

1.4. OBJECTIVES OF THE STUDY 

The main objective of the study is to formulate and apply more realistic 

simulation algorithms for analysis of reservoir behaviour on long-term basis. To 

meet the stated objective, following improvements are suggested, and analysis of 

the Batutegi dam and Way Sekampung Irrigation scheme of Lampung Province, 

Indonesia is proposed. 

(i.) Analysis of deposition of sediment in storage zone to study the impact on 

elevation-area-capacity curve and reservoir behaviour using Empirical Area 

Reduction Method. 

(ii.) Application of an appropriate preliminary design procedure to establish 

reservoir capacity-yield-reliability relationship. 

(iii.) Identify and incorporate possible improvements in simulation study of a 

single reservoir considering irrigation and hydropower, as the main 

purposes. 

1.5 SCOPE OF DISSERTATION WORK 

I 	: It deals with the introduction of the issues and statement of the objective, 

scope, and the study area. 

II 	: Review of silt deposition pattern in some reservoirs and analysis of 

progressive silt deposition in live storage using Empirical Area Reduction 

Method. 

III 	: Definition of terms related to storage, yield, reliability and preliminary 

design using Gould Gamma method to develop storage-yield-reliability 

relationship for Batutegi reservoir. 
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IV : Critical review of planning approach and suggest improvements in long 

term simulation study for hydropower. Formulation of improved simulation 

algorithm incorporating (i) revision of elevation-area-capacity curve at 

regular interval, (ii) average area and average head adjustment, (iii) 

consideration of varying turbine efficiency, (iv) group rotation for reducing 

peak irrigation demand, (v) evaluation of time reliability, seasonal reliability 

and annual reliability. 

V 	: Simulation study of irrigation and hydropower and reliability analysis for 

hydropower and irrigation as single purposes and as joint multipurpose of a 

reservoir. 
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CHAPTER 2 

PROGRESSIVE SILT DEPOSITION IN LIVE STORAGE 

2.1 INTRODUCTION 

The sediment deposition in the reservoir is a complex process and results 

in reduction of storage capacity, increase in backwater levels in head reaches, 

raising of floods levels, choking of irrigation, navigation and power outlets and 

formation of islands. For long term planning of efficient utilization of reservoir 

capacity, mere estimation of total sediment is not sufficient. More important is the 

estimation of trapped sediment at different levels in the reservoir. The sediment 

accumulation in storage zone has direct effect on allocation of storage. volumes 

for irrigation, power, flood moderation and industrial and municipal water 

supplies. Therefore, realistic estimation of sediment deposition pattern in the 

reservoir is of utmost importance for long term planning of water volume 

allocations. 

The sediment deposition in a reservoir is governed by factors such as 

longitudinal and lateral valley slopes, length and shape of the reservoir, grain 

size distribution of sediment, flow patterns in the reservoir, capacity/inflow ratio 

and mode of reservoir operation. The process of sedimentation in the reservoir is 

three dimensional in nature. Use of three 'dimensional mathematical models to 

predict sedimentation patterns is still restricted due to complexity of 

sedimentation process, exhaustive data requirement, uncertainties and 

difficulties in realistic assessment of parameters such as bed friction, diffusion 

coefficient, bed and suspended sediment transport rates (Kulkarni and 

Deshmukh, 1997). However, use of one and two-dimensional models is being 

made with due consideration to the limitations of such models to simulate the 

complex process. 

Among the empirical methods of estimation of sediment accumulation and 

distribution, the Area Reduction Method proposed by Borland and Miller (1958) 

is most suitable and widely used on account of its simplicity ahci minimum data 
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requirement. The 'Reservoir Sediment Committee' appointed by the Government 

of India had also recommended use of this method (Government of India, 1985). 

2.2 EMPIRICAL AREA REDUCTION METHOD 

This method proposed by Borland and Miller (1958) of USBR is based on 

the hypothesis that there exists a definite relationship between the shape of the 

reservoir and the percentage of the sediment volume deposited up to various 
depths of a reservoir. They analyzed deposition patterns of more than 40 
reservoirs in USA with capacities ranging from 492 million ha m to 1.6 million ha 
m. These reservoirs varied in location, catchment characteristics and operation 

schedules. The reservoirs are classified into four types. The reciprocal (M) of the 

slope (S) of the line obtained by plotting reservoir depth as ordinate and 

reservoir capacity as abscissa on log-log scale is used as key to decide the 

reservoir type as per Table 2.1. 

Table 2.1 : Evaluation of Reservoir Type 

M Reservoir Type Standard Type 

3.5 and above 

2.5 to 3.5 

1.5 to 2.5 

1.0 to 1.5 

Lake I 

Flood plain, foot hill 

Hill 

Gorge 

I 

 II 

III 

IV 

For each of the above type, sediment storage and area design curve (Fig. 

2.1 and Fig. 2.2) were developed using observed data of the reservoirs. From 

these curves or the equations representing the curves, the sediment deposition 
at various levels could be computed. Theory and details of computational 
procedure are presented by Borland and Miller (1958) and Murthy (1977). The 
method for determining the sediment distribution is given below in brief: 

10 
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(i.) From catchment area, siltation index (sediment volume/unit area/year) 

and period for sediment deposition, total sediment yield is computed. 

Siltation index could be available from earlier hydrographic surveys or 

from isoerodant maps of the region derived by Garde and Kothyari (1985). 

(ii.) From the trap efficiency of the reservoir as defined by Brune (1953) and 

total sediment yield, sediment volume likely to be deposited in reservoir is 

computed. 

(iii.) The reservoir type and corresponding deposition pattern can be 

determined by plotting depth-capacity relation. 

(iv.) Take suitable interval (2 m to 5 m) and find the levels over the total depth 

at dam (up to FRL). Compute relative depth at different levels starting 

from FRL to riverbed. 

Depth above riverbed at 
- any elevation 

Relative depth 
Total depth at dam 
(FRL — bed level) 

(v.) For these relative depths, compute relative sediment area factor 'a' using 

appropriate type of curve. 

(vi.) Assume a new bed level (ho) near the dam after siltation. Compute 

reservoir area, capacity, relative depth and factor 'a' at level 'ho', compute 

'K' as 

Area at level (ho) 
K 

'a' at level (ho) 

(vii.) Multiply 'a' at each level computed in step (v) by 'K' to obtain sediment 

area at each level. 

(viii.) Compute the sediment volume deposited between two successive levels 

and cumulative sediment volume deposited below each level. 

11 



PE
RC

EN
T

 R
ES

ER
V

O
IR

 D
EP

TH
 

100 

40 

80 

60 

20 

2.4 

2.0 

0.4 

0.0 
0.0 	0.2 	0.4 	0.6 	0.8 	1.0 

RELATIVE DEPTH (MEASURED FROM BOTTOM) 

(Progressive Sift 'Deposition in Live Storage 

0 	20 	40 	60 	80 
	

100 
PERCENT SEDIMENT DEPOSITED 
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(ix.) If computed sediment volume below FRL or highest water level is equal to 

the total sediment volume likely to be deposited (computed in step (ii) in 

assumed duration), stop the computations. Else, assume a new value of 

'ho' and repeat steps (vi) to (ix) till the above condition is satisfied. 

(x.) Compute revised elevation—area—capacity relations by deducting 

sediment area and volume from initial area and volume at respective 

levels. 

The computations by Area Reduction Method need following basic input data: 

• elevation — area — capacity curves 

• sediment yield/unit of catchment area/cathment area year (siltation index) 

• trap efficiency of reservoir 

• period for prediction (years) 

• deepest riverbed level near the dam 

2.3 DISCREPANCIES IN PREDICTED AND OBSERVED DEPOSITION 

PATTERNS FOR SOME RESERVOIRS 

Kulkarni and Deshmukh (1947) studied the observed sediment deposition 

patterns of Bhakra, Gandhisagar, Pagara, Panchet, Maithon and Tungabhadra 

reservoirs in India to check how far these reservoirs behaved differently from the 

standard deposition patterns indicated by Area Reduction Method. 

Fig. 2.3 and Fig. 2.4 show depth capacity curves for Gandhisagar and 

Pagara reservoirs of Chambal project respectively. As per criteria of Borland and 

Miller, the Gandhisagar and Pagara reservoirs fall under Type I (i.e. lake) and 

major part of sediment, nearly 50% of sediment trapped in the reservoir should 

settle in upper 30% depth i.e. in live storage. However, the hydrographic survey 

of the reservoir in 1975 (15 years after filling of reservoir) indicated that only 30 

% of incoming sediment was deposited in upper 30% portion. This pattern 

matches with Type II. Fig.2.5 shows that the observed data closely match with 

the computed elevation-capacity curve assuming Type II. 

13 
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From Fig. 2.4 also, it is seen that the Pagara reservoir falls under Type Ili. 
However, the hydrographic survey carried out in 1982 (55 years after 
construction of dam in 1927) revealed that the deposition pattern was close to 
Type IV. Figure 2.6 shows close agreement of computed elevation capacity 
curve (assuming reservoir as Type IV) with the observed data. 

The observed deposition pattern of Bhakra, Maithon, Panchet, 
Gandhisagar and Tungabhadra reservoirs are superimposed on the four 
standard deposition patterns (as per Borland and Miller, 1958) in Fig. 2.7. Table 
2.2 summarizes 'observations made from Fig. 2.7. 

It is seen that none of the reservoirs totally behaves as per type estimated 
by the standard procedure given in Area Reduction Method. Underestimation in 
dead storage may effect operation of hydropower plants due to entry of sediment 
into penstock. It is also seen from Fig. 2.7 that some reservoirs like Bhakra and 
Gandhisagar behave as per different types at different depths. This shows that 
adoption of only single type of deposition pattern to such reservoirs can lead to 
errors in estimation of sediment deposition patterns. It is also useful to know 
actual deposition pattern and shift in it, if any, with respect to time. Fig. 2.8 
shows how the Maithon reservoir deposition pattern shifted from Type II to Type 
I during the period 1963 to 1994. 
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Fig. 2.3 : Depth — Capacity Curve for Gandhisagar 
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Table 2.2 : Comparison of Observed and Standard Types of Reservoirs 

Reservoir 

Type as 

per Borland 

and Miller 

Type as per 

field data 

Effect of adopting type as per 

Borland and Miller 

Bhakra III Ito 	Ill Underestimation of deposition 

in live storage zone 

Gandhisagar I I to 	Ill Overestimation 	of siltation 	in 

live storage zone 

Panchet 	V II I Underestimation of siltation in 

live storage zone 

Maithon II I Underestimation of siltation in 

live storage zone 

Tungabhadra I II to 	III Overestimation 	of 	siltation 	in 

live storage zone 
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It is obvious that each reservoir will have its own deposition patterns. In 
reality, the reservoirs may have mixed characteristics of 2 or more standard 
types. Other factors such as grain size distribution of sediment reservoir 

operation pattern, nature of inflow flood hydrograph; trap efficiency of the 

reservoir, initial water level at the time of arrival of the flood etc. affect directly or 

indirectly the deposition pattern in the reservoir. For example, if the reservoir is 

at MDDL at the time of arrival of first f[ood then not only the incoming sediment 
but also part ,of the sediment deposited in live storage will also be-  carried and 

deposited into dead storage zone. But with same flood and reservoir at FRL the 

most of the incoming sediment will be deposited in live storage. Thus, the entire 

process becomes complex due to large number of governing factors. 

2.4 STUDY OF SEDIMENT DISTRIBUTION IN BATUTEGI RESERVOIR 

In conventional simulation study the elevation—area—capacity curve as 

anticipated after half of project life is first derived using Area Reduction Method 

(or any other appropriate method) and assumed to apply uniformly from first year 

up to end of project life in the simulation study. 

With the availability of computer technology, it is now possible to revise 

elevation—area—capacity as regular interval say 5 to 10 years and incorporate 
revised relationship in the long term reservoir simulation study. 

Case study of Batutegi Reservoir has been carried out to: 
(i.) Evaluate change in standard reservoir type (if any) at 25 years interval, 

and 

(ii.) Compute and compare elevation—area—capacity curves for variation 

conditions (original, revised after 25 years, 50 years, 75 years and 100 
years). 

Analysis of Change in Standard Type Classification 

The depth-capacity plots based on original elevation—area—capacity curve 

indicate M = 2.87 i.e. Type II reservoir as shown in Fig. 2.9. Area Reduction 
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Method is used to obtain revised elevation—area—capacity relation after 25 years. 

Sediment deposition computation is shown in Table 2.4. 

0.01 	0.1 	 1 	 10 
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Fig. 2.9 : Original Depth-Volume Relation for Batutegi Reservoir 

For next 25 years this revised elevation—area—capacity relationship is 

used as original elevation—area—capacity curve and M is computed (M = 2.52). 

Depth —capacity relation is shown in Fig. 2.10. The reservoir is still Type II 

reservoir. 
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Fig. 2.10 : Depth-Volume Relation Revised After 25 Years — Batutegi Reservoir 
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For next 25 years i.e. from 51st  to 75th  years, same procedure is repeated. 

Computed M is 2.36 as shown by depth—capacity relation (Fig. 2.11). Now, 

reservoir becomes Type 111. 

For the next 25 years i.e. 76th  to 100th  year, computed M is 2.55 i.e. 

reservoir becomes Type II again. Fig. 2.12 shows depth—capacity relation. 
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Fig. 2.12: Depth-Volume Relation Revised After 75 Years — Batutegi Reservoir 

After 100 years, M value is 2.56 indicating Type II reservoir as shown by 

depth — capacity relation in Fig. 2.13. If every 25 years change is not considered, 

then M value is 2.39 i.e. Type III reservoir (Fig. 2.14). This value is obtained 

directly from original curve (based on initial M value = 2.87 and initial zero 

elevation = elevation of stream bed) revised to curve after 100 years without 

considering change in every 25 years. 

Table 2.4 shows the computation of revision in elevation-area-capacity 

relation after 25 years. Computation of revision in elevation-area-capacity 

relation after 50 years, 75 years and 100 years are calculated by similar 

procedure as in Table 2.4, as shown in Appendix 1. 

Table 2.3 shows M value, reservoir type and new zero elevation during 

100 years project life. Fig. 2.15 shows variation in M value and Fig. 2.16 shows 

variation in new zero elevation. 

Elevation—area—capacity curves are compared in Fig. 2.17. Also, it is 

compared with estimated sediment pattern after 100 years as given in project 

report in Fig. 2.18. 
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Fig. 2.13: Depth-Volume Relation Revised After 100 Years — Batutegi Reservoir 
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Fig. 2.14: Depth-Volume Relation Revised After 100 Years Without Change 

Every 25 Years— Batutegi Reservoir 

Table 2.3. M Value, Reservoir Type and New Zero Elevation during 100 years 

Elevation Area Capacity 

Curve 
M Value 

Reservoir 

Type 

Zero 

Elevation 
Original Curve 2.87 II 173.50 

Revised after 25 yr 2.52 II 184.50 
Revised after 50 yr 2.36 Ill 189.50 
Revised after 75 yr 2.55 II 193.75 
Revised after 100 yr 2.56 II 198.25 

Revised after 100 yr (if no 

change every 25 yr) 

2.39 III 201.00 
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Fig. 2.15: M Value Variation during 100 Years — Batutegi Reservoir 

Table 2.3 and Figure 2.15 show the change in standard classification of 

reservoir and new zero elevation during 100 years period. Analysis shows that 

the standard classification.  of a reservoir is not constant. Based on original 

elevation-area-capacity curve, the standard classification of reservoir is Type 11. 

This type is not constant during 100 years. Up to 25 years from beginning, it is 

Type II (same as in Project design), then it is Type III from 25 years to 75 years 

and again it just becomes Type II from 75 years to 100 years. 
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Due to change in standard classification, the distribution pattern also 
changes. New zero elevation is revised based on change in elevation-area-
capacity curve every 25 years. This study suggests that the new zero elevation 
will be at elevation 198.25 m after 100 years. Compared with the analysis in 

which standard classification is kept constant during 100 years, new zero 
elevation after 100 years will be at elevation 201 m. In other words, it means live 

storage capacity is expected to be more than proposed in project design over the 
project life. 

Analysis of sediment distribution in the Batutegi reservoir by Area 

Reduction Method highlight the following important aspects: 
(i.) Standard type classification of a reservoir is not constant over entire 

project life. Due to change in standard type classification, sediment 

distribution pattern will also change as per method of Borland and Miller. 

From beginning and up to 25 years, reservoir behaves as Type II (same 

as considered in project design) and then it is Type III from 25 years to 75 

years and it just becomes Type 11 again from 75 years to 100 years. In 

otherwords, there is over estimation of siltation from 25 years to 75 years. 

Even if standard type classification does not change during a period, 

elevation—area—capacity curve will still undergo revision due to variation 

new zero elevation, it is therefore, necessary to consider progressive 
change in elevation—area—capacity relationship in long-term simulation 

study of a reservoir 

(ii.) In the conventional procedure as followed in India, the reservoir would 

have been designed considering revised elevation-area-capacity curve 

obtained after sediment deposition during 50 years and assumed to apply 

uniformly over the entire project life (100 years). With the likely change in 

new zero elevation and elevation-area-capacity curve at regular interval 

say 25 years as shown in Fig. 2.16 and Fig. 2.17, the use of conventional 

procedure would result in underestimation or overestimation of silt 

deposition in different time interval. 
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CHAPTER 3 

PRELIMINARY DESIGN OF RESERVOIR 

3.1 GENERAL 

For surface water reservoirs, a two-step design process is generally 

adopted. In the first step, simple and quick techniques are used to establish 

reservoir capacity—yield relationship. Such methods are called preliminary design 

techniques. In these preliminary techniques, simplifying assumptions are 

normally made. Reservoir releases are assumed constant (i.e. demand is 

assumed to be uniform), evaporation is ignored. In India, dependability criteria 

are fixed as 75 % for irrigation and 90 % for hydropower generation. Thus, no 

attempt is made to explore capacity — yield relationship particularly in preliminary 

design. 

Uncertainty is a major element in the design process. This is inherent not 

only in the flow records but also in the forecasts of demand particularly irrigation 

water demand. Irrigation demand depends on several variables such as cropping 

pattern, rainfall, irrigation system, efficiency, which are not deterministic. 

Cropping pattern changes with farmers behavior, market prices, socio-economic 

condition, reliability of water supply and so on. Thus, variability which should be 

a key factor in the design process is often ignored by making simplifying 

assumptions. With availability of computer technology and analytical tools, even 

preliminary design can be made more realistic and informative for the planner to 

take appropriate decisions. 

One of the earlier methods for estimating size of storage to meet a given 

draft is Rippl's method, which is equivalent to the computer based sequent peak 

algorithm. However, the procedure does have several deficiencies, especially 

where variable drafts, evaporation losses, and multi reservoir systems are 

involved. Because of these limitations, the mass curve procedure is not 

recommended as a design technique. However, it should be noted that the 
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capacity of many reservoirs might have estimated using this technique, and 
analysis reviewing the yield of older storages should be aware of its limitations. 

A useful summary result of either a preliminary or final design analysis is 
illustrated in Fig. 3.1, where draft or withdrawal (or regulated outflow) from the 

reservoir, expressed as a percentage of mean annual flow, is plotted against the 
required storage for several levels of probability of failure. From such a diagram, 

the storage at a specific site required to meet a given draft and probability of 
failure can be obtained. Alternatively, for a fixed reservoir size, the relationship of 

withdrawal of firm yield to probability of failure (or reliability) can be depicted. 

0 	1 	 2 
	

3 
Storage Size'(units of mean annual flow) 

Prob. of failure 
- 10% 
- 5% 
--s— 2% 
- 1% 

For one unit of storage size 
80 

"§- 70 
4 60 
C 

:C3, 50 

• 40 	 
z5=.' 30 

3 20 
• 10 1 

0 I  
0 2 	4 	6 	8 	10 	12 

Probabillity of failure in any year (%) 

Fig. 3.1 Example of the Relationship between Storage Size, Withdrawal 

and Probability of Failure 
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This chapter explores possible improvements in preliminary design 
procedure. 

3.2 DEFINITION OF TERMS: 

Terms often used in storage capacity-yield-reliability analysis are defined 
below. 

Within - year storage: is the storage capacity required to smooth out 

season fluctuations in stream flow within a year. In humid regions, only sufficient 

capacity is required to meet within — year fluctuations in stream flow and 

demand. 

Carry-over storage: it refers to the additional capacity of a reservoir to 

compensate for year-to-year variations in stream flow and demand for reservoirs 

that do not refill every year. Reservoirs located in more arid climates are 
normally of this type. 

The terms yield, release, draft, withdrawal, outflow, and regulation are 
used synonymously and refer to the regulated outflow from a reservoir. Yield is 
often expressed as a percentage of mean flow during the project life, with typical 

values being in the range 50 to 70 percent. In India, yield is often associated with 

dependability. 

Firm yield as used in United States is the draft or withdrawal that lowers 

the water content in a reservoir from a full condition to a minimum level just once 

during the critical historical drought. It is essentially the no failure yield. In India, it 
corresponds to 90 % dependability. 

Release or operating rule. Usually the water supplied to the consumer is 

equal to that demanded. However, during periods when the reservoir contents 
are so low that the water required can not be supplied, or when prudence 
suggest that only part of the demand should be met from storage, withdrawals 
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may be a function .of water stored where the function relating release and 
storage is the release rule. 

Criteria for Assessing Reservoir Performance 

A number of definitions are used for probability of failure of a reservoir from a 
hydrologic point of view. A common definition of failure is the ratio of the time the 
reservoir is unable to meet the full demand, nh to the total time period used in the 
analysis, n. 

Hence, 

pf  = of 
-n 

(3.1) 

Reliability is the term used to represent the proportion of time the reservoir is 

able to meet the consumer demand. Hence, it is the complement of probability of 
failure: 

Rf = 1 - Pf 
	 (3.2) 

When of and n are in terms of year Rf is called annual reliability. When of and n 
are in months or smaller time interval, it is called time reliability. 

Volumetric reliability is defined as the ratio of the volume of water supplied, 
Vs, to the volume of water demanded, Vd : 

Vs Rv = — 	 (3.3) 
Vd 

Two other criteria - are useful in assessing reservoir performance, namely 
resilience (the rate of recovery from failure) and vulnerability (the severity of 

failure). The probability of recovery from failure to some acceptable state within a 

specified time interval is defined as resilience. A resilience system is one that is 

capable of recovering from a deficit state to a normal state in a short time. For 
mathematical modeling, it is defined as the maximum number of consecutive 
periods of shortage that occur prior to recovery. 
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Vulnerability is a measure of the likely magnitude or significance of a failure. 

It is defined as the largest deficit during the period of operation of a reservoir. 

Max k 	— (Vs), 	 (3.4) 

i = 1,2,3, 	n 

A critical period is defined as the period from a full condition through 

emptiness (or a condition defined as failure) to the next full condition (Fig. 3.2). 

On the other hand, a critical drawdown period is the period during which the 

reservoir contents fall from an initially full condition to an empty condition, without 

spilling during the intervening period. In the United States, these terms refer only 

to the worst historical drought. 

In critical drawdown period, only one failure occurs and that signals the end 

of the period. In rig. 3.2, two critical drawdown periods are illustrated. In the 

second one, the period beyond the initial empty point in 1987 is not part of the 

critical drawdown period. Critical drawdown periods can be as short as a few 

months or as long as 10 years or more. 
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3.3 GOULD GAMMA METHOD 

FolloWing an extensive review of preliminary reservoir capacity—yield 
techniques and their application to Australian and Malaysian streams (that cover 
the range of hydrologic characteristics throughout the world), Teoh and Mc 

Mahon recommend the Gould Gamma method for establishing reservoir — draft -

probability of failure relationship. It should be noted, however, that the Gould 

Gamma method applies to reservoirs whose storage volume fluctuates from year 

to year. 

This method uses the fact that, while parameters for the normal 

distribution are easy to calculate and probability tables for it are readily available, 

the Gamma distribution usually is a better approximation to the distribution of 

annual flow data. The procedure is therefore to use the normal distribution for 

the calculations, and then to apply a correction to approximate the Gamma 

distribution. Procedure as given in McMahon and Mein (1978) is explained in 

Annexure. 

3.4 PRELIMINARY DESIGN OF BATUTEGI RESERVOIR 

The storage required on a reservoir to meet a specific demand depends 

on three factors; the variability of the inflows, the size of the demand, and the 

reliability of this demand being met. This section deals with estimate of storage 

for preliminary design using Gould Gamma method and simple 
simulation/behavior analysis. 

3.4.1 Data 

The inflow data is available on fortnight basis in unit of cumec, for 25 

years. Appendix 2 shows monthly inflow at Batutegi reservoir in million cubic 

meter (MCM). 
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3.4.2 Gould Gamma Method Analysis 

By Gould Gamma method, storage required is found out for varying 
withdrawal i.e. for 50%, 75%, 90%, and 95% of mean annual flow and varying 

probability of failure i.e. for 1%, 2%, and 5%. Probability of failure greater than 
5% is not recommended by this method (Table 1 in Annexure). 

Estimation of storage capacity by Gould Gamma method is illustrated 
below: 

- Withdrawal 	 = 90 % of mean annual flow 
- Probability of failure 	= 5 % 

For above condition, the parameter as in Eq. E.13 is obtained as below : 

0.9 	i.e. percentage of mean annual flow 
zp 	= 	1.64 i.e. standard distribution corresponding 

to p = 5% (Table 1 in Annexure) 

0.6 	i.e. from Table 1 (Annexure) corresponding 
to zp  = 1.64 

Cv 	= 	0.21 i.e. coefficient of variation 

standard deviation 	142.79  - 0.21 
mean annual flow 690.88 

Hence, using Eq. E.13 

[  1.642  1- 	 0.6 x0.212  
4(1-0.9) 

0.27 

Therefore, storage capacity 

C 
	 x mean annual flow 

0.27 x 690.88 

186.58 MCM 
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3.4.3 Adjustment for Evaporation Loss 

Evaporation from a reservoir needs to be taken into account using 

Equation E.20 ; 

LSE = c AF AE CP 

constant taken as 0.7 

AF 	= 	10.2 km2  taken from elevation—area—capacity curve revised 

after 50 years (Fig. 2.17 in previous chapter) corresponding 

to storage size of 186.58 MCM 

AE 	= 	net evaporation loss or gain/loss from reservoir is assumed 

to be equal to the average annual rainfall less the average 

annual runoff. Table 3.1 shows that the annual gain/loss 

reservoir is 142.1 mm/year or 0.142 ni/year 

CP 	= 	critical drawdown period is obtained from Equation E.7 

2 
CP 	

zp 	c  2 	1.642  
x0.212  

4(1— D)2  v 	4(1-0.9)2  

= 2.97 years 

Therefore, adjustment for evaporation loss is computed as below : 

ASE = 0.7 x (10.2x106  m2) x 0.142 m/year x 2.97 year 

= 3.01 MCM 

Hence, 

Storage Required = 
	

C+ ASE 

186.58 MCM + 3.01 MCM 

189.59 MCM 
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Table 3.1. Mean Annual Gain/Loss from Reservoir c,. 

NO YEAR 
ANNUAL 

RAINFALL 

(mm) 

ANNUAL 
EVAPORATION 

(mm) 

ANNUAL 
GAIN/LOSS 
RESERVOIR 

(mm) 
1 1969 1,384.0 1,433.0 (49.0) 
2 1970 1,607.5 1,427.0 180.5 
3 1971 1,162.0 1,419.0 (257.0) 
4 1972 1,313.2 1,419.0 (105.8) 
5 1973 1,114.9 1,415.0 (300.1) 
6 1974 1,031.3 1,431.0 (399.7) 
7 1975 1,120.9 1,431.0 (310.1) 
8 1976 978.3 1,431.0 (452.7) 
9 1977 1,279.3 1,412.0 (132.7) 

10 1978 1,500.1 1,417.0 83.1 
11 1979 1,758.5 1,417.0 341.5 
12 1980 1,207.3 1,417.0 (209.7) 
13 1981 1,729.3 1,417.0 312.3 
14 1982 1,194.4 1,417.0 (222.6) 
15 1983 1,084.1 1,417.0 (332.9) 
16 1984 1,034.6 1,417.0 (382.4) 
17 1985 	. 1,633.8 1,417.0 216.8 
18 1986 1,282.8 1,417.0 (134.2) 
19 1987 1,583.7 1,417.0 166.7 
20 1988 1,223.9 1,417.0 (193.1) 
21 1989 1,112.0 1,417.0 (305.0) 
22 1990 937.2 1,417.0 (479.8) 
23 1991 981.3 1,417.0 (435.7) 
24 1992 1,199,5 1,417.0 (217.5) 
25 1993 1,484.5 . 	1,417.0 67.5 

TOTAL (3,551.3) 
MEAN ANNUAL GAIN/LOSS (142.1) 

3.4.4 Withdrawal, Storage Size and Probability of Failure Relationship 

Now, storage required (storage size) with varying withdrawal and 

probability of failure are computed to establish relationship between withdrawal, 

storage size and probability of failure. Table 3.2 is summary of storage size 

estimated using Gould Gamma method with variation in withdrawal and 

probability of failure, and Fig. 3.3 shows the relation. 
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Fig. 3.3 Relationship between Withdrawal, Storage Size and Probability using 

Gould Gamma Method 

Fig 3.3 shows, that for withdrawal being 50% of mean flow, the storage 

size is not significant different being 22.72 MCM, 30.56 MCM and 37.08 MCM for 

5 %, 2%, and 1% probability of failure respectively. 

3.4.5 Simple Behavior/Simulation Analysis 

Even for preliminary design simulation analysis can be carried out with 

simplifying assumptions to establish storage size-withdrawal-probability of failure 

(or reliability) relationship as discussed below: 

In behavior/simulation analysis, the changes in storage content of a finite 

reservoir are calculated using equations: 

Zt+i = 	Zt + Qt Dt AEt 

Subject to 	if,; Zt+1 < C 
	

(3.5) 

Where,Zt+1  = storage at end of the tth  time period 

(= storage at the beginning of t+1th  period) 

Zt 	= storage at the beginning of tth  time period 

Qt 	= inflow during tth  time period 
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.6,Et 	= net evaporation loss from reservoir during tth  time period 

C 	= active storage capacity 

Time period is in one month. For preliminary design, sedimentation during 

the life of the reservoir and net evaporation loss are ignored. Withdrawal is fixed 

at 50%, 75%, 90%, 95 % of mean annual flow. 

The steps in a simple simulation analysis are as follows: 

i. Arbitrarily choose a reservoir of active capacity C, and assume that it is 

initially full, that is, zo = C. 

ii. Apply equation 3.5 month by month for the whole historical record. Dt is 

assumed to be constant. 

iii. Compute the probability of failure by dividing the number of time periods 

for which the reservoir is empty by the total number of time periods. 

iv. If the probability of failure is unacceptable, choose a new value of C and 

repeat the steps, above. 

Appendix 3 shows a simple simulation analysis for 'case of withdrawal 

being 90 % of mean annual flow and probability of failure being 5 % in time 

reliability analysis (monthly basis). 

By trial and error, storage capacity for different withdrawal levels and 

probability of failure are obtained easily. The results of simulation are shown in 

Table 3.3 and Table 3.4. The relation between withdrawal, storage size and 

probability of failure on monthly basis and annual basis are shown in Fig 3.4.a 

and Fig. 3.4.b respectively. 

In this study, simple simulation analysis has been used to estimate 

storage size with probability of failure 2%, 5%, 10%, and 15% on monthly basis 

(time reliability) and 5%, 12.5 %, 17 %, 21 % and 25 % on annual basis (annual 

reliability). Probability of failure of exactly 10 %, 15 % and 20 % on annual basis 

cannot be considered. For example 10% of 24 years is 2.4 years failure, 

therefore 3 years failure or 12.5% probability of failure is considered. 
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Table 3.3 : Result of simple simulation study 
(storage size-withdrawal-reliability relation) 
for monthly basis (time reliability) 

Case No Storage Size 
in MCM 

Probability 
of failure 

I Withdrawal 50 % 
1 0 10% 
2 14 5% 

3 30.0 2% 

II Withdrawal 75 )̀/0 
1 31.6 15% 

2 45.0. 10% 
3 85.0 5% 

4 120.0 2% 

III Withdrawal 90 % 
1 85.0 15% 
2 160.0 10% 
3 225.0 5% 
4 325.0 2% 

IV Withdrawal 95 % 
1 160.0 15% 
2 265.0 10% 
3 370.0 5% 

4 470.0 2% 

Table 3.4: Result of simple simulation study 
(storage size-withdrawal-reliability relation) 
for annual basis (annual reliability) 

Case No Storage Size 
in MCM 

Probability 
of failure 

1 Withdrawal 50 % 
•1 20.0 25% 
2 23.0 21% 
3 30.0 17% 
4 46.0 12.5% 
5 50.0 5% 

II Withdrawal 75 % 
1 80.0 25% 
2 95.0 21% 
3 115.0 17% 
4 125.0 12.5% 
5 158.0 5% 

III Withdrawal 90 % 
1 200.0 25% 
2 210.0 21% 
3 225.0 17% 

4 240.0 12.5% 
5 390.0 5% 

IV Withdrawal 95 % 
1 295.0 25% 
2 305.0 21% 
3 315.0 17% 
4 375.0 12.5% 
5 510.0 5% 
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Fig. 3. 4. Relationship between Withdrawal, Storage Size and Probability 

of Failure of Batutegi reservoir 

Following are the conclusions from preliminary design of Batutegi 

reservoir: 

(i.) Storage size estimation using simple simulation method is higher than 

estimation using Gould Gamma method for 5% probability of failure 
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(annual basis) as showri in Table 3.5 for varying withdrawal from 50% to 

90% of mean annual flc4/. 

Table 3.5. Storage Size Estimation by Gould Gamma Method and Simple 

Simulation Analysis for 5% Probability of Failure 

Storage Size Estimation (MCM) Deviation 

Gould Simple % of by 
Withdrawal 

Gamma Simulation MCM Simple 

Method • Simulation 

50% 23 50 27 54 

75% 64 158 94: 59 

90% 190 390 200 51 
95% . 	410 510 100 20 

(ii.) Preliminary design using simple simulation (withdrawal-storage size-

probability of failure relationship) is more flexible and informative than the 

preliminary design by Gould Gamma method. Withdrawal-storage size-

probability of failure relationship on annual basis can be developed for 

probability of failure greater than 5% also. 
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CHAPTER 4 

IMPROVEMENTS IN SIMULATION STUDY 

FOR HYDROPOWER 

4.1. REVIEW OF PLANNING APPROACH 

Irrigation and hydroelectric generation are the two main purposes for 

which a river valley project is generally taken up. However, concepts, basis and 

approach followed in planning for irrigation water supply and hydroelectric 

generation from . the same river valley project are observed to be different as 

discussed in Chapter 1. Based on review of prevalent approach in planning of 

river valley projects, following comments are made: 

(L) A reservoir provides capacity to store water similar to generation units, 

which provide capacity to generate power. While generated electricity 

cannot be stored, the power potential in terms of flow and head, which 

cause power generation, can definitely be stored. 

(ii.) It is well known that in developing country such as India, annual, seasonal 

and daily demand for electricity is much higher than available supply. 

Electricity production system consists of a mix of hydro, thermal, gas, and 

atomic power plants. Further, electricity distribution is made through grid 

and not directly from a single producer to consumer. Therefore, 

production at a particular hydroelectric project need not match with 

consumer demand instant by instant. 

(iii.) In single purpose power generation projects, releases from storage would 

depend upon system requirements. In multipurpose projects, where major 

benefit is irrigation, the releases are made primarily in the interest of 

irrigation and power generation follow the pattern of irrigation. But if 

installed capacity is based on 90% dependable power, possibility of 

higher power generation during periods of keen irrigation demand is lost. 

On the other hand, demand for electricity is high during this period of keen 

demand for tube well and lift irrigation. It results a paradoxical situation 
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wherein energy demand is high, power generation potential is also 
available (through storage head and irrigation releases). but power 
generation is restricted, by installed capacity, which has been based on 
90% dependable power. 

(iv.) Power component of a multipurpose storage project is also a component 
of energy generation system as stated in item (ii) above. As 'the system 
grows to match increasing power demand, releases from storage have to 
be changed. Similarly irrigation component is part of irrigation water 

supply system including ground water. As irrigation development scenario 
in the command area changes due to change in cropping pattern etc. The 

irrigation demand pattern will also change in future. Conflicts usually arise 
in operational requirements for irrigation and power. Adjustment in power 
releases also have to be made during any day to afford power matching 
to day - night variation in power demand. 

(v.) Farmers generally avoid night irrigation. Thus, power releases made in 

night require additional storage in downstream for irrigation only. In a 

designed cultural command area of storage type irrigation project, there is 

no alternate supply source if conjunctive use of surface and ground water 

has not been planned. Also even if groundwater use is planned at project 
level, this would have to be based on reliable power supply. In other 
words, storage type irrigation (single or multipurpose projects) are 
generally planned to serve an area as stand alone projects. There are 
only a few multi reservoir systems for irrigation alone. 

(vi.) Discussion in item (iv) to (v) leads to the necessity of improving the 
planning procedure. Irrigation and power supply have to be viewed as 

serving common higher-level goal. It is first necessary to appreciate and 

accept the shortcomings in traditional approach for planning of irrigation 
and power projects. 

(vii.) In U.S.A., reservoirs have been planned as carry over storage (over year 
storage), which means the reservoir capacity is more than what is 
required for within year storage. This results in higher utilization of river 
flows both for irrigation and power generation. In India, irrigation 
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reservoirs are planned as within year storage to achieve 75% reliability in 

water supply. This mean's available flows are under utilized in three out of 

four years. Similarly 90% dependability of hydropower means under 

utilization in nine out of ten years which developing country such as India 

can ill afford when irrigation is a top priority sector of development and 

there is acute shortage of power (a key input in country's development) 

(IWRS, 1999). The prevalent criteria do not appear to have a sound basis 

and analytical depth. Similarly decision on within year or over year 

storage should be based on long-term simulation study. Making irrigation 

and power projects as part of larger supply systems, reliability of over 

year storage can be increased. In the case of irrigation, it can be (i). 

Conjunctive use of surface and ground water (ii). Multi reservoir integrated 

planning, and (iii) Inter basin transfer. 

4.2. POSSIBLE IMPROVEMENTS IN SIMULATION STUDY 

With the availability of long-term hydrologic data, computational software 

and computer technology, it is possible to carry out detailed analysis and make 

the analysis more realistic and informative. 

(i.) Hydrologic design of a multipurpose reservoir in terms of storage 

capacity, dependable power, dependable irrigation water supply, installed 

capacity for power generation, irrigation canal capacity, and dependable 

area of irrigation should be based on long term simulation study of 

reservoir performance. 

(ii.) Progressive siltation and its impact on elevation — area — capacity relation 

have been examined in chapter II. It is necessary to incorporate 

progressive change in live storage capacity in the long-term simulation 

study. 

(iii.) Dependability criteria for irrigation and power generation are empirical in 

nature. It is necessary to carry out planning studies for different levels of 

water utilization and for different levels of reliability both for irrigation and 

power generation. Graphical depiction of relationship between water 
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withdrawal and storage capacity for different levels of reliability provide 

much more useful information for decision making a simply working out 

storage capacity for 75% dependable irrigation or 90% dependable power 

generation. 

(iv.) Normally, the minimum draw down level in storage development are fixed 

on considerations of silting and the safe limit of operating heads on the 

generating unit. Having arrived at the quantum of gross and effective 

storage required for regulating the available flows, studies should be 

carried out for different height of the dam, which would provide the same 

live capacity but with different minimum draw down levels and full 

reservoir level to arrive at the most economic solUtion. 

(v.) Irrigation demand is traditionally assumed to be constant over the period 

of simulation though its variation within a year is considered. It is a well 

known fact that irrigation demand changes from year to year depending 

on farmers choice of crops, effective rainfall, reliability of water supply, 

physical performance of delivery system and other infrastructure 

development (market, storage capacity, credit facility seeds, fertilizer, 

transportation, etc). Therefore, irrigation demand variation over the years 

should be considered in long-term simulation study. 

Unrealistic estimation of irrigation demand and assuming it to be constant 

over the years may cause over estimation or underestimation of system 

capacities, and their performance. 

4.3. STATISTICAL INDEXES OF PHYSICAL PERFORMANCE 

The purpose of long-term simulation study is to .permit evaluation of the 

physical and economic performance of alternative plans for storage capacity, 

power generation and irrigation water supply. The present study is limited to 

evaluation of physical performance. Economic performance is measured by the 

net benefits towards alternative objectives generated by the alternative plans for 

which sufficient data are not available, for the present study. 
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The discussion in this chapter is limited to evaluation of physical 

performance of hydropower generation, which is best undertaken statistically. 

The term "reliability" is used to describe the expected frequency with which a 

project attains given physical targets. Lenton and Strzepek (1977) have 

suggested following statistical indexes for evaluation of physical performance of 

hydropower generation. 

: total number of years of simulation 

n 	: a particular month 	 n = 1, 2, 3 	, 12 

t 	: a particular year 

Pc 	: Installed Capacity (MW) 

PG(t,n): energy generated in month n of year t 

i.) For each of twelve calendar months, draw power duration curve and 

compute minimum, mean, 90% dependable, 75% dependable power 

generation and also estimate variance. Compute capacity factor for each 

month. 

Cf (n) - 
Installed Capacity x no.of hoursinamonth 

ii.) Draw annual energy duration curve and compute minimum, mean, 90% 

dependable, 75% dependable energy, generation on annual basis and also 

estimate variance. Compute annual capacity factor 

ay.annual energy generation  
Installed Capacity xno.of hoursina year 

iii.) Estimate firm power (dependable power), which can been guaranteed with 

a high level of reliability. Usually it is 90% dependable power. 

In the following paragraphs, simulation study of Batutegi reservoir has 

been carried out incorporating some of improvements for hydrologic design of 

ay.monthly energy generation 
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this multipurpose reservoir. This chapter considers only power generation, and 

joint consideration of irrigation and hydropower is discussed in next chapter. 

4.4. THE DATA 

4.4.1 Discharge at Batutegi Reservoir 

For the simulation study, discharge at Batutegi dam site and at Argoguruh 

weir are required. In the Sekampung river, four gauging stations are operated 

namely: Kunyir, Jurak, Pujorahayu and Argoguruh. Their general features are 

given below: 

Runoff Gauging Stations 

Station 
Catchment 

Area (km2) 

Data 

Availability 

Data Obtained 

From" 	. 

Kunyir 438 Jan.1968-Feb.1994 Puslitbang Air,P2SDA 

Jurak 682 .J.an.1968-Dec.1993 Puslitbang Air 

Pujorahayu 1,743 Jan.1969-Dec.1992 Puslitbang Air 

Argoguruh 2,155 Sep.1974-Feb.1994 Cabang Metro 

Note: Puslitbang Air : Research Institute for Water Resources Development 
(Pusat Penelitian dan Pengembangan Pengairan) 

P2SDA 	: Water Resources Research Project (Proyek Pengkajian Sumber Daya Air) 

Cabang Metro: Metro District Irrigation Service (Cabang Dines Pengairan Metro) 

The nearest gauging station is Kunyir, about 2 km downstream • from 

Batutegi dam site. The catchment areas at Batutegi and at Kunyir are 424 sq. 

km, and 438 sq. km respectively. Consequently, discharge at Batutegi is 

estimated by multiplying the discharge at Kunyir by 424/438. 

The order of the priority is from the nearest to the farthest i.e. Jurak is the 

first station to be converted, Pujorahayu the second and Argoguruh the last. 
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After the generation of the discharge at Kunyir, the discharge at Batutegi is 

estimated as: 

Qb  
438 

 x Qk 

Where, 	Qb 	= Discharge at Batutegi (m3/s) 

Qk 	= Discharge at Kunyir (m3/s) 

The discharge at Batutegi during 24 years is shown in Appendix 2. 

4.4.2 Evaporation and Rainfall 

The evaporation from reservoir water surface is given as below : 

Unit Jan  Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

(mm) 

1 (mm/day) 

110 

3.55 

121 

4.28 

128 

4.13 

126 

4.20 

120 

3.87 

112 

3.73 

112 

3.61 

112 

3.62 

128 

4.27 

124 

4.00 

124 

4.13 

116 

3.74 

Monthly rainfall during 24 years is given in Appendix 4. 

4.5. ANALYSIS OF CHANGE IN ELEVATION, AREA, CAPACITY 
RELATION 

The progressive siltation and its impact on elevation — area — capacity has 

been examined in chapter II. In this study, analysis of change in elevation — area 

— capacity after every 10 years is carried out and the live storage revised during 

period of simulation. Details of calculation on the progressive siltation during 

project life are given in Appendix 6. Figure in Appendix 5 shows the change in 

elevation—area—capacity curve after every 10 years. These curves are used in 
long-term simulation study both for power generation and irrigation simulation, 

instead of assuming a fixed elevation—area—capacity curve that is used in 

conventional studies. 
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4.6. SIMULATION STUDY OF POWER GENERATION 

According to the project report (Department of Public Work, 1994), the 

irrigation water will be released from Batutegi reservoir to the Sekampung river 

through irrigation/power waterway. This waterway will be a circular tunnel with 

diameter of 3.5 m in the first portion and it branches into two penstocks and 

power penstock further branches into two penstocks, respectively. In the 

powerhouse, two units of generators will be installed with capacity of 12 MW 

each. In the simulation study, irrigation water is to be released through power 

tunnel as much as allowed and balance required water flows through irrigation 

outlet. This chapter considers only power generation. The power generation is 

estimated as per following procedure: 

• Tail water level (TWL) is assumed at Elevation 170 m. 

• Turbine efficiency is as given in figure 4.3. 

• Low water level for power generation is at Elevation 226 m. 

• Head Loss is estimated as follows: 

HL 	= 0.001377095 (q1)2  + 0.002574749 (qp)2  

Where,HL 	: head loss (m) 

qi 	: discharge through irrigation intake (m3/s) 

qp : discharge through power intake (m3/s) 

• Power is estimated by the following equation: 

P 	= 9.8 17 qp  (WL — TWL — HL) 

Where,P : generated power (KW) 

WL : reservoir surface water level (El. m) 

• If available turbine discharge is less than 40% of the turbine discharge 

required for one turbine, power generation is stopped. 

4.6.1 Regression for Estimation of Average Surface Area of Reservoir 

Average area is estimated by developing a linear function relation with 

area at th beginning of month. The procedure is explained as below: 
0_, LIB R 	N  
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Select a power target (Installed Capacity) and set initial storage as 

average of the range between 460 MCM and 660 MCM i.e. 560 MCM to 

carry out monthly water balance. 

Carry out preliminary water balance with following assumptions: 

a) Net head 	= W'ater level at beginning — head loss — TWL 

Where, head loss is assumed as 2 m and TWL is set as El. 170. 

b) Gain/loss from reservoir or net evaporation loss is assumed by 

multiplying depth of (rainfall — evaporation) with surface area at the 

beginning. 

c) Turbine efficiency taken to be constant as 0.814 

Area at end of month is found out corresponding to storage at end of 

month. Plot surface area at the beginning (abscissa) versus average of 

surface area at beginning and at end of a month) as obtained from 

monthly water balance. 

Obtain best-fit linear equation by regression analysis for the selected 

power target. Repeat process for other power target. 

Hence, Average surface area = function (surface area at the beginning). 

The results are shown in Fig. 4.1. 

The regression relations as shown in Fig. 4.1 are used in detailed simulation 

study as explained in section 4.6.3. 

4.6.2 Regression for Estimation of Average Elevation 

Average reservoir elevation is estimated by a similar procedure as in 

section 4.6.1 above. 

Elevation at end of month is found out corresponding to storage at end of 

month. Plot elevation at the beginning (abscissa) versus average of 

elevation. 

Obtain best-fit linear equation by regression analysis. 

Hence, Average elevation = function (elevation at the beginning). The 

results are shown in Fig. 4.2. 
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It is observed that scatter of points from best fit regression lines for both 
(i). Initial elevation vs. average elevation and (ii). Initial area vs. average area is 

more when power target is 12 MW. For other power settings, relationships are 
good. 

Fig. 4.1 : Linear Regression for Estimation of Average Area with Different Power 
Target 
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Fig 4.2 : Linear Regression for Estimation of Average Elevation with Different 

Power Target 
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4.6.3 Algorithm of Power Simulation Study 

Power routing is done using the following sequence of steps. The 

complete sequence is performed for a calendar month of the simulation. 

(i.) Adopt a storage capacity based on preliminary design or any other 

consideration. 

(ii.) Select power target/Installed Capacity and number of units (in number of 

4 MW units). 

(iii.) Select first month of simulation, which is usually at end of wet season. For 

this case study, April is the first month. Assume storage at beginning of 

month. Reservoir can be assumed to be full at end of wet season. 

(iv.) Adopt appropriate elevation-area-capacity curve, which is revised in every 

10 years during project life. Since the stream flow data is for 24 years, 

original curve, curve revised after 10 years and curve revised after 20 

years are adopted for simulation study. Elevation — area — capacity curves 

are shown in Appendix 5. 

(v.) Calculate the .gain/loss from reservoir with following procedure: 

• Estimate the average surface area of reservoir for the month 

corresponding to the surface area at the beginning of month using the 

linear function (Fig. 4.1) appropriate to the power target. 

• Gain/loss from Reservoir is obtained as: 

= Average surface area x depth of gain/loss reservoir x conversion 

= (km2  x 106) x (mm x 10-3) / 106 	(in Mm3  or MCM) 

Where; 

depth of gain/loss = monthly rainfall — monthly evaporation in mm 

(vi.) Calculate the water available as: 

Gross Water available (WA) = Gross storage at beginning + Inflow + 

Gain/loss 

(vii.) Estimate rated discharge by following formula 

Rated discharge (grated) 
P 

(in m3/s) 
9.8 xri xli 
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Turbine efficiency is assumed constant (77 = 0.814) 

H is net head, which is taken as: 

= Average water level of reservoir - constant head loss (2 m)-TWL 
= (FRL+MDDL)/2 — 2m - TWL 

(viii.) Obtained average reservoir elevation for the month from the regression 
equation. 

Av. elevation = fn (elevation at beginning of month) 

(ix.) Estimate the discharge required for one unit for generation of P with 

average reservoir elevation as in previous step. 

Discharge required (qr) 	= 	 
(for one unit) 	

9.8 xx Hr 
 

(in m3/s) 

Where, 77 = taken as 0.814 

Hr = average elevation in a month — 2 — TWL 

In Volume, units : 

Q r = qr  x 60 x 60 x 24 x no of days in a month/106  MCM 

(x.) Total release required through power intake 

Qpr = (no of units n) x Qr 

(xi.) Compute actual discharge (qa) and volume (Qa) for each unit as follow: 
if WA Storage below MDDL + Qpr, then 

qa 	= qr for all units 

if WA < Storage below MDDL + Qpr, then 

Qpa = WA — Storage below MDDL 

Qpa is divided into n units such that 0.4 Qr < Qa < Qr , and qa is worked 
out. 

Revise Head Loss (HL) based on actual discharge (qa): 

HL 	= 0.002574749 (qa)2 	for each unit turbine 

55 



Improvements in Simulation Study for.7lydropower 

(xiii.) Revise Net Head (H) 

H = Average elevation from step (viii) — Head Loss frorn step (xii) — TWL 

(xiv.) Revise Turbine Efficiency 

Using efficiency curve in Fig. 4.3, efficiency is obtained for the actual 

discharge qa as percentage of rated discharge. 

Where, percentage discharge 	= 	a  x 100% 
q rated 

100 

90 

80 

70 

— 60 

w 
30 - 

20 

10 

40 

50 - 

0 

0 10 20 30 40 50 60 70 80 90 100 
Percentage of Discharge (%) 

Fig 4.3 : Efficiency Curve 

(xv.) 	Estimate turbine flow for one unit required for generating primary output, 

with the revised net head and revised efficiency, 

revised qr = 
P 

9.81 x revised efficiency x revised head 

revised Qr = revised qr x 60x60x24xno of days in a month  

106 

revised Qpr = (no of units n) x revised Qr 
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Figure 4.4 depictis the estimation of turbine flow in form of flow chart in 
case of Batutegi reservoir. 

Turbine release for each unit (qa discharge, Qa volume) depends on the 

water available, and how much can be released for power generation. 
Turbine release (in volume) made for power simulation is found applying 
following rules: 

• If WA Storage below MDDL+ revised Qpr 

Qpa = Qpr , and 
qa 	= revised qr for all units 

• If WA < Storage below MDDL + revised Qpr 

Then, Qpa = WA — Storage below MDDL 

Qpa is divided into n units such that 0.4 Qr < Qa < Qr 

And qa is worked out for each turbine 

• If (WA — Storage below MDDL) < 0.4 Qpr, then 
Qpa 	=0 and qa = 0 

(xvi.) Calculate end of month storage 

min 
 Si + Gain/Loss + Inflow —Qpa 

Smax 

(xvii.) Calculate Power Output 

Power Output 	= 	9.8xrevise d ri x revised head x qa 

(xviii.) Repeat the above mentioned procedure sequentially for all the months of 

simulation period (here 288 months), using revised elevation area 

capacity curve after 120 months (10 years) and 240 month (20 years). 
Work out statistical performance parameters. 
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Revise turbine efficiency from efficiency curve 

Eff(q)=fn( qa  
grated 7 

Improvements in Simulation Study forXydropower 

INPUT 
- Generation Capacity of one unit (P) 
- Number of units (n) 
- Monthly inflow, Gain/Loss, Storage at the beginning of month 
- Min. Storaae (at MDDL). MDDL. FRL. TWL 

V 

1 
	

Water Available (WA) = Storage at beginning 
+ Gain/Loss + Inflow 

V 

2 
	

Use regression equation and estimate ay. reservoir 
elevation = fn (elevation at beainnina of month) 

V 

3 
	

Assume head based on middle reservoir elevation and constant head loss 
(2 ml 

V 

4 
Compute Rated Discharge for one unit (grated) - 

P 
9.8x0.814x Head 

V 

5 
	

Compute required discharge (qr) and volume (Qr) for one unit based on 
ay. elevation, constant head loss and constant efficiency 

Total release required (Qpr) = n x Qr 

V 

Compute actual discharge (qa) and Volume (Qa) 
	

6 
If WA > Min storage + Qpr, then Qpa=Qpr, and qa = qr for all units 
If WA < Min storage + Qpr, then 

Qpa = (WA — Min storage) 
Qpa is divided into n units such that 0.4 Qr < Qa < Qr, and qa is worked out 

If (WA — Min Storage) < 0.4 Qpr, then 
Qpa = 0, and qa = 0 

8 
HL = 0.002574749 (aa12  

Compute head loss 

V 

9 
Revise net head 

H = ay. elevation - HL - TWL 

10 
	

Go to step 5 and repeat till error in estimation of /7 
and HL is acceptable 

11 
	Compute power generation in each unit Pu 

12 
	

Total Power Generation 
P = E Pu 

Fig. 4.4 : Flow Chart Depicting Estimation of Unit Turbine Flow and Power 
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(xx.) 	Repeat the entire algorithm from step (i) to step (xix) for the following 

changes in storage capacity and Installed Capacity: 

I.C. condition 	: 12 MW 	16 MW 	20 MW 	24 MW 

Storage condition : 460, 500, 540, 580, 620, 660 	(in MCM) 

Thus there are 24 different combinations of storage size and Installed 

Capacity for which simulation studies have been carried out. 

Table 4.1 shows the results of simulation study in terms of power 

generation at different dependability levels for 24 different combinations of 

storage size and Installed Capacity 

Table 4.2 shows statistical performance parameters for each month for six 

different combinations of storage capacity and installed capacity. The statistical 

parameters of physical performance on monthly basis are: mean power 

generation on monthly basis; variance in monthly power generation; average 

energy generation on monthly basis; capacity factor for each month; 90% 

dependable power on monthly basis; and 80% dependable power on monthly 

basis. 

Table 4.3 depicts a sample simulation study in detail for 580 MCM storage 

capacity and 16 MW installed capacity. 

4.7. RELIABILITY ANALYSIS OF POWER SIMULATION STUDY 

The present study deals with a multipurpose reservoir for irrigation and 

hydropower. Concept used in estimation of reliability for irrigation and 

hydropower are different even though both are related with use of water but in a 

different manner. Following indexes can be used to evaluate physical 

performance in relation to power generation. 

Failure month 
	

= when power target can not be met in a month 

Failure year 	= when power target isn't met in one or month in a year 
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T - sum failureyear 
Annual reliability 	

of 	
x100 

Time reliability 
12T - sum of 

2T  
failure month  

x100 
1 

Av.Annual Generation 	
Total energy generation in Simulation period  

T 

Annual Capacity Factor 
Av.annual energy generation  

= 
Energy gen. related tolnstalled Capacity 

To establish the relationship between storage size, installed capacity and 

different levels of dependable power, the storage size is varied in range between 

460 MCM to 660 MCM. 

For a given storage capacity the installed capacity is varied as 12 MW, 16 

MW, 20 MW and 24 MW with the assumption of 4 MW unit turbine. 

4.7.1 Storage Size - Power Generation - Dependability Relationship 

Storage size - power generation relationship at different levels of 

reliability are useful in deciding dependable power generation according the 

given storage capacity or how much storage capacity is required for a specific 

dependable power generation. 

In this study, four alternative installed capacities are analyzed i.e. 12 MW, 

16 MW, 20 MW and 24 MW in which the capacity for one turbine is assumed as 

4 MW. Table 4.1 shows the summary of storage size-power generation-

dependability relationship. Figure 4.5 and figure 4.6 show graphical depiction of 

results for 12 MW and 16 MW installed capacities. 

With installed capacity 12 MW (3 x 4 MW), the power generation at 

different reliability levels (65%, 75%, 80%, 90%) is constant at 12 MW (Figure 

4.5.a), even when gross storage size increases from 460 MCM to 660 MCM. 

This means increase in storage capacity has no affect on power generation 

reliability with 12 MW installed capacity. 
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a.) Storage Size - Power Generation - Dependability 
For Installed Capacity = 12 MW 
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b.) Storage Size-Annual Energy-Dependability 
For Installed Capacity = 12 MW 
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Fig. 4.5 : Storage Size - Power and Energy Generation - Dependability Relationship (12 MW) 

a.) Storage Size-Power Generation-Dependability 
For Installed Capacity -= 16 MW 
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b.) Storage Size - Annual Energy-Dependability 
For Installed Capacity = 16 MW 

• 

Stnrags 	Mean Eneray 
460 	92.1 GWh 	- 
500 	93.3 GWh 
540 	95.1 GWh 	- 
580 	96.1 GWh 
620 	97.2 Gwh 
660 	98.3 GM 	- 

_ 	___ l-- 	_ 

400 	500 	600 
	

700 
Gross Storage Size (MCM) 

- 65% Dependable -x-75% Dependable 
- 80% Dependable 	90% Dependable 

Fig. 4.6 : Storage Size - Power and Energy Generation - Dependability Relationship (16 MW) 
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Storage size—power generation relationship for 12 MW and 16 MW 
installed capacities are shown in Fig. 4.5.a and 4.6.a. Installed capacity greater 

than 16 MW is not necessary if only hydropower generation is considered. 

Power simulation study in Table 4.3 and Figure 4.10.b show that for gross 

storage size 580 MCM and installed capacity of 16 MW, after 4 years period of 

simulation, the storage is gradually going down, and at end of 5th  year the water 

level achieves the bottom level at MDDL. The draw down period occurs almost 

along the remaining 19 years period of study. The reservoir behaves like a run of 

river scheme. Similarly for higher installed capacities, the reservoir is found to 

behave like a run of river scheme. 

4.7.2 Storage Size — Annual Energy — Dependability Relationship 

With increase in storage capacity, average annual energy generation for a 

given installed capacity increases. Figure 4.5.b and 4.6.b show the relationship 

between storage size and annual energy generation at different dependability for 

12 MW and 16 MW installed capacity. These figures provide useful information 

in deciding installed capacity and storage size for meeting annual energy 
demand and desired dependability. 

4.7.3 Monthly Power Generation Analysis 

Table 4.2 shows performance parameters for each month and for six 

different combinations of storage capacity and installed capacity. These 

parameters give useful information in deciding fixing power generation targets in 
different months. 

i.) Monthly power duration curves were drawn to develop the monthly 

dependable power for different installed capacity. Figures in Appendix 7 
show the monthly power duration curves for 12 MW and 16 MW installed 

capacity and storage size 580 MCM. These power duration curves can be 

used for deciding dependable generation on monthly basis. Fig. 4.7 shows 

90% dependable power on monthly basis when storage capacity is 580 

MCM and installed capacity are 12 MW and 16 MW. Figure 4.8 shows 
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Fig. 4.7 : 90% Monthly Dependable Power 
Storage Size = 580 MCM 
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mean monthly power generation when storage capacity is 580 MCM and 

installed capacity are 12 MW and 16 MW. 

ii.) Increasing gross storage from 580 MCM to 660 MCM does not give 

significantly different power generation. 
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4.7.4 Reservoir Behaviour Diagram 

The power duration curves considering entire series of power generation 

and with installed capacity as 12 MW and 16 MW are shown in figure 4.9. 

Average monthly--flow-Over the entire simulation period is 57.6 

MSM/month. The average power generation is 13.01 MW. For generation of 12 

--MW, 52 MCM/month is required and for generation of 16 MW, 70 MCM/month is 

required. The reservoir is assumed to be full at the beginning of simulation 

period in this study. 

It is observed that reservoir almost remains full during entire simulation 

period for 12 MW generation. However, with installed capacity as 16 MW, 

reservoir depletion occurs and reaches MDDL at end of 5th  year. The project 

behaves as run of river scheme for the remaining 19 years period of simulation 

(Figure 4.10.b). 

4.9. CONCLUSIONS 

In this chapter, improvements have been made in long-term simulation 

algorithm and demonstrated through a case study of Batutegi reservoir. Even 

though Batutegi reservoir serves the purposes of irrigation and hydropower, only 

hydropower generation has been considered in this chapter for the purpose of 

illustrating the simulation procedure. Results on power generation — reliability in 

relation to variation in storage size and installed capacity show that the installed 

capacity of 24 MW as given in Project report is on higher side. Only 12 MW 

capacity is found to be sufficient. 

i.) Progressive sediment deposition and consequent change in storage 

capacity as well as change in elevation-area-capacity relation have been 

taken into- account in the long-term simulation study. 

ii.) Regression analysis has been used to develop best-fit relationship 

between a). Initial and average elevation and b). Initial area and average 

area for different power targets to estimate average elevation and 

average area. 
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iii.) Net/gain loss from reservoir has been considered to vary over entire 

simulation period by using monthly rainfall data for the entire period. 

iv.) Power generation has been based on turbine flow for each unit of turbine 

and related efficiency and then summing it thus making it more realistic. 

v.) Instead of assuming constant power plant efficiency, it has been 

considered as a variable. 

vi.) Instead of using conventional procedure of finding 90% dependable 

power, following relationships have been developed : 

1). Storage size-power generation-dependability 

2). Storage size-annual energy generation-dependability 

3). Monthly dependable power 

Such studies provide much more useful information compared to 

conventional studies particularly when a reservoir is to be planned as 

multipurpose project. 

vii.) Statistical indexes of physical performance such as (i) mean and variance 

of monthly power and annual energy, (ii) dependable capacity and energy 

in each month, (iii) monthly and annual capacity factor, are useful in 

deciding power/energy supply targets. 
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CHAPTER 5 

RESERVOIR SIMULATION STUDY FOR 

IRRIGATION AND HYDROPOWER 

5.1. GENERAL 

This chapter is an extension of analysis carried out in chapter IV in which 

concepts and basis for hydropower planning and irrigation planning were 

examined and certain improvements in planning procedure were discussed. The 

long-term simulation study and performance evaluation were limited to the 

purpose of hydropower in chapter 1V. This chapter deals with improvements in 

reservoir simulation study for the purpose of irrigation and for multipurpose of 

irrigation and hydropower. 

5.2. IMPROVEMENTS 

5.2.1. Variation in Irrigation Demand 

In the conventional simulation study for irrigation system planning, a 

design cropping pattern is evolved and it is assumed to be fixed i.e. variation 

from year to year is not considered. In the present study, different scenarios of 

target irrigation area and different cropping intensities are considered. Irrigation 

release requirements at the Batutegi reservoir have been considered to vary not 

only from month to month but also from year to year due to randomness of flow 

contribution from interim catchment between Batutegi reservoir and Argoguruh 

weir. 

5.2.2. Consideration of Group System of Irrigation 

Each irrigation project has its own specific water distribution plan to 

achieve project target. The water balance simulation study of irrigation has to be 

done according to the water distribution plan. 
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A water distribution plan is based on the assessment of irrigation demand 

and dependable flow at head of canal. Rotation of water supply to different areas 

depends upon available water and demand. 

In Indonesia, water distribution plan is based on group system. Concept of 

Golongan (Group) system of irrigation has been introduced and applied in 

determining irrigation demand in time and space framework. The peak irrigation 

demand is reduced due to staggering of crop calendar in Golongans. Thus the 

concept of Golongan is useful both in irrigation system design and in irrigation 

system operation. Use of Golongan concept in system design results in lower 

capacities of canal network at head and helps in equitable sharing of deficit 

water supplies. 

The study mainly concentrates on water balance simulation study with 

priority to meet irrigation demand under different scenarios and also generates 

power to the extent possible. Target energy generation can be fixed based on 

trade off between irrigation and power generation as discussed in later. 

Sensitivity analysis is also carried out by considering different cropping 

intensities for dry season paddy only. 

5.2.3. Consideration of Storage Capacity-Yield-Reliability on Annual and 

Seasonal Basis 

In the conventional procedure, storage capacity of an irrigation reservoir is 

planned to meet annual irrigation demand on 75% dependable basis. Instead of 

considering a fixed dependability criteria, it is considered to be more useful to 

work out storage capacity requirement for different dependability levels of 

irrigation water utilization. Further, instead of considering dependability on 

annual basis only, dependability has been considered on crop seasonal basis 

also. Such analysis between storage capacity water with withdrawal and 

reliability provides more useful information in fixing size of live storage and 

irrigation water utilization. 
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5.2.4. Estimation of Net Gain or Loss from Reservoir 

As storage during a period varies due to inflows and withdrawal from the 

reservoir, the reservoir area also varies. Therefore, average reservoir area 

should be considered in estimation of gain due to rainfall and loss due to 

evaporation from the reservoir. However, average area during a time interval is 

not known at the beginning. As already explained in chapter IV, it is possible to 

develop a relationship between initial reservoir area and average area based on 

trial simulation study. 

5.2.5. Trade off between Irrigation Water Supply and Power Generation 

It is necessary to workout trade off between irrigation water supply and 

power generation at different reliability levels in case of a multipurpose reservoir. 

In conventional procedure, usually priorities between irrigation and power 

generation are predecided and "as available" energy or "as available" irrigation 

supply are computed. Simulation study can be used to work out trade off 

between irrigation and power generation at different reliability levels from the 

storage-yield-reliability curves for irrigation and power. 

The above mentioned improvements have been applied in case study of 

Batutegi reservoir. 

5.3. IRRIGATION DEMAND 

Monthly irrigation demands are based on (i) crop calendar, area and 

golongan (rotational groups); (ii) crop water requirement; (iii) consideration of 

water requirement for land preparation, percolation losses, effective rainfall, 

leaching requirement etc.; and (iv) conveyance efficiencies. 

5.3.1. Different Scenarios of Irrigation Development 

Simulation is carried out considering the following scenarios of irrigation 

development : 
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- Irrigation area of 70,999 ha (excluding Rumbia areas) is assured 

- 'The following irrigation scenarios are simulated : 

Scenario I -› 76,789 ha (70,999 ha + West Rumbia) 
Scenario II 4 81,355 ha (Scenario I + Rumbia II) 
Scenario III 4 88,565 ha (Scenario II + Rumbia III) 
Scenario IV 4 94,123 ha (Scenario III+ Rumbia IV) 

The cropping intensity of 100% in the rainy season is fixed. 

The cropping intensities of 60%, 70%, 80%, 90% and 100% in the dry 

season are considered for each of the above scenario. Thus, there are 

twenty conditions of simulation analysis as shown in Table 5.1. 

Thus different scenarios of irrigation development are as on Table 5.1. 

5.3.2. Crop Calendar and Golongans 

Figure 5.1 shows the crop calendar and staggering of golongans to lower 

the peak water requirement. It also helps in lowering the peak labor requirement. 

In the rainy season, the land preparation in golongans 1 starts in the 

second half of October and with time lag of half a month, the other golongan 

start one by one. In the dry season, paddy land in golongan 1 is prepared in the 
first half of March followed by golongan 1 and 3. 

After the land preparation for one month, nursery paddy is transplanted in 

the field. Two and a half months after the transplanting, the irrigation is stopped 
and another half a month later, the matured paddy is harvested. 

In the dry season, upland crops (palawija) such as cassava, maize, 

soybeans, etc. are planted in the single paddy cropping field. Even in the double 

paddy cropping fields, upland crop are planted between the two paddy cropping 

seasons, however, they are not provided with irrigation water. 
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Table 5.1. Different Scenarios of Irrigation Development 

Condi- 

tion 

Zone 

Total 

Irrigation 

Area 

(Ha) 

Crop 

Intensity 

% 

Irrigation Area (HA) 

Rainy Season Dry Season 

Direct 

Divertion 

Return 

Flow 

Direct 

Divertion 

Return 

Flow 
I up to West Rumbia 76789 160 68789 8000 41273 4800 
II up to West Rumbia 76789 170 68789 8000 48152 5600 
III up to West Rumbia 76789 180 68789 8000 55031 6400 
IV up to West Rumbia 76789 190 68789 8000 61910 7200 
V up to West Rumbia 76789 200 68789 8000 68789 8000 

VI up to Rumbia II 81355 160 73355 8000 44013 4800 
VII up to Rumbia II 81355 170 73355 8000 51349 5600 
VIII up to Rumbia II 81355 180 73355 8000 58684 6400 
IX up to Rumbia II 81355 190 73355 8000 66020 7200 
X up to Rumbia II 81355 200 73355 8000 73355 8000 

XI up to Rumbia III 88565 160 77782 10783 46669 6470 
XII up to Rumbia III 88565 170 77782 10783 54447 7548 
XIII up to Rumbia III 88565 180 77782 10783 62226 8626 
XIV up to Rumbia III 88565 190 77782 10783 70004 9705 
XV up to Rumbia III 88565 200 77782 10783 77782 10783 

XVI up to Rumbia IV 94123 160 83340 10783 50004 6470 
XVII up to Rumbia IV 94123 170 83340 10783 58338 7548 
XVIII up to Rumbia IV 94123 180 83340 10783 66672 8626 
XIX up to Rumbia IV 94123 190 83340 10783 75006 9705 
XX up to Rumbia IV 94123 200 83340 10783 83340 10783 

5.3.3. Irrigation Diversion Requirement at Argoguruh Weir (IWD) 

Following model has been used to estimate irrigation diversion 

requirement at Argoguruh weir in each month. 
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Monthly IWD (MCM) = IDWR (litre/sec/ha) x Area x conversion 

IDWR (I/s/ha) 	= IWR x conversion ; E : Irrigation Efficiency 

IWR (mm/day) 	= ETc + LP + P — Re 

Where, 

IWR 	: Irrigation Water Requirement (mm/day) 
ETc 	: Consumptive Use (mm/day) 

: kcxETo 

LP 	: Land Preparation Water Requirement (mm/day) 

M .ek  
ek 

-1 

M 	: Water requirement to compensate for evaporation 

and percolation, M = Eo + P 

Eo 	: Open water evaporation during land preparation 

k M  

S 
T 	: Land preparation period (day) 

S 	: Pre-saturation requirement 

P 	: Percolation rate (mm/day) 

Re 	: Effective Rainfall (mm/day) 

Required water allowance on monthly basis at Argoguruh weir for each of 

the six golongans are given in Table 5.2, and Table 5.3 is the computation result 

of annual water requirement for each of the six golongans as per scenarios 

irrigation area. These have been taken from Engineering Report, Way 
Sekampung Irrigation Report, Department of Public Work in Indonesia (1994). 

The water requirement is significantly reduced by consideration of shift in 

crop calendar for each Golongan. As shown in Fig. 5.1, maximum monthly water 

requirement per ha of area is 5003 m3/month/ha without consideration of group 
system and it is 3686 m3/month/ha with consideration of group system. 
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5.3.4. Irrigation Demand at Batutegi Dam Site (DWD) 

Part of the irrigation diversion requirements can be met by interim 

catchment run off between Batutegi dam and Argoguruh weir. Therefore, 

downstream releases to be made from the Batutegi are : 

DWD - IWD - 
Qa 

Where;IWD = irrigation diversion water requirement at Argoguruh weir 

Qa 	= run off at Argoguruh weir 

e 	= conveyance efficiency from Argoguruh weir to Batutegi dam 

5.4. RIVER MAINTENANCE FLOW 

After construction of reservoir dam, the environmental situation in 

downstream changes especially for aquatic life. From the environmental and 

ecological considerations, dam operation should be made so that negative effect 

in downstream is as little as possible. 

In general, the river maintenance flow (called also duty flow, 

compensation flow or minimum flow) below the dam is as the 10 years probable 

drought discharge. Annual minimum daily mean discharge at Batutegi dam were 

analyzed and the obligation river maintenance flow downstream of Batutegi dam 

was set at 2.0 m3/s. 

5.5. SIMULATION ALGORITHM 

Figure 5.2 depicts the sequential steps of simulation study in form of flow 

chart. The input data and various component and model are highlighted in the 

flow chart. The steps involved are further explained in following paragraphs. 

Adopt a storage capacity based on preliminary design or any other 

consideration. 

(ii.) 	- Select power target/installed capacity and number of units. 
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- Select irrigation scenario condition depicting irrigation area, wet and 
dry season cropping intensity and Golongans (Groups). 

- Select first month of simulation. It is usually end of wet season. 

(iii.) Estimate irrigation diversion requirement at Argoguruh weir (1WD) 

IWD = irrigation area x requirement water allowance x conversion 

= ha x (1/s/ha)x10-3x(24x60x60xno of day in a month)x10-6  MCM 
Where, irrigation area is divided as per golongan (Table 5.3) and required 
water allowance is different for each golongan as given in Table 5.2. 

(iv.) Compute irrigation demand at Batutegi dam (DWD) 

if IWD Runoff at Argoguruh (Qa) 

DWD = (IWD Qa)/77 	where, 77 is conveyance efficiency 

if IWD < Qa 

DWD = maintenance flow = 2 m3/s x conversion 	(in MCM) 

(v.) Adopt appropriate elevation-area-capacity curve, which is revised in every 
10 years during project life. Since the stream flow data is for 24 years, 
original curve, curve revised after 10 years and revised after 20 years are 
adopted for simulation study. Elevation—area—capacity curves are shown 
in Appendix 5. 

(vi.) Calculate the gain/loss from reservoir with following procedure : 

• Estimate the average surface area of reservoir for the month 
corresponding to the surface area at the beginning of month using the 
linear function as shown in Fig. 4.1. 

• Gain/loss in volume units from Reservoir is obtained as : 

= Average surface area x depth of gain/loss reservoir x conversion 

= (km2  x 106) x (mm x 10-3) / 106 
	

(in Mm3  or MCM) 

Where ; 

depth of gain/loss = (monthly rainfall — monthly evaporation) in mm 

Estimate maximum turbine flow (Qp.max) to generate power target 

Maximum turbine flow is estimated by same procedure as for power 
simulation study in chapter IV (step (vi) to (xv), in section 4.6.3). 
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Qi = 0 

Qp = DWD 
Qi = 0 

Qp = Qp.max 
Qi = DWD — Qp.max 

Wpervoir Simulation Study for Irrigation andgfyiropower 

(viii.) Calculate the water available as : 

Water available = Gross storage at beginning+Inflow+Gain/loss reservoir 

(ix.) Compute water release (water balance) 

Fig. 5.3 depicts the operation rules model of Batutegi reservoir in form of 
flow chart. 

FOR WATER LEVEL AT FRL 

- IF DWD < (Qb ± Gain/loss) 

and 0.4 (Qp.maxl) (Qb ± Gain/loss) < Qp.max 

- IF DWD < (Qb ± Gain/loss) 	Qp = Qp.max 

p = = Qb ± Gain/loss 
0 

 
Qi 

and (Qb ± Gain/loss) Qp.max N 

- IF DWD > (Qb ± Gain/loss) 

and 0.4 (Qp.maxl) DWD < Qp.max 

- IF Qp.max DWD > (Qb ± Gain/loss) 

FOR WATER LEVEL BELOW FRL 

- IF DWD __ Qp.max 
1 Qp = Qp.max 

and W.A. _. (DSp + Qp.max) 	Qi = DWD - Qp 

- IF DWD _>_ Qp.max 
1 Qp = WA - DSp 

and W.A. < (DSp + Qp.max) 	Qi = DWD - Qp 

- IF 0.4 (Qp.maxl). DWD Qp.max 

and W.A. (DSp + DWD) 
1 Qp = DWD 

Qi = 0 
- IF DWD < 0.4 (Qp.maxl) 	OR 

Qp =0 
W.A DSp 	 OR 

1  
Qi = DWD 

DWD = 2 m3/s 

Where, W.A. = Water Available 

DSp = Dead Storage (storage below MDDL) 

Qi 	= Water release through irrigation intake at El. 208 
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	ol Estimate average reservoir elevation initial elev. Vs ay. elev. 
Regression model 

V 

H ead 
loss 

—110. Net head 
revision 

Turbine efficiency 	Revised turbine 
revision 	 flow for all units 

Rfserpoir Simulation Study for Irrigation and Mydropower 

INPUT DATA 
- Historical synthesized monthly inflow series (MCM) for T years simulation period 
- Lake evaporation and historical or synthesized monthly rainfall series (mm/month) 
- Original Elev.-Area-Capacity curve (EAC), Annual sediment inflow 
- Tail water level, River maintenance flow requirement in different months 

V 
Revise/select a storage capacity based on preliminary design 

V 
Revise/select Power target /Installed Capacity and number of units 

V 
Select target CCA, crop pattern, 

irrigation intensity and Golongans 	—1 	Monthly water 110. 
allowance model 

and/or 

Monthly irrigation 
water demand 

Elev-Area-Capacity (EAC) revision 
model 

	• Adopt appropriate EAC relation 
applicable for 10 years duration 

V  
- Select first month (usually end of wet season) and assume storage 

for subsequent month from water balance model 
- Find area and elev. from EAC relationship 

V 
Initial area vs ay. area 

regression model 
Estimate average 'reservoir area and 

net/gain loss from reservoir 

Preliminary es9mate of turbine flow 
V  

Head loss vs turbine flow 
regression model 

Efficiency vs turbine flow 
regression model 

V V V 

WATER BALANCE MODEL 
- Water release through turbine - Power/energy generation 
- Deficit if any in meeting power/energy target 
- Additional water release for irrigation (from irrigation outlet) 
- Deficit in meeting irrigation demand - Storage, area, elevation at end of month 

V 
Set storage, area, elev. at beginning of next month equal to values from water 

balance model 
V 

Revise EAC after 10 years 

Compute reliability indexes at end of simulation period (T) 

Yes 
Revise •ower target/irrigation withdrawal target ? 

N 
Revise storage capacity ?  

NoNIT  
STOP 

Fig. 5.2 : Simulation Algorithm for Irrigation and Hydropower 

Yes 
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(x.) Compute power generation 

Power Output 	= 9.81 x x Qp x H 

(xi.) Compute energy generation (MWh) 

Power energy 	= Power output x 24 x number of days in a month 

(xii.) Carry out the classification of deficit (not meet the demand) with the 
evaluation criteria: irrigation water shortage less than 10% of demand is 
allowable. Water shortage more than 10% of monthly demand is 
considered as water deficit (failure) in the month. 

(xiii.) Repeat the above mentioned procedure sequentially for all the months of 
simulation period (here 288 months). 

(xiv.) Work out statistical performance parameters. 

As an illustrative example Appendix 8 shows simulation study for the following 
condition: 

Gross Storage Size 	= 580 MCM 

Total Irrigation Area 	= 88565 ha 

Crop Intensity 	 = 180% 

Zone 	 = up to Rumbia 11 

The above mentioned simulation procedure was applied for twenty 
different demand patterns corresponding to twenty scenarios of irrigation areas 
given in Table 5.1. 

5.6. RESULTS OF SIMULATION STUDY FOR VARIOUS CONDITIONS 

5.6.1 Irrigation Reliability and Available Power Generation 

In case of multipurpose development where the major benefit is for 

irrigation, the releases are made primarily in the interest of irrigation and power 

generation follows the pattern of irrigation. In this project, evaluation criteria is 

that irrigation water shortage more than 10% may not occur more than 5 years 

for the simulation period of 24 years as per prevalent dependability criteria. 

The main objective of reservoir operation is to store water during wet 

season and to regulate water during dry season. Seasonal reliability is computed 
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to evaluate irrigation shortage during different season (wet season and dry 

season). Table 5.4 showS that in dry season, the irrigation reliability remain 

constant at 96% (only 1 year irrigation water shortage) when storage size is 

varied from 460 MCM to 580 MCM and wet season reliability increases from 

79% to 88%. 

Table 5.4 Irrigation Reliability and Available Power for Condition VIII 

Storage 

Size 

(MCM) 

Irrigation Reliabil ty (%) Available 

Energy 

(GM) 

Annual 

Cap.Factor 

(%) 

Mean Pwr 

Gen. 

(MW) 
Dry 

Season 

Wet 

Season 

Annual 

460 96 79 79 95.1 45.3 10.9 

500 96 79 79 96.4 45.9 11.0 

540 96 83 83 97.4 46.3 11.1 

580 96 88 88 99.3 47.2 11.4 

Available annual energy and mean power generation have also worked 

out with priority use for given irrigation withdrawal. Tables 5.4 shows that 

increasing in storage capacity, both available energy generation and mean 

power increase but not significantly. 

For a fixed storage capacity 580 MCM, irrigation and available power 

generation for each condition/scenario have been simulated and summary 

results are shown in Table 5.5. Based on this table, the relationship between (i) 

withdrawal — irrigation reliability, (ii) withdrawal — average annual energy 

generation; and (iii) withdrawal — annual capacity factor are developed as shown 

in Fig. 5.4 to Fig. 5.7 for different irrigation area conditions. These relationships 

give useful information in selecting the condition/scenario of irrigation 

development with the required power generation as well as required irrigation 

reliability. 

With increase in annual water requirement, mean power generation 

decreases. Annual and seasonal irrigation reliabilities also decrease. 
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Table 5.5 : Irrigation reliability and power analysis for each condition/scenario 

with Gross Storage Size 580 MCM 

Zone Condi- 
tion 

Annual 
Water 
Req. 
MCM 

Irrigation Reliability 
Wet Season 

(Oct-Mar) 
% 

Annual 

% 

Av. Annual 
Available 
Energy 
GWh 

Annual 
Capacity 
Factor 

% 

Mean 
Power 

Generation 
MW 

Dry Season 
(Apr-Sep) 

% 

I 1568 100 100 100 124.1 59.0 14.2 
II 1678 100 100 100 117.6 55.9 13.4 
III 1788 96 96 96 108.0 51.4 12.3 
IV 1897 96 79 79 96.8 46.0 11.1 
V 2007 88 71 71 87.1 41.4 10.0 
VI 1672 100 100 100 120.4 57.2 13.7 
VII 1789 96 96 96 107.7 51.2 12.3 
VIII 1906 96 88 88 99.3 47.2 11.4 
IX 2023 88 75 75 89.0 42.3 10.2 
X 2140 79 67 63 78.8 37.5 9.0 
XI 1773 100 96 96 115.4 54.9 13.2 
XII 1897 96 96 96 104.7 49.8 12.0 
XIII 2021 92 79 79 94.2 44.8 10.8 
XIV 	: 2145 79 71 67 83.4 39.7 9.5 
XV 2270 63 63 54 73.7 35.0 8.4 
XVI 1900 96 96 96 108.6 51.6 12.4 
XVII 2033 96 88 88 96.5 45.9 11.0 
XVIII 2166 88 71 71 86.3 41.0 9.9 
XIX 2299 71 67 58 73.8 35.1 8.4 
XX 2432 58 50 42 67.9 32.3 7.8 

Trade offs between annual irrigation water supply and average annual 

energy generation at different levels of seasonal and annual irrigation reliabilities 

can be selected from results given in Table 5.5. For example condition XVII 

pertains to total irrigation area of 94,123 ha with 160% crop intensity (100% in 

wet season and 60% in dry season). This area can be served with 88% reliability 

in wet season, 96% reliability in dry season and 88% annual reliability. In 

addition 96.5 GWh average annual energy (11 MW average power) will also be 

available. 
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5.6.2 Storage Size and Withdrawal Relationship 

Relationship between storage size and withdrawal (annual water 
requirement) with different levels of reliability in final design gives a important 
information in deciding storage size and withdrawal, for desired level of reliability. 

a). Storage Size-Withdrawal-Annual Reliability 
Zone up to WEST RUMBIA 

b). Storage Size-Withdrawal-Annual Reliability 
Zone up to RUMBIA II 

100 200 300 400 500 600 700 800 
	 100 200 300 400 500 600 700 800 

Gross Storage Size (MCM) 
	

Gross Storage Size (MCM) 

c). Storage Size-Withdraw al-Annual Reliability 
Zone up to RUMBA Ill 

d). Storage Size-Withdrawal-Annual Reliability 
Zone up to RUMBIA IV 

2300 
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Fig. 5.8 : Relationship between Storage Size, Withdrawal and Annual Reliability 
for each condition/scenario 
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In case of Batutegi reservoir, where water release for hydropower follows 

the releases of irrigation, and increasing storage size does not give significant 

improvement in power generation, this relationship becomes the first 

consideration in deciding the storage size or withdrawal. The relationship is 

made for each irrigation area scenarios as shown in Figure 5.8. 
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CHAPTER 6 

SUMMARY AND CONCLUSIONS 

There is wide divergence in concepts, basis and approach followed in 

planning for irrigation water supply and hydroelectric generation. Following are 

the comments : 

1. Electricity cannot be stored whereas irrigation water can be stored. However, 

electricity generation potential in terms of flow and head, which cause power 

generation, can be stored. 

2. Production at a particular hydroelectric project need not match with consumer 

demand instant by instant when electricity distribution is through grid. In case 

of irrigation, a few days mismatch between demand and supply is tolerable 

depending upon crop type but there is generally no alternate source of water 

supply in the project command area. 

3. Hydropower planning is based on 90% dependability of power generation 

whereas 75% dependability of water supply is the criteria for irrigation 

planning. It is more useful to work out relationships between storage, 

withdrawal, and reliability for irrigation and hydropower. The prevalent 

dependability criteria do not appear to have sound analytical depth. 

4. In conventional simulation study, the elevation—area—capacity curve as 

anticipated after half of project life is first derived using Area Reduction 

Method (or any other appropriate method) and assumed to apply uniformly 

from first year up to end of project life in the simulation study. In the present 

study, elevation—area—capacity relationship has been revised at regular 

interval of 10 years and incorporated in the algorithm. 

5. Conventional procedures were evolved considering limitations of data, 

computational facility and methods of analysis. With availability of computer 

technology and analytical tools, it is possible to simulate long-term behaviour 

of reservoir under variety of conditions and make the analysis more realistic 
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as well as more useful. Even preliminary design can be made more realistic 

and informative (storage-yield-reliability relation) for the planner. Several 

improvements have been made in simulation algorithms and applied in a 

case study 

In the preliminary design techniques, simplifying assumptions are 

normally made. Reservoir releases are assumed constant (i.e. demand is 

assumed to be uniform), and evaporation is ignored. In the present study, Gould 

Gamma method has been used for preliminary design. Although the method is 

based on annual flows and assumed to be independent, it provides reliable 

estimates of storage for reservoirs as small as 0.1 times mean annual flow. This 

method is based on some assumptions and limitations. 

The purpose of long-term simulation study is to permit evaluation of the 

performance of alternative plans for storage capacity, power generation and 

irrigation water supply. 

Improvements in Hydropower Simulation Algorithm 

1. Progressive sediment deposition and consequent change in storage capacity 

as well as change in elevation-area-capacity relation have been taken into 

account in the long-term simulation study. 

*2. Information on average elevation and average reservoir area during a month 

is needed for finding net head and net gain/loss from reservoir. Regression 

analysis has been used to develop best-fit relationship between a). Initial and 

average elevation and b). Initial area and average area for different power 

targets. 

3. Net gain/loss from reservoir varies not only from month to month in year but 

also over the years due to randomness in monthly rainfall. This has been 

considered in the water balance study. 

4. Instead of assuming constant power plant efficiency, it has been considered 

as a variable. Further, power generation has been based on turbine flow for 

each unit of turbine (4 MW). 
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5. Instead of using conventional procedure of finding 90% dependable power, 

following relationships have been developed : 

(i.) Storage size-power generation-dependability 

(ii.) Storage size-annual energy generation-dependability 

(iii.) Monthly dependable power 

Such studies provide much more useful information compared to 

conventional studies particularly when a reservoir is to be planned as 

multipurpose project. 

6. Statistical indexes of physical performance such as (i) mean and variance of 

monthly power and annual energy, (ii) dependable capacity and energy in 

each month, (iii) monthly and annual capacity factor, are useful in 

hydropower planning. 

Improvements in Irrigation Simulation Algorithm 

With regard to irrigation, following improvements have been made and 

applied in case study of Batutegi reservoir for studying reliability of irrigation 

water supply and hydropower generation. 

1. Variation in Irrigation Demand: In the conventional simulation study for 

irrigation system planning, a design cropping pattern is evolved and it is 

assumed to be fixed i.e. variation from year to year is not considered. In the 

present study, different scenarios of target irrigation area and different 

cropping intensities are considered. Irrigation release requirements at the 

Batutegi reservoir have been considered to vary not only from month to 

month but also from year to year due to randomness of flow contribution from 

interim catchment between Batutegi reservoir and Argoguruh weir. 

2. Consideration of Group System of Irrigation: Water distribution is an 

important component of irrigation system design and implementation. Each 

irrigation project has its own specific water distribution plan to achieve project 

target. The water balance simulation study of irrigation has to be done 

according to the water distribution plan. 
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In Indonesia, water distribution plan is based on group system. 

Concept of Golongan (Group) system of irrigation has been introduced and 

applied in determining irrigation demand in time and space framework. The 

peak irrigation demand is reduced due to staggering of crop calendar in 

Golongans. For example in case of Batutegi project, peak demand is 5003 

m3/month/ha (without Golongan system) to 3686 m3/month/ha by 

consideration of staggering crop calendar in six golongans. Thus, the concept 

of Golongan is useful both in irrigation system design and in irrigation system 

operation. Use of Golongan concept in system design results in lower 

capacities of canal network at head and helps in equitable sharing of deficit 

water supplies. 

The study mainly concentrates on water balance simulation study with 

priority to meet irrigation, demand under different scenarios and also generate 

power to the extend possible. Optimal/target energy generation is not 

considered. 

3. Consideration of Storage Capacity-Yield-Reliability on Annual and 

Seasonal Basis : In the conventional procedure storage capacity of an 

irrigation reservoir is planned to meet annual irrigation demand on 75% 

dependable basis. Instead of considering a fixed dependability criterion, it is 

considered to be more useful to work out storage capacity requirement for 

different dependability levels of irrigation water utilization. Further instead of 

considering dependability on annual basis only, dependability has been 

considered on crop seasonal basis also. Such analysis between storage 

capacity, water withdrawal and reliability provides more useful information for 

analyzing trade off between storage capacity and irrigation water supply 

target, with due consideration of desired reliability on seasonal basis. 

4. Estimation of Net Gain or Loss from Reservoir : As storage during a 

period varies due to inflows and withdrawal from the reservoir, the reservoir 

area also varies. Therefore, average reservoir area should be considered in 

estimation of gain due to rainfall and loss due to evaporation from the 

reservoir. However, average area during a time interval is not known at the 
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beginning. As already explained in chapter IV, it is possible to develop a 

relationship between initial reservoir area and average area based on trial 

simulation study. 

5. Trade off between Irrigation Water Supply and Power Generation: It is 

necessary to workout trade off between irrigation water supply and power 

generation at different reliability levels in case of a multipurpose reservoir. 

Usually priorities between irrigation and power generation are predecided 

and "as available" energy or "as available" irrigation supply are computed. 

Simulation study can be used to work out trade off between irrigation and 

power generation at different reliability levels from the storage-yield-reliability 

curves for irrigation and power. These trade offs provide flexibility to decision 

maker to choose a desired combination of irrigation water supply and power 

generation target at desired reliability levels. 

Simulation algorithms : 

(i.) An algorithm for a multipurpose reservoir (hydropower and irrigation) 

incorporating various improvements- has been prepared (Figure 5.2). 

(ii.) An algorithm for estimation of turbine flow and power generation with 

variable head loss and efficiency has been developed (Figure 4.4). 

(iii.) An algorithm depicting application of reservoir operation rules for estimation 

of water release through power intake and through irrigation intake with 

irrigation priority has been developed (Figure 5.3). 

CONCLUSIONS FROM CASE STUDY 

The above-mentioned improvements have been applied in case study of 

Batutegi reservoir. Some of the conclusions with reference to Batutegi Reservoir 

Project are briefly described below: 

The conclusions of analysis of sediment distribution pattern in Batutegi 

reservoir are : 

Analysis shows that the standard classification of a reservoir is not 

constant. Based on original elevation-area-capacity curve, the standard 
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classification of reservoir is type II. This type is not constant during 100 
years. After 50 years period, the standard classification become type Ill, 
and it becomes type II after 75 years. 

(ii.) Due to change in standard classification, the distribution pattern also 
changes. New zero elevation is revised based on change in elevation-area-

capacity curve every 25 years. This study suggests the new zero elevation 
will be at elevation 198.25 m after 100 years. Compared with the analysis in 
which standard classification is kept constant during 100 years, new zero 
elevation after 100 years will be at elevation 201 -m. In other words, it 
means live storage capacity is expected to be more than proposed in 
project design over the project life. 

(iii.) Since elevation-area-capacity is not constant, progressive change in 

elevation-area-capacity relationship after every 10 years has been 

considered in long-term simulation study of Batutegi reservoir. 

Table 3.3 and 3.4 and Figure 3.4 show the result of preliminary design in 

term of storage size-withdrawal (as % of mean annual flow) and probability of 

failure for Batutegi reservoir. For 75% annual reliability (25% probability of 

failure) in annual withdrawal of 66% of mean annual flow (considering only 

irrigation demand), the required storage capacity is 65 MCM. For 95% of mean 

annual flow, the required storage capacity is 295 MCM (live storage) at 75% 
annual reliability. 

With improvements made in algorithm for simulation study of hydropower, 
the conclusions are: 

i.) With installed capacity 12 MW (3 x 4 MW), the power generation at-different 
reliability levels (65%, 75%, 80%, 90%) is constant at 12 MW (Figure 4.5.a), 

and means power generation is 12 MW even when gross storage size 
increases from 460 MCM to 660 MCM.. 

ii.) The 90% dependable power generation does not improve with increase in 
live storage as shown Figure 4.5.a and 4.6.a. 
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iii.) Storage size—power generation relationship for 12 MW and 16 MW installed 

capacities are shown in Fig. 4.5.a and 4.6.a. Installed capacity greater than 

16 MW is not necessary if only hydropower generation is considered. 

Power simulation study in Table 4.3 and Figure 4.10.b show that for gross 

storage size 580 MCM and installed capacity of 16 MW, after 4 years . 

period of simulation, the storage is gradually going down, and at end of 5th  

year the water level achieves the bottom level at MDDL. The draw down 

period occurs almost along the remaining 19 years period of study. The 

reservoir behaves like a run of river scheme. Similarly for higher installed 

capacities, the reservoir is found to behave like a run of river scheme. 

iv.) Even though Batutegi reservoir serves the purposes of irrigation and 

hydropower, only hydropower generation has been considered in chapter 

IV for the purpose of illustrating the simulation procedure. Results on power 

generation-reliability in relation to variation in storage size and installed 

capacity show that the installed capacity of 24 MW as given in Project 

report is on higher side.. Only 12 MW capacity is found to be sufficient. 
v.) Increasing gross storage from 580 MCM to 660 MCM does not give 

significantly different power generation. 
vi.) For storage size variation from 580 MCM to 660 MCM and Installed 

Capacity variation from 16 MW to 24 MW, the monthly power generation 

changes linearly with the monthly inflow in reservoir. 

In simulation study with joint consideration of irrigation and power where 

the releases of power generation follow the irrigation supply, improvements in 

long-term simulation study have been made. Conclusions from analysis of 

Batutegi reservoir are given below: 

(i.) Elevation-area-capacity curve as revised after 100 years has been applied 

in project design. But in this study, available storage is revised after every 

10 years, based on change in elevation-area-capacity curve. 

(ii.) Table 5.4 shows that with same gross storage size as in project design 

report (in project design is 578 MCM; this study 580 MCM), Installed 

Capacity 24 MW and with irrigation condition VIII, annual reliability is 88%, 
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which is higher than acceptable reliability of 75%. The average annual 

energy available and mean power generation are higher in present study 

compared to project design (99.8 GWh in this study; and 97.8 GWh in 
project design). A storage of 460 MCM is adequate to meet irrigation 

reliability criteria but with reduced energy generation. 

(iii.) Trade offs between annual irrigation water supply and average annual 

energy generation at different levels of seasonal and annual irrigation 

reliabilities can be selected from results given in Table 5.5. For example 

condition XVII pertains to total irrigation area of 94123 ha with 160% crop 

intensity (100% in wet season and 60% in dry season). This area can be 

served with 88% reliability in wet season, 96% reliability in dry season and 

88% annual reliability. In addition 96.5 GWh average annual energy (11 

MW average power) will also be available. 
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ANNEXURE 

GOULD GAMMA METHOD PROCEDURE 

Consider a sequence of annual flows, which are assumed independent, 

with a mean 3e and standard deviation s, 

n — yearly mean 	 0-c-„ = nx 	 (El) 

n 	-N 2 
n — yearly standard deviation 	Sn = 	s2 	= nl/zs 	(E.2) 

As a consequence of the central limit theorem, the distribution of n 

consecutive annual flows approaches normality as n increases. Therefore, the 

lower p —percentile flow is given by : 

qn,p 	= 	— z r ni "s 	 (E.3) 

Where qn,p = n-year flow with a probability of occurrence of p %, that is, for p 

% of time n-year flows qn ,p , and 

zP 	= standardized normal variety at p '3/0 
During a critical period, 

storage required = outflow — inflow 

Cn,p = Dn — qn,p 	 (E.4) 
Where Cr,,p = depletion of an initially full storage at end of an n-year period 

during which time the n-year flow (qn,p) has a probability of 

occurrence of p %, and 

Dn = constant draft from the reservoir over n years = Dnx 	(E.5) 

Where D = constant draft as ratio of mean annual flow 

Substituting Eq. E.3 in Eq. E.4, 

Cr,,p = Dnx —nx`+zrnl ~ z s  

= ni(D —1) + z pn1 /2 s 	 (E.6) 

To obtain the length of the critical period and the maximum required storage 

differentiate Eq. E.6 with respect to n and equate to zero giving : 
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2 

	

CP 	= 	 (E.7) 
4(1-D)' 

2 

and hence r = C  - 	
Z
"C 2 	 (E.8) 

4(1-D) v 

and C 	- 
4(1 	

(E.9)
Zn 
	C,Zx 

Where CP = length of critical drawdown period in years, 

C, = annual coefficient of variation, 

	

C 	= maximum required storage in volume units, and 

= maximum required storage expressed as a ratio of mean annual 

flow 

The mean and variance of a one parameter Gamma distribution, G(c), are 

equal and equivalent to the shape parameter, say c. It is possible to convert the 

mean, .5c-  , and standard deviation, s, of a Normal distribution to Gamma units by 

dividing them both by s2 / -  . The resultant Normal distribution will have the same 

mean and variance, that is Gamma units. 

Substituting for )7 and C,2  with Gamma units gives : 

2 

P 	 Cy  
4(1— D) 

(E.10) 

Where Cy = storage volume in Gamma units. 

Gould argued that the difference d between the lower p percentile flow of 

a Gamma c distribution and that of a Normal distribution with mean and variance 

both equal to c is approximately constant for a given value of p over a large 

range of shape parameter c. Values of d are given in Table 3.1. Because of the 

constancy of d for a given p, according to Gould the critical period for a Gamma 

distributed inflow is the same as that for normally distributed inflow with the same 

mean and coefficient of variation, and that the storage required for an inflow that 

has a Gamma distribution is d Gamma units less than that required for a Normal 
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Annexure — gouad Gamma Method Procedure 

distribution. In order words, as shown diagrammatically in Fig. 1, inflows for a 

Gamma distribution will be greater than for the Normal case and the storage 

should be decreased by d Gamma units. 

Hence, 
2 

Cy — 
4(1—

P 	
D)

— d 

2 
zn  

= 	  4c(1— D) c 

(E.11)  

(E.12)  

Where ry = required storage divided by mean annual flow in Gamma unit 

that is, storage / c 

Table 1 Values of z, and d. 

p percentile risk of 

failure in any year 
zp  D 

0.5 3.30 . 	d not constant 

1.0 2.33 1.5 

2.0 2.05 1.1 

3.0 1.88 0.9 

4.0 1.75 0.8 

5.0 1.64 0.6 

7.5 1.44 0.4 	Method is not recommended 

10 1.28 0.3 	for use in this range 

The required storage can be converted from Gamma units to units of 

volume as a ratio of mean flow by multiplying the right-hand side of Eq. E.11 by 

(s2 ) 1 

2 

r= 
4(11D)

C
v
2 — dCv 2  

T=( 	P 	- d 2  
4(1— D) 	

C1, 
2 	1 

(E.13)  

X X 
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Annexure — gourd gamma Ifethod Procedure 

Magnitude of n consecutive year flow. 

14-01 
d is approximately constant as c varies 

Fig. 1 : Diagrammatic illustration of the difference between inflows for the 

Normal and Gamma distribution 

Although the method is based on annual flows, it provides reliable 

estimates of storage for reservoirs as small as 0.1 times mean annual flow. 

This method is based on the following assumptions and limitations : 

1. The critical drawdown period is sufficiently long for the sum of n-year inflow 

to be normally distributed. Only one failure occurs during the critical 

drawdown period. 

2. For non normally distributed flows, a small correction allows gamma 

distributed flows to be modeled. 

3. Method is based on annual flows and these are assumed independent. 

4. The draft rate or withdrawal is uniform from year to year. 

Notwithstanding the above limitations, as a preliminary procedure the 

Gould Gamma Method provides very good estimates of carryover storage over 

the whole range of practical interest. 

The complementary use of Eq. E.13 is to make a preliminary estimate of 

reservoir yield. Eq. E.13 can be recast so that it is expressed in terms of 

withdrawal or reservoir yield : 
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D 	
zP 2  cv 2  

= 1 
 

4(1- + dC,2) 	
(E.14) 

To be practical use, net effective lake evaporation needs to be subtracted 

from the gross yield to provide an effective yield estimate. An appropriate 
adjustment procedure is discussed. 

Adjustment for Evaporation 

If the draft rate has not been modified to reflect the effects of net lake 

evaporation, then an adjustment to storage size is required. Prior to dam 

construction, the long term rainfall-runoff relation for the are which will be flooded 

by the proposed reservoir can be expressed as follows : 

RB = PB -ETB 

Where RB = mean annual runoff before reservoir inundation 

PB = mean annual rainfall, and 

ETB = mean annual evapotranspiration. 

After the reservoir is filled, the relation can be expressed as : 

RA = PA - EOA 
Where RA = mean annual runoff after reservoir is filled 

PA = mean annual rainfall 

EOA = mean annual evaporation from the water surface 

(E.15)  

(E.16)  

Assuming that the mean annual rainfall before and after construction remains 

approximately equal, that is, PB = PA, then 

AE 	= RB - RA 	 (E.17) 

= EOA - ETB 	 (E.18) 

nothing that AE 0, where AE = mean annual net evaporation loss. 

115 



Annexure — cola gamma 7tIethodTrocedure 

Lake or open surface water evaporation can be estimated by one of the 
recognized theoretical or empirical procedures or by applying an annual pan 

coefficient (p) to tank evaporation data (Ep), thus : 

EOA = p Ep ' 	 (E.19) 

Pre dam evapotranspiration estimates are difficult to determine, than one 

approach is through Eq. E.15, thus : 

ETB = PB - RB 

Another factor that is required is the length of critical drawdown period. It 

can be found from Eq. E.7. 

Thus the final adjustment factor for net reservoir evaporation loss is given 

by combining mean annual net evaporation loss, mean surface reservoir area 

and drawdown period as follows : 

ASE = c AF AE CP 	 (E.20) 

Where ASE = amount that computed storage needs to be increased to account 

for the net reservoir evaporation loss, 
AF 	= surface area of the reservoir at full supply level, 

AE 	= net evaporation loss, determine from Eq. E.18, 

CP 	= critical drawdown. 

c 	= constant 

Based on an analysis of the storage capacity-surface area curves for six 
Australian dam sites, the constant c is equal as 0.7. 

An alternative approach is to first determine the value of the effective area 
(AF+AE), where AE is the area of the minimum pool to be maintained. By 
multiplying this effective area by the net effective evaporation (lake evaporation 

minus rainfall), with appropriate unit conversion, a quick estimate of evaporation 

volume loss can be found for preliminary design purposes. 
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Appendix 1  
Computation of Sediment Distribution Pattern after 50, 75 and 100 years 
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Appendix 2 
Monthly Inflows at Batutegi Dam 
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Simple Simulation Study for Preliminary Design 
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Change in Elevation-Area-Capacity Curve after Every 10 Years 
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Appendix 6 
Computation of Sediment Distribution Pattern (Original, after 10, and after 20 years) 
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Appendix 6  
Computation of Sediment Distribution Pattern (Original, after 10, and after 20 years) 
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Appendix 6 
Computation of Sediment Distribution Pattern (Original, after 10, and after 20 years) 
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Appendix 7 
Monthly Power Duration Curves for Installed Capacity 12 MW & 16 MW 

Fig. 7.a : Monthly Power Duration Curve 
Storage Size = 580 MCM; I.C. = 12 MW 
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Fig. 7.b : Monthly Power Duration Curve 
Storage Size = 580 MCM; I.C. = 16 MW 
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Appendix 8  
Simulation Study for Irrigation and Hydropower 
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Appendix 8  
Simulation Study for Irrigation and Hydropower 
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